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ABSTRACT

Using lighting projects of a square in Paris 
as an example, this study analyzes the construc-
tion of a lighting system and how it forms differ-
ent hierarchical relationships within the archi-
tectural landscape. At the same time, the article 
provides opinions on warm lighting and details 
of the lighting facilities of the square through the 
combination of the lighting projects and their ef-
fects on spectators. The lighting view creates a ba-
sis for people’s visual expectation and mental ex-
perience. In coordination with other elements of 
the projects, it creates a beautiful evening atmos-
phere in the city and provides people with the per-
fect aesthetic experience.

Keywords: lighting projects, artistic cultural 
value

1. INTRODUCTION

Electronic lighting illuminates an entire city, 
thereby ensuring that the city remains bright when 
night falls. In the evenings, every city with a cultu-
ral vein exhibits an attractive charm under its light-
ing. In French cities, the architecture and its peo-
ple are unified under the lights. The city thus be-
comes a wonderful piece of artwork that attracts 
many tourists and generates significant profits [1]. 
However, if the design of the lighting projects does 
not fit the people’s visual expectation and mental 
experience, light pollution will occur. Therefore, 
when designing the landscape lighting of the city, 

we should combine the city’s architecture and the 
culture with the people’s visual expectation and 
their mental experience, thereby improving the 
function of lighting for the city. In the planning 
process of a lighting system, lighting is regarded 
only as a medium through which people could feel 
the space and which endows the city with the beau-
ty of the architecture. In addition, the design of the 
lighting system provides people with another per-
spective from which to appreciate the landscape. 
This paper analyzes the construction of a lighting 
system and forms different hierarchical relation-
ships of the architectural landscapes. Likewise, 
it offers opinions on warm lighting and details of 
the lighting projects of a square through a com-
bination of the lighting projects and their effects 
on spectators.

2. CASE STUDY BACKGROUND

The case study square is a famous square lo-
cated in the south of Paris. King Louis XV built 
the square to demonstrate his power and named it 
after himself. After the French Revolution, it was 
renamed the Revolutionary Square. The French 
view it as the symbol of the end of imperial power. 
In 1795, the Revolutionary Square was renamed 
the Place de la Concorde. The grand square as we 
know it today came about after a period of refur-
bishing [2]. The Obelisk at the centre of the square 
is made of pink granite. Its surface is engraved with 
Egyptian hieroglyphs celebrating the reign of the 
pharaohs. Although no grand landscapes are vi-
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sible from this square, its ambience is appreciat-
ed by visitors. The visual space provides an excel-
lent effect. The surrounding architecture and sta-
tues can all be seen when standing in the middle 
of the square. The streets, including the Champs 
Elysees and the riverbanks of the Seine, are visible 
from the square. The harmonious atmosphere of 
the area can be perceived visually and directly [3]. 
The square, which is considered the most impor-
tant man-made landscape in the history of France, 
exudes its charm under lighting, and its beauty is 
even more evident in the evening. When design-
ing the lighting of this square, we should not only 
respect the architecture but also make full use of 
the lights [4].

3. METHODOLOGY

In the daytime, the square is the miniature ver-
sion of the artistic and political history of Paris. 
In the evening, it presents the stunning scenery. 
Scitovsky designed this square 200 years ago, and 
today, the square remains the most magnificent ar-
chitectural landscape in Paris [5]. This square has 
an open-ended architectural form, thereby pro-
viding an excellent effect of the visual space. The 
notable characteristics of the square and the sur-
roundings are difficult to notice during the day-
time, and the visual experience may be unpleas-
ant. After being designed hierarchically, the space 

of the square became more abstract, and the light-
ing effects became more obvious. With the light-
ing at night, people could perceive a sense of hier-
archy and order [6].

First-class Landscaping and Flood Lighting

The Obelisk is the most notable and historically 
relevant architectural sculpture in the square. This 
statue was presented to the city by Egypt 100 years 
ago and is imbued with the characteristics of an-
cient Egypt. Located in the center of the square, the 
Obelisk is the tallest structure and is the visual fo-
cus of the square. Its design and ornaments exhibit 
variation. Flood lighting is used for this structure; 
the light intensity of this lighting mode is stronger 
than that of other lighting modes. The widely used 
reflected light makes the sculpture the visual focus 
of the square, as well as showcasing the simple ge-
ometric shape and the visual effect of the sculp-
ture, Fig. 1.

Second-class Landscaping and Layering 
Lighting

Other historical artworks are also found in the 
square, specifically the two fountains located in the 
east and west of the Obelisk: the La Fontaine des 
Fleuves and the Fountain of Neptune [7]. These 
fountains have different sculpted figures, shapes, or-
naments, and modelling. However, their main co-
lour is bronze, and their secondary colour is gold. 
Two rows of goldfish-shaped outlets are found at 
the bottom of the fountains. These outlets could 
send up a jet of water inside and outside simulta-
neously. They could also form high, medium, and 
low water columns. Under the rendering of the 
lighting system, the fountains could create a sense 
of multi-level visual space and exude a charm that 
differs from that of the Obelisk. The soft visual ef-
fect of the fountains contrasts with the simplicity 
and hardness of the sculpture and the characteris-
tics of the fountains are highlighted.

Third-class Landscaping and Silhouette 
Lighting

Eight statues of goddesses are positioned in all 
directions of the square. These statues represent 
the eight largest cities in France in the nineteenth 
century [8]. The lighting system of most archi-

Fig.1. Obelisk
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tectural elements around the square uses interior 
lights. Thus, spill light and obtrusive light caused 
by multiple uses of lighting are avoided, thereby 
improving people’s ability to view and appreciate 
the scenery [9]. Silhouette lighting is used to illu-
minate the eight statues. The lighting effect of the 
background buildings keeps the foreground sta-
tues in the dark, thus ensuring that the statues are 
outlined clearly against the bright background and 
shown as silhouettes.

Level Extension and Lighting Illumination

The design of the square is open ended, there-
by allowing people to go to the city and other 
main works of architecture works from all direc-
tions. The visual extension allows people to view 
the Champs Elysees. The dimensional levels of the 
square are remarkable [10]. The street lights in the 
square and other equipment illuminate and adorn 
the Square. The street lights around the square 
are almost of the same height, serving as a exten-
sion to the third-class landscaping and expanding 
the view of the square.

4. ANALYSIS AND DISCUSSION

The Square is considered the most splendid 
square in the world because it is an indispensable 
part of the human landscape in Paris.

When night falls, many tourists come and appre-
ciate the Obelisk and the fountains with their var-
ied water columns. The lights draw attention to the 
unique beauty and vitality of the square. The uni-
fied design of the square with the city architecture 
and the environment creates an attractive sight that 
amazes onlookers.

Use of Warm Light in the Square

Lighting colour uniquely influences the atmos-
phere and people’s perception. Therefore, lights 
play an important role in lighting design and are 
chosen based on the evaluation of various factors, 
such as landscape function and landscape charac-
teristics. Nights in Paris are quieter than days. The 
architectural works in the square are made of stone 
materials that have a warm tone. Thus, the design-
ers selected a warm yellow colour for the lighting of 
the square. The atmosphere of this square is more 
harmonious and stable than that in other archi-
tectural landscapes.

Lighting Equipment in Tune with Culture

The Square and its surrounding architecture 
were built more than 200 years ago. The Obelisk 
is an ancient relic with a long history. The street 
lights are the main light sources of the lighting sys-
tem. Their effects on the square landscape are part 
of the lighting collage, and the object landscapes 
and their design should fit historical and cultural 
demands. The ornaments, including the repetitive 
patterns and engravings, need to be consistent with 
the history of the square. The colour of the street 
lights could use the ground colour and the addi-
tional colour of the fountains, Fig. 2. The details of 
the lighting equipment, which is part of the lighting 
system, should represent the history and culture of 
the square, and create beauty by combining archi-
tecture with history.

5. CONCLUSION

The lighting project of the square respects the 
primary architectural landscapes. Warm light-
ing creates a silent and steady atmosphere for the 
square. The multiple lighting modes show the hi-
erarchy of the square. Each architectural land-
scape in the square plays a role, and the sense of 
dimensional levels is combined with the visual per-

Fig. 2. Square street lamp
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ception. Furthermore, the lighting design focuses 
on the details and the overall effect, and it is con-
nected with elements, such as history and socie-
ty. In addition, the lighting project of the square 
provides suggestions for future lighting design that 
involves large lights. With good design, the light-
ing system highlights the landscapes and provides 
harmonious and warm landscapes for the city. Fi-
nally, the lighting projects that involve large lights 
promote the development of the arts and show re-
spect for history and culture.
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ABSTRACT

Based on ZigBee technology, this study adopted 
modularity to design the software and hardware of 
an intelligent illumination system, proposed a new 
type of intelligent LED illumination control sys-
tem, and conducted an analytic test of the reliabil-
ity of an intelligent LED illumination system. The 
findings indicate that the intelligent LED illumina-
tion control system based on ZigBee technology had 
superior characteristics of low power consumption, 
energy efficiency, and environmental protection.

Keywords: ZigBee technology, intelligent illu-
mination, visible light communications, illumina-
tion system, LED

1. INTRODUCTION

Traditional illumination systems are gradual-
ly being eliminated because of the disadvantages 
of high energy consumption and wastage, trouble-
some wiring, and single functionality. Intelligent 
illumination is set to replace traditional illumina-
tion. This study proposed a new type of intelligent 
LED illumination control system. The design of the 
master control module was completed using STM-
32F103VET6 microprocessor as the core system. 
ZigBee technology was also used to complete the 
wireless transmission of information and system 
control. Intelligent illumination functions, such as 
constant illuminance, regional illumination, tim-
ing control, human body induction auto illumi-
nation, and luminance control, were also realized 
in the LED illumination system.

2. LITERATURE REVIEW

Many scholars in China have studied the design 
and application of the control system of LED illu-
mination. Wang Xijuan proposed a design scheme 
for the control system of LED intelligent illumina-
tion and replaced incandescent lamp or fluorescent 
lamp with LED [1]. Ding Jun and Wang Yang dis-
cussed the principles and features of LED illumi-
nation; they combined an engineering test and dis-
cussed the design flow and areas of LED illumina-
tion system that requires attention; they provided 
countermeasures to solve the identified problems 
[2]. Han Donglin, An Qiang, and Ji Lingyan adop-
ted STC SCM as the core of their system and used 
such system to collect external signals and provide 
drive signals; they also designed a new type of il-
lumination control system [3].

3. OVERALL DESIGN OF AN 
INTELLIGENT LED ILLUMINATION 
SYSTEM

The intelligent LED illumination system based 
on ZigBee technology adopted a modular method. 
Fig. 1 shows the design of the software and hard-
ware of this intelligent illumination system.

The system could expand and collocate flexi-
bly according based on the actual requirements 
to satisfy use in different places. For example, re-
gional illumination could be performed, and each 
region could be configured with LED lamps of dif-
ferent quantities.
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Hardware circuit design

The master control module, which was the core 
of the system, coordinates tasks in the entire system, 
such as processing data and executing decisions. 
STM32F103VET6 was an ARM processor based 
on Cortex-M3 kernel and an MCU with high cost 
performance, high speed, low power consumption, 
and rich peripherals. The prominent superiority of 
STM32F103VET6 could meet the control require-
ments of this system. The master control module 
was designed using STM32F103VET6 as the core. 
Fig.2 shows the hardware structure of the master 
control module.

A lithium battery was used to supply power for 
the system. A linear power supply chip AMS1117–
3.3 with low dropout was used in the power supply 
circuit to convert 3.7 V of lithium battery into 3.3 
V, which was needed for the operation. The module 
will provide the power supply of RTC through but-
ton battery when the main power supply was pow-
ered down. A 3.5-inch LCD and a resistive touch 
screen were then used for display and input to im-
prove refreshing rate of the screen. FSMC inter-
face, which was peculiar to STM32F103VET6, was 
used to connect the LCD. SPI1 interface was con-
nected to the resistive touch screen. Flash storage 

chip M25P64 was used to store information, such 
as word stock, pictures, and configuration files, 
and it was connected to the MCU through SPI2. 
CC2530 was 51-kernel SCM of ZigBee 2007 pro-
tocol developed using Z-Stack protocol stack from 
TI Corporation. CC2530 module was connected 
to the MCU through UART for wireless commu-
nication. Buzzer and LED were used for relevant 
operation tips.

The system selected pyroelectric infrared sensor 
and ZigBee sending module. The input signals of 
pyroelectric infrared sensor were sent to interface of 
IO P1.1 of CC2530 to conduct level detection after 
amplification by BISS0001 infrared-dedicated chip 
and to determine whether human body activity oc-
curred. Activity information, such as human body 
in-and-out region, was sent through CC2530. The 
master control module will implement follow-up 
processing after reading the activity information. 
Examples of follow up processing are switching 
on and off and adjusting luminance.

BH1750 illuminance sensor and ZigBee send-
ing module were selected for the system. This pro-
cess realized certain functions such as constant il-
luminance. Illuminance sensor BH1750 was con-
figured with I2C interface. Pieces of interface of IO 
P1.1 and P1.2 of CC2530 were used in simulating 

Fig. 1. Block diagram of a new of type intelligent LED illumination control system

Fig. 2. Hardware structure of the master control module
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I2C interface and in establishing communications 
with BH1750 to read ambient illuminance value. 
After this value was read, the ambient illuminance 
value was sent through CC2530. The master con-
trol module will then conduct illumination com-
pensation or reduction to realize illumination with 
constant illuminance.

Fig. 3 shows the LED illumination module.
The driving power of LED illumination modu-

le was approximately 9 W. The open circuit voltage 
was approximately 30 V and maximum current was 
approximately 350 mA. LED used CreeXLamp1W 
white-light LED, and the modules used 9-LEDs 
in series. The driving power supply was designed 
using TNY268P as the core. TNY268P was a sin-
gle-switch power chip with high efficiency and en-
ergy conservation, high integration, and low cost 
features. TLC5615 was a D/A chip with I2C inter-
face, and it was controlled by the CC2530 module. 
The output of TLC5615 has different voltage val-
ues. The current loop was a negative feedback cir-
cuit consisting of pumped amplifiers. The inputs 
of the current loop were analog voltage value af-
ter TLC5615 digital-to-analog conversion (DAC) 
and the current feedback value of LED. The func-
tions of the current loop were to regulate current 
for switching power supply and to establish a con-
stant LED current to realize functions such as re-
gulation of LED luminance and constant illu-
minance. Voltage loop was also a negative feed-
back circuit consisting of pumped amplifiers; the 
main function of the voltage loop was to main-
tain an open-circuit voltage of switching power sup-
ply at approximately 30 V to prevent high open-cir-
cuit voltage that would damage the LED lamp.

System software design

The ZigBee wireless communication network 
adopted by this system has a star structure. The 

network contained a coordinator and several Zig-
Bee terminal nodes. The communication and 
data transmission between the terminal nodes and 
master control module were transited through the 
coordinator.

The address of the ZigBee node was marked by 
setting a dial switch on each ZigBee node modu-
le to avoid invalid operation caused by conflict of 
the node’s in the system. Frame header marked the 
beginning of the protocol. Node number was used 
to distinguish the same sensor module in the same 
network. Module number was used to distinguish 
different sensor modules. Command was used by 
the coordinator to send query command. Data used 
were those returned by sensor. End mark represent-
ed the end of one frame of data.

LCD was used in the master control module 
to display the current picture. This module man-
aged and controlled the system by receiving input 
information via touch screen. The master con-
trol module used RS232 serial port to communi-
cate with the ZigBee coordinator. LED was con-
trolled through the information of infrared acqui-
sition module and illuminance acquisition module. 
STM32F103VET6 processor of the master control 
module used Keil-MDK-integrated development 
environment and C language. The CC2530 modu-
le of the ZigBee coordinator used IAR-integrated 
development environment and Z-Stack develop-
er’s kit for development. The master control mo-
dule adopted polling mode to complete the con-
trol of the whole system by interchangeably asking 
questions and providing answers. This process was 
adopted to avoid communication disorder in the 
ZigBee communication process.

The design of infrared acquisition module pro-
gram was generally identical with that of illumi-
nance acquisition module program. These pro-
grams were electrified to initialize the system and 
they monitored commands sent by ZigBee coordi-

Fig. 3. Schematic diagram of LED illumination module
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nator. These programs then sent different informa-
tion to the ZigBee coordinator according to these 
commands.

After the LED illumination module was electri-
fied, the system was initialized and the commands 
sent from ZigBee coordinator were received cycli-
cally. According to the commands, the current of 
the LED lamp was controlled to realize functions, 
such as regulation of LED luminance.

4. RELIABILITY ANALYSIS AND 
CONCLUSION

After testing, the current on the module was 
consistent with the input current when the input 
current was below 700 mA. A cutoff current mo-
dule was tested when the input current was above 
700 mA and the current on the module was con-
trolled at 703 mA. Multiple modules were repeat-
edly tested by considering the component consist-
ency problem. The measured maximum current 
was 710 mA, and current control error was 1.5%.

This study realized intelligent control of light 
according to changes in the surroundings. Intelli-
gent control could realize the inductive control of 
the scenario, wherein the lamp is switched on when 
a person enters and switched off when he or she 
leaves, multi-period timing control, and PC re-
mote control. Intelligent control used the prom-
inent advantages of ZigBee wireless communica-
tion technology, such as low power consumption, 
low cost, lack of wiring requirement, and conve-
nient and simple installation.
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ABSTRACT

In order for the light emitting diode (LED) 
used in lighting to be successful, they must be in-
expensive, small, and have a high power factor 
(PF). A driver with a primary-side feedback con-
stant-current control that is capable of power-fac-
tor correction (PFC) is proposed in this paper. 
The principles of primary-side constant-current 
control under the PFC are analyzed and the pro-
cess to realize soft-switching under the quasi-res-
onance working mode are deduced. To reduce 
low-frequency current ripples, a linear regulator 
to filter is put forward for filtration of such ripples. 
An LED driver prototype with an output of 33 V/
300mA is built to verify the proposed theory. The 
experiments showed that it has greater than 86% ef-
ficiency, 0.95 PF, and less than 3% ripple within the 
full voltage range, proving its high application value 
in low-power LED lighting applications.

Keywords: LED lighting, PFC, primary-side 
feedback

1. INTRODUCTION

In recent years, LED technology has experi-
enced rapid development. It has numerous advan-
tages over filament lamps, fluorescent lamps, and 
high-voltage gas discharge lamps, such as environ-
mental protection, long service life, quick response, 
and energy conservation [1]. As a type of diode that 
is able to emit light, the LED also has the charac-

teristics of a general semiconductor diode, name-
ly unilateral conduction and nonlinearity. Its light 
intensity and driving current have a linear relation-
ship. In the normal operating zone, the LED vol-
tage and current have a relationship similar to an 
exponential function, where subtle changes of the 
forward voltage may generate drastic fluctuations 
in the LED current. If the current is higher than 
the rated value, the LED service life can be reduced 
and may even lead to permanent, severe damage. 
Conversely, if the current is lower than the rated 
value, the output luminous power drops along with 
the decrease in the current, though the LED does 
not suffer damage. Generally, the requirements for 
LED lighting sources can be summarized into the 
following. First, a constant current can be output 
regardless of any fluctuation in its input voltage, 
temperature, or driving voltage. Second, the output 
current ripple remains within an acceptable range 
under any circumstance.

Presently, classic LED drivers are categorized 
into passive drivers and switched-mode drivers 
based on whether or not they perform high-fre-
quency switching operations. Passive drivers are 
simpler and more reliable because no high-frequen-
cy switching operations are involved. However, they 
suffer from large losses or from being bulky, and are 
incapable of providing output current regulation, 
which limits their applications [2–3].

Switched-mode LED drivers take advantage of 
high frequency operation and active switch con-
trol so that the small ballast size and precise out-
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put current regulation can be achieved in order 
to meet different application standards. Switched-
mode drivers can also be divided into single-stage 
and two-stage drivers. Single-stage drivers typical-
ly contain only one active switch in its circuit [4–
6]. Since it is necessary to concurrently perform 
both PFC and output current regulation functions 
through one power processing stage, it is often dif-
ficult to assure good performance such as high ef-
ficiency, good PF, and constant current output si-
multaneously. In two-stage drivers, the PFC cir-
cuit and the DC/DC converter are independent of 
each other, and each circuit can be optimized inde-
pendently. Good input current waveforms, a long 
service life, high reliability, easy light adjustment, 
and better safety control can be more easily real-
ized with two-stage circuits [7–8], but their cost 
and size are a disadvantage in comparison with 
their system performance.

A two-stage circuit for a low-power LED driv-
er is proposed in the paper. The first-stage circuit 
performs the PFC and DC/DC functions by uti-
lizing a flyback converter and the second-stage 
circuit performs the filtration of the low-frequen-
cy current ripples. To increase efficiency, the pri-
mary-side feedback and a quasi-resonance flyback 
converter were used to realize soft-switching to re-
duce switching losses and noise. In order to re-
duce low-frequency current ripples, a linear ad-
justment was adopted to filter out low-frequency 
current ripples.

2. MATERIALS AND METHODS

The structure of the proposed main circuit is 
shown in Fig.1. The circuit consists of two stag-
es. The first stage is a PFC flyback converter that 
differs from a traditional single-stage PFC in its 
adoption of the primary-side feedback control and 
constant current control. The second-stage circuit 
uses a linear circuit to filter out low-frequency cur-
rent ripples.

2.1. Proposed Primary Side Feedback and 
Constant Current Control

The primary-side control was adopted to reduce 
the number of circuit components and lower the 
cost. The operating principles of the primary-side 
feedback to realize the PFC are shown in Fig.2. The 
detection circuit performed the detection via the 
auxiliary winding, calculated the output current Io, 
and took it as an input of the multiplier after making 
a comparison with the reference signal. The oth-

Fig.1. Proposed main circuit

Fig.2. Operation principles of the PFC
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er input of the multiplier came from the rectified 
pulse-shaped half-sinusoid. Therefore, the output 
of the multiplier was also a pulse-shaped half-sinu-
soid. Current samples of the MOS were compared 
with the half-sinusoidal output from the multiplier; 
the envelope curve of the peak current was convert-
ed into a sinusoidal shape through the control of the 
constant-on-time peak current so that the avera-
ge input current followed the sinusoidal waveform 
of the input voltage, both in shape and in phase, 
to further realize the high PF. The principle of pri-
mary-side feedback to realize constant current con-
trol was analyzed with DCM. The current wave-
forms of the transformer are shown in Fig.3. Np, 
Ippk, Ns, and Ispk are the flyback transformer’s pri-
mary winding number, primary peak current, sec-
ondary winding number, and secondary peak cur-
rent, respectively, which satisfy

I I N Nppk spk s p/ / .= (1)

The output current is the average value of the 
secondary current, which is

I I T To spk d= / ,2 (2)

where, T is the cycle time and Td is the time it takes 
for the secondary current to drop to zero. Based 
on eq. (1), the expression of Ispk can be obtained

I N I Nspk p ppk= / .s (3)

By putting the value from eq. (3) into eq.(2), the 
expression of Io can be obtained

I I N T N To ppk p d= / ( ).2 s (4)

Eq. (4) shows that the current limitation pre-
cision of the primary peak current can be guaran-

teed; a comparatively high-precision output cur-
rent can be obtained.

2.2. Quasi-resonant Single-stage Circuit

The circuit structure of the quasi-resonant fly-
back converter is shown in Fig.4(a), where Lm and 
Lp are the primary magnetizing inductance and 
leakage inductance, respectively, Cd is the stray 
capacitance of the MOS, and Rp is the equivalent 
resistance of the primary winding. The drain-
source voltage waveform of the MOS is shown 
in Fig.4 (b), whose working process can be sum-
marized as:

(1) Stage 1 (t0~t1): Q is on, D is off, and the pri-
mary winding stores energy. The energy of the load 
is provided by the output capacitance.

(2) Stage 2 (t1~t2): Q is turned off, and the leak-
age inductance Lp and Cd start to resonate. Dur-
ing the process, D is on and the energy stored by 
the primary winding is transmitted to the secon-
dary side. The drain of Q generates an extremely 
high voltage peak. During the process, the voltage 
across Cd is

u t U e tC S
t

d d( ) [ cos( ) / ],= − −−1 0ω ω θ ωα (5)

where Us is the sum of the DC converter’s input 
voltage, Uin, and the transformer’s reflected vol-

t a g e .  α =R LP P/ ;2  ω α ω0
2 2 1= + =d p dL C/ ; 

ωd P d P PL C R L= −1 2 2/ ( / ) ; and θ α ω= Arctg d ( / ).

(3) Stage 3 (t2~t3): Q is off, D is on. The reso-
nance of Lp and Cd is completed; the drain voltage 
of Q remains constant at the moment. The primary 
winding inductance is demagnetized and the mag-
netic core is reset.

Fig.3. The current waveforms of the transformer
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(4) Stage 4 (t3~t4): Q is off; the current of D 
drops to zero. Lm, Cd, and Rp form the RLC res-
onance circuit to generate a damped resonance 
on the primary-side of the transformer. When 
the resonance lasts until the lowest switching vol-
tage, the MOS is turned on to realize zero-voltage 
switching. During the process, the voltage on Cd is

u t U U U e tC s in
t

d( ) ( ) cos( ).= + −
in � α ω (6)

The quasi-resonance technology is able to, un-
der any output load and any input voltage condi-
tions, lower the drain-source voltage of the MOS 
to the minimum by postponing the off time of the 
MOS.

2.3. Linear Adjustment and Control Circuit

The method usually applied to reduce output 
current ripples at the output end is to add another 

stage with a DC/DC converter, or to use a ripple 
reduction circuit, such as the active ripple current 
filter. The serial connection of linear voltage regu-
lating modules is typically adopted to substantial-
ly reduce the output current ripples, but this type 
of circuit suffers from a high cost and large energy 
losses. The SY586X series chips produced by Siler-
gy Corporation are self-adaptive filtering chips de-
signed exclusively for the LED output end, and are 
able to effectively filter out low-frequency current 
ripples. Datasheets show that this series of chips 
incurs a loss of less than 1.5% from the system. 
Therefore, the SY5863 chips can be successfully 
used to filter output current ripples.

3. RESULTS

An LED driver with a voltage of 90–265 VAC 
and an output of 33V/300mA is built to verify the 
correctness of our design. Fig.5 shows the wave-
forms of the input voltages vs. input current with 

Fig.4. (a) Quasi-resonant Flyback Converter; (b) Drain-
source Voltage Waveform of the Switch

Fig.5. Input current waveforms:
(a) 110Vac Input; (b) 220Vac Input
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different input voltages. The input current is almost 
the same as the sine wave from Fig.5. Fig.6 shows 
the curves of the PF and efficiency with different 
input voltage. Fig.6 (a) shows that with the increase 
of the input voltage, the PF drops, but this value re-
mains larger than 0.94 across the full voltage range. 
The efficiency remains higher than 86% at the full 
voltage input from Fig.6 (b). Fig.7 shows the re-
sults of the harmonic standard testing, which in-
dicated that the harmonic input current can reach 
the EN61000–3–2, Class C standard with an in-
put voltage of 110V or 220V. Fig.8 shows the wave-
forms of the output current with input voltages of 
110V or 220V. It also shows that the output current 
ripple is less than 3%.

4. CONCLUSIONS

To satisfy the need for a small, low cost, and 
high PF LED that does not suffer from low-fre-
quency current ripples, an LED driver with prima-

Fig.8. Output current waveforms:
(a)110 Vac Input; (b) 220 Vac Input

Fig.6. (a) PF vs. Input Voltage;  
(b) Efficiency vs. Input Voltage

Fig.7. Harmonic testing results:
(a) 110Vac Input; (b) 220Vac Input
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ry-side feedback constant-current control is pro-
posed. The conclusions are as follows.

(1) The principle of a primary-side con-
stant-current control under the PFC was analyz-
ed. The process was deduced in order to realize 
soft-switching under the quasi-resonance work-
ing mode.

(2) A linear adjustment method was put forward 
to reduce the output ripple current.

(3) To verify the proposed theory, an LED driv-
er prototype with an output of 33 V/300mA is built. 
The experiment results showed that the high-per-
formance low-power LED driver was able to meet 
the requirements for low output ripples and a high 
PF; the prototype was also highly efficient, relative-
ly inexpensive, small, and could operate in elec-
trical isolation. It also met the harmonic current 
standard.
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ABSTRACT

In this study, the network architecture for wire-
less network convergence of light-emitting di-
ode (LED) visible light is theoretically analyzed, 
along with transmission technologies for network 
convergence of various visible light communica-
tion systems. Research is conducted on a commu-
nication system based on radio-over-fiber (ROF) 
technology. Then, the quadrature phase-shift keyed 
signal is observed and demodulated via a constel-
lation diagram. This study adopts the transmis-
sion technologies of single-sideband filtering and 
carrier suppression. In addition, the experiment 
shows that the vector signal of a demodulated sig-
nal cannot fulfill the requirements of a commu-
nication system that is characterized by long-dis-
tance transmission for signal quality through ROF.

Keywords: LED Visible Light Communication, 
Wireless Networks, QPSK

1. INTRODUCTION

Voice transmitted via wireless communica-
tion has transitioned from unitary to integrated. At 
present, transmission has entered a multi-service 
period. Simultaneously, the development of wire-
less services has accelerated given the advance-
ment of terminal technology [1]. In this case, cop-

per access has gradually lagged behind and cannot 
satisfy current demands. The capability of copper 
networks to satisfy broadband demands and their 
communication capacity have reached their limits. 
Indoor visible light communication (VLC) is an 
emerging wireless communication technology that 
applies light-emitting diode (LED) visible light, 
which is also used for lighting, to transmit signals 
[2]. Tatu et al. divided a channel into two parts: di-
rect and reflection channels. Indoor LED lighting 
can be used as the communication base to transmit 
information wirelessly [3]. Compared with tradi-
tional radio frequency communication and other 
forms of wireless communication, VLC exhibits 
the following advantages. First, visible light is safe 
for humans. Second, rich resources of visible light 
are available. Third, the transmitted power of VLC 
is huge and it does not require the radio frequency 
spectrum. Fourth, electromagnetism does not in-
terfere with VLC [4]. Consequently, VLC has con-
siderable potential. It can provide optical commu-
nication with new access to high-speed data, and 
thus, has elicited the attention of researchers [5]. 
In this study, we aim to prove that LED lighting 
has made wireless communication possible. Inte-
grating wireless communication into LED light-
ing has become a trend [6]; what is more, opti-
cal wireless communication can provide access 
to a network.
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The second part of this paper describes the cur-
rent situation of related studies in detail. The third 
part introduces the transmission characteristics 
of the single-sideband filtering of a communica-
tion system based on radio-over-fiber (ROF) tech-
nology. In the fourth part, the feasibility and valid-
ity are verified. The last part provides the conclu-
sions and implications of this study.

2. STATE OF THE ART

From 2001 to 2004, the International Telecom-
munication Union (ITU) started its research on the 
next-generation network (NGN). The ITU pro-
posed a standard draft for NGN in 2003. The ar-
chitecture of NGN includes the service, control, 
transmission, and access planes. All these planes 
are interconnected and provide multiple access-
es to clients. In addition, the softswitch is the core 
of NGN architecture. It separates access from the 
bearing of the control.

NGN adopts the Internet Protocol (IP) as its 
core. It is an open network that supports vari-
ous services, including voice, data, and multime-
dia. Compared with current network systems, the 
establishment of NGN integrates different net-
works and connects various business systems. The 
IMS (IP Multimedia Subsystem) is gradually be-
ing adopted for supporting multimedia services. 
As a new IP technology, IMS is highly inclusive. 
It combines various multimedia services, gains ac-
cess to networks, and provides improved service 
to clients. At present, IMS technology is not only 
regarded as a key technology of NGN but also as 
an efficient scheme that supports fixed and mobile 
convergence as well as various multimedia services. 
Many international telecom operators have grad-
ually adopted the scheme in which the core net-
work based on IMS technology is used as the con-
vergence network.

In indoor LED VLC, the method used for 
source encoding and the adopted modulation mode 
directly determine the performance of the commu-
nication system. A VLC system is consistently de-
signed as an ID or DD system given its simple im-
plementation. The Manchester encoding and the 
on–off keying (OOK) modulation mode are used. 
The binary OOK encoding can only transmit 1 bit 
via the optical link. In addition, transmission speed 
is slow. The Manchester encoding reduces the code 
error rate, but requires a wideband. The modula-

tion bandwidth for LED that emits “white light” 
based on the blue photostimulable phosphor is in-
sufficiently wide. Therefore, we should study new 
encoding and modulation modes. Orthogonal fre-
quency-division multiplexing is widely used be-
cause of the following advantages. First, its spec-
tral efficiency is high. Second, its expandability is 
strong. Third, it avoids multipath fading. Fourth, it 
enables the flexible allocation of spectrum resourc-
es. In addition, the channel of indoor LED VLC 
for transmitting signals is random. The wavelength 
of LED visible light approximates the sizes of dust 
and gas molecules in a room. Thus, creating disper-
sion is easy but receiving signals is difficult. LED 
lighting in different locations and backgrounds, in-
cluding sunlight, also affect the system. To ensure 
the normal operation of a random channel, fur-
ther research should be conducted on LED visible 
light. An appropriate indoor transmission model 
should also be built.

3. METHODOLOGY

Transmission Characteristic of a Single-
Sideband Communication System Based on ROF

At present, the ROF system based on exter-
nal modulation technology has three working 
modes: double-sideband, single-sideband, and 
carrier-suppressed modulations. The technology of 
double-sideband modulation is adopted in trans-
mitting signals via long-haul optical networks be-
cause the single-mode optical fiber exhibits the 
dispersion effect problem. A phase difference ex-
ists in the double sideband, and thus, the signals at 
the receiving ends can be eliminated and microwave 
power is attenuated. In addition, as signal frequen-
cy transmission increases, the dispersion effect will 
become increasingly evident. Thus, the influence 
of the fiber dispersion effect on microwave power 
limits the distance of microwave signal transmis-
sion to a large extent. To address this defect, this 
study adopts single-sideband transmission tech-
nology. The optical filter can eliminate one side-
band of the double-sideband signal. Then, the sig-
nals of only one sideband can be produced in sig-
nal transmission. During the transmission process 
of a single-sideband signal, only one beat signal 
occurs. Consequently, the dispersion effect prob-
lem caused by a double-sideband signal can be re-
solved and microwave signal quality is improved. 
Single-sideband modulation is a refinement of am-
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plitude modulation that uses transmitter power and 
bandwidth more efficiently. Single-sideband mod-
ulation is closely connected with the vestigial side-
band. The bandwidth of the modulation signals that 
are outputted via amplitude modulation is twice 
as much as that of the source signals. Single-side-
band modulation technology can avoid doubling 
the broadband. It can also prevent wasting power 
on a signal carrier. However, cost is increased un-
der this technology because of the required com-
plex equipment. An ROF communication system 
based on the single-sideband transmission tech-
nology eliminates the effects of dispersion and in-
creases the distance of signal transmission. Fur-
thermore, only a narrow broadband is required. 
Therefore, this study builds an ROF communica-
tion system, and subsequently tests and analyzes its 
transmission performance (Fig. 1).

Microwave signal created by a radio frequency 
source

When intensity is modulated, the microwave 
signal created by the radio frequency source can be 
loaded on the light carrier output by the tunable la-
ser through the LiNbO3 electro-optical modulator. 
The light signals at the output ends of the modu-
lator can be amplified through the erbium-doped 
fiber amplifier. The signals outputted by the filter 
retain a part of the signals of the partial sidebands 
after transmitting over a long distance in the fiber. 

A spectrum analyzer can be used to analyze these 
signals. Another section of the signals can be test-
ed using a photo detector and analyzed using a fre-
quency spectrum analyzer.

4. RESULT ANALYSIS AND DISCUSSION

In the experiment, we use an external modulator 
laser and a LiNbO3 electro-optical modulator. An 
Agilent E826 is applied as the signal source and an 
Agilent E485 is used as a frequency spectrum ana-
lyzer. The vector signal analyzer application is Ag-
ilent 658. Table 1 shows the spectra of the received 
signals. This study adopts the carrier-suppressed 
modulation technology. Consequently, the signal 
frequency at the receiving ends is 12 GHz. This re-
ceiving frequency is twice the input frequency. The 
vector signal is modulated from eight phase-shift 
keying to quadrature phase-shift keying (QPSK). 
In the ROF communication system, the format of 
signal modulation is changed during the process of 
modulating signal carrier frequency. The QPSK sig-
nal can be observed in the four quadrants output of 
the constellation diagram. The observation shows 
that the error vector magnitude index value of the 
vector signal is 8.87% after the transmission tech-
nologies of single-sideband filtering and carrier 
suppression are adopted. This result indicates that 
single-sideband transmission can satisfy commu-
nication requirements.

5. CONCLUSION

The ROF communication system based on LED 
VLC and characterized by signal transmission over 
wireless networks demonstrates desirable perfor-
mance. The popularity of such a system in fiber 
transmission is gradually increasing. In the rapid 
innovation of technologies, a mobile terminal dom-
inates the market share. Under this background, 
the wireless-optical broadband access network 
technology emphasizes its considerable advantag-
es. This study analyzes signal transmission over 
wireless networks based on LED VLC and con-
ducts a contrast experiment on single-sideband 
and double-sideband transmissions. The obser-

Table 1. Output microwave signal spectrum

Frequency in MHZ 4860 4900 4940 4980 5020 5060 5100 5140

Spectrum in dBC -45 -57 -52 -55 -60 -50 -60 -53

Fig.1. ROF Information System
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vation of the QPSK signal in the four quadrants 
of the constellation diagram shows that when the 
transmission technologies of single-sideband fil-
tering and carrier suppression are adopted, the 
error vector magnitude index value of the vector 
signal is 8.87% after optical transmission reach-
es a distance of 9.86 km. This result indicates that 
single-sideband transmission satisfies commu-
nication requirements. Signal transmission over 
wireless networks based on LED VLC will pro-
vide a new transmission mode for an intelligent 
network of terminals. Such transmission can also 
promote the development of the telecommunica-
tion business in China. Although this study makes 
certain achievements, room for improvement re-
mains considerable. For example, we will conduct 
further research on the easy operation and intui-
tive performance of signal transmission over wire-
less networks based on LED VLC.
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ABSTRACT

Despite its great development, the logistics in-
dustry in China exhibits a low level of overall inef-
ficiency. This paper proposes a logistics transpor-
tation system using LED-based visible light com-
munication technology. An open WDM system 
designed with dense wavelength division multiplex-
ing (DWDM) technology; this system adopts the 
official bytes within the optical monitoring channel 
of DWDM for official communication. Results in-
dicate that this system shows high efficiency in ap-
plications such as traffic route management, loca-
tion management of transport vehicles, and load-
ing of running vehicles.

Keywords: optical fibre communication tech-
nology, dense wavelength division multiplexing 
(DWDM), logistics transportation system, OTU

1. INTRODUCTION

Logistics is a process in which products, equip-
ment, and cargo are transporting from one loca-
tion to another within a certain time. At present, 
China’s logistics system is developing in the direc-
tion of modernization, intelligence, and informa-
tization. In 2008, Chen et al. [1] proposed a ma-
nagement system model comprehensively utilizing 
FRID, GPS, and GIS, which could automatically 
acquire information and perform real-time track-
ing and monitoring for the logistics processes of 
hazardous articles, including production, stor-
age, operation, transportation, destruction, [2]. 

Xu et al. designed service-oriented and compo-
nent-based four-layer architecture by using a GIS 
logistics system in 2010 [3]. In 2011, Yang et al. de-
signed a tracing model of the logistics of agricul-
tural products, which systematically realized the 
rapid acquisition and process tracing of distribu-
tion process information [4]. Qu et al. proposed 
a remote monitoring system of logistics transport 
vehicles on the basis of wireless sensor networks and 
GPRS communication in 2013 [5]. Ma proposed 
a logistics temperature control system of meat cold 
chains using RFID technology for continuous, dy-
namic, accurate, and reliable temperature control 
of meat products. Wang et al. integrated GPS and 
GIS to realize real-time recording and planning 
through mobile communication to improve the 
dynamically adaptive capacity of logistics distri-
bution systems. Despite these developments, the 
systems and logistics centres of most logistics en-
terprises remain mutually independent, which gen-
erates high costs, is not conducive to management, 
and causes waste of allocated resources.

To solve these problems and establish a high-ef-
ficiency, low-cost logistics system, this paper utiliz-
es DWDM technology to design a logistic transpor-
tation system on the basis of optical fibre commu-
nication technology. The second section introduces 
the basic principle of DWDM technology and the 
development of modern logistics systems inte-
grated with advanced communication technolo-
gy. The third section illustrates the design of an 
official communication system, a network ma-
nagement system, and the optical fibre wiring of 
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a DWDM system. The fourth section describes 
testing of the transmitting optical power of a wave-
length division system. The fifth section draws some 
conclusions.

2. STATE OF THE ART

Optical fibre communication technology
Optical fibre communications use light as an in-

formation carrier and transmit it through optical 
fibre for communication. The capacity of optical 
fibre communication is higher than that of micro-
wave communication. This is mainly because that 
the optical wave frequency of carriers in an optical 
fibre system is higher than the frequency of elec-
tric waves. Furthermore, the loss caused by the fi-
bre transmission medium is lower than that caused 
by cables or guided wave tubes. As the ground 
loop, optical fibres made of glass, which is an in-
sulator. In addition, since optical fibre communi-
cation technology utilizes optical waves to carry 
out transmission, its advantage is that it will not 
be tapped, which ensures the security of commu-
nication. Finally, optical fibre is mainly composed 
of optical fibre cables of a small diameter and vol-
ume. Therefore, it will not cause the congestion of 
the underground pipeline and difficulty during in-
stallation. These aspects have caused optical fibre 
communication technology to be widely adopted.

Basic principle of DWDM technology
Dense wavelength division multiplexing 

(DWDM) technology is an optical fibre commu-
nication technology, which can transmit a large de-
gree of electrical information concurrently to real-
ize system expansion. Based on the optical fibre’s 
bandwidth and low loss, the carrier wave of DWDM 
adopts multiple wavelengths, and different carrier 
channels can be transmitted simultaneously in one 
optical fibre, which reduces the quantity of optical 
fibres. In addition, there is no association between 
the protocol of DWDM and transmission speed. 
Thus, the networks adopting DWDM can trans-
mit different data flows in the same laser channel 
at different speeds.

Logistics system integrated with advanced 
communication technology
The construction of modern logistics systems 

requires intelligence, digitalization, and automa-
tion of logistics equipment, which is mainly com-

posed of logistics management, information tech-
nology, and control systems. Reasonable and effec-
tive logistics information systems can automatically 
collect process information for analysis, which 
could be further disposed and analyzed to guide the 
overall logistics activity. The efficiency and quality 
of management can be improved so, that the risk 
in logistics activity process could be avoided.

3. METHODOLOGY

Opening WDM system
The proposed logistics transportation system 

based on LED visible light communication tech-
nology adopts an opening system. The wavelength 
converter is placed in front of the wavelength divi-
sion multiplexer, and nonstandard wavelength of 
SDH is converted to standard wavelength, which is 
suitable for long-distance transmission light sour-
ces. Opening WDM systems can utilize a G.957 
interface, rather than the exclusive G.692 inter-
face, meaning different SDH systems of logistics 
enterprises can be operated in the same WDM 
system. This saves significant equipment resourc-
es and controls enterprise costs, improving econo-
mic efficiency.

Official communication in DWDM system
Signals in the proposed system are transmit-

ted across the same cable over several channels. At 
the receiver, the signal in each channel is filtered 
through a band-pass filter based on various carrier 
frequencies. The light wave is taken as the carrier 
wave of the signal, according to the different fre-
quencies of light waves in various channels. Addi-
tionally, the design presented in this paper adopts 
the wavelength division multiplexer for the send-
ing end to integrate signal light carrier waves with 
different wavelengths to transmit in the same op-
tical fibre.

DWDM network management system
This paper considers a system which utilizes 

the existing DWDM network management sys-
tem to manage the new DWDM system, which is 
responsible for the performance, fault, configu-
ration, and security management of erbium opti-
cal fibre amplifier (EDFA), optical transform unit 
(OTU), optical terminal multiplexer (OTM), op-
tical add drop multiplexer (OADM), and monito-
ring channel of each network element. The network 
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management system transmits data through OSC 
and 2M/s private channel as a transmission and 
protection channel. The DWDM network mana-
gement system is shown in Fig. 1.

Optical fibre distribution
Optical fibre connections in DWDM devices are 

mainly between the DWDM and SDH equipment, 
the disks, the optical channel sub-frame, and the 
optical amplification sub-frame. The fibre jumper 
requires the joint loss to be less than 0.5 dB, and 
return loss must be greater than 40 dB. The opti-
cal fibre connection between the DWDM and SDH 
devices has two parts. The first is the optical fibre 
connecting the output port of the STM transmit-
ter and the input port of the wavelength convert-
er of the DWDM device. The second is the optical 
fibre connecting the output port of the wavelength 
dividing device with the input port of the STM op-
tical receiver. The optical cables of each disk on the 
optical channel sub-frame are correspondingly con-
nected between the OTU disk and the OMU disk 
of the combiner.

4. RESULT ANALYSIS AND DISCUSSION

The transmitting optical power of the wave-
length division system was tested to verify the ef-
fectiveness of the proposed system. The OTU con-
figured in this paper was LWC. The test of OTU 
should close FEC, according to the instrument. 
The test was carried out according to the actual 
configuration of the project, using an optical power 
meter. For a test carried out at point s, a measure-
ment error of less than 0.5dB was allowed, while 
testing on an ODF frame allowed attenuation less 
than 1.0 dB to be introduced. The test assumed 
one OTM in the 10th, 12th, 14th, 15th, 24th, and 30th 
waves of node configuration of OTM. Test data are 
shown in Table 1.

Experimental results showed the system is high-
ly efficient in plan management of route, delay, 
accidents and other emergency contact informa-
tion, location management of transport vehicles 
distributed in each terminal, loading conditions 
of running vehicles, and operating instruc-
tion information.

Fig. 1. DWDM network management system

Table 1. OUT (LWC) transmit optical power

Work serial 
number Nominal centre wavelength (nm) Transmit optical power (dBm) Conclusion

10 1551.72 -6.84 Pass
12 1500.12 -7.18 Pass
14 1548.51 -7.94 Pass
15 1547.72 -7.42 Pass
24 1540.72 -7.6 Pass
30 1535.82 -6.36 Pass
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5. CONCLUSION

The rapid development of information, ma-
chinery, electronics, and other technologies has 
made logistics a technology, which integrates me-
chanical design, information technology, mana-
gement, and communication control technology. 
This paper presents a design of a logistics trans-
portation system based on optical fibre communi-
cation technology by utilizing DWDM technolo-
gy. The system adopts the device light of DWDM 
to monitor official bytes in the channel in order 
to realize official communication. Furthermore, it 
utilizes the existing DWDM network management 
system to manage new DWDM systems. This sys-
tem shows high efficiency in location management 
of logistics transportation vehicles, loading condi-
tions of operating vehicles, and operating instruc-
tions. Contradictions, such as delayed logistics pe-
riods, complex processes, increased cost, and te-
dious inventory management are avoided, further 
enhancing competitiveness of logistics service. 
However, the author’s major limits understand-
ing of the overall logistics system formed by up-
stream and downstream industry chains. Hence, 
the solution proposed in this paper can be further 
expanded.
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ABSTRACT
In recent years, visible light communica-

tion technology has been developed well as an 
emerging wireless optical communication tech-
nology. This study investigates the characteristic 
curves of the frequency response in a light-emit-
ting diode (LED) visible light communication sys-
tem to improve its frequency response and expand 
its bandwidth. This study adopts the square-wave 
pulse modulation method to test the frequency re-
sponse characteristics of the sample. After com-
paring the frequency response curves and band-
widths of the device under different bias currents, 
the step-shaped electron blocking layer LED is 
found helpful in improving the density of carri-
er injection in the active area and LED response 
characteristics.

Keywords: LED, frequency response, square-
wave pulse modulation, visible light communica-
tion system

1. INTRODUCTION

In optical fibre communication, semiconductor 
light-emitting diode (LED) is one of the most com-
monly used light sources suitable for short-distance 
and low-capacity systems. With the rapid develop-
ment and wide application of LED in recent years, 
experts and scholars have focused increasing atten-
tion and efforts on research on fluorescent LED 
response characteristics to explore the new func-
tion of fluorescent LED through LED response 
characteristics. Chen [1] conducted a sinusoidal 
modulation of incident infrared radiation intensi-
ty in 1985. He recorded the signal voltage from the 

detector and performed normalization. The relative 
frequency response characteristics of the detector 
were then obtained. Wang studied forward electri-
cal and luminous characterization in 2006. Yang 
investigated the frequency response of white-light 
LED. He analyzed the effects of intrinsic modula-
tion bandwidth and parasitic parameter on band-
width, which improved the modulation response 
characteristics of resonant-cavity LED. Tan et 
al. [2] calculated the frequency response of the 
communication channel through the channel im-
pulse response (CIR). He used numerical meth-
ods to conduct simulation on indoor CIR and fre-
quency response. The results showed that the wid-
est bandwidth could be found at the centre of the 
room. Yang measured the frequency response char-
acteristic curve of LED using a spectrometer. How-
ever, inductive effects occurred in the tradition-
al electron blocking layer (EBL) and led to band 
bending, which could not effectively prevent the 
spill of electron. A large boundary defect could 
easily occur. In addition, the radiation recombina-
tion efficiency of the electron hole pair decreased 
because of the uneven distribution of carrier injec-
tion, which eventually affected the response time 
and radiant power of the LED.

The present study investigates the characteristic 
curves of frequency response in a LED visible light 
communication system to improve the frequency 
response of fluorescent LED and increase its band-
width. The second section introduces several cha-
racteristics of LED and its luminous mechanism. 
The third section uses the square-wave pulse mod-
ulation method to test the response characteristics 
of two samples and further compares the 3 dB fre-
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quency response curves and bandwidths of the de-
vice under different bias currents. In the fourth sec-
tion, a simulation verification and analysis of fluo-
rescent LED are performed, and the conclusion of 
the study is presented.

2. STATE OF THE ART

Visible light communication system
Visible light communication technology is used 

to transmit information through the invisible, high-
speed flashing light emitted from a fluorescent tube 
or LED. The technology connects a high-speed In-
ternet cable to lighting devices to ensure that the 
device will work when the plug is used. A visible 
light communication system has bright prospects 
in terms of its development because its range cov-
ers indoor lighting.

Characteristics of LED
In Volt–Ampere characteristic, the current flow-

ing through the p–n junction is changed with vol-
tage, which can be directly reflected on the oscil-
loscope. Complete Volt–Ampere curve has for-
ward and reverse characteristics [3]. In general, the 
current index will increase when voltage reaches 
a certain threshold. The Volt–Ampere character-
istic curve is frequently described using three pa-
rameters: reserve breakdown voltage, reserve cur-
rent, and forward voltage.

P–I characteristic: The I–V characteristic of 
LED indicates that the current changes with vol-
tage, which is similar to the curve of a common di-
ode [4]. At the beginning, current is absent when 
voltage is low, and the forward voltage is less than 
a certain value. The forward current increases with 
voltage and light glows when the voltage is larger 
than a certain value. I–V curve is not linear after the 
break over. Therefore, the forward voltage cannot 
be excessively high; otherwise, the large current will 
significantly increase heat and damage the diode.

Modulating characteristic, in which the electric 
signal becomes an optical signal when it is loaded 
into the LED light source. The modulating char-
acteristic of LED has two problems: one is linearity 
and the other is bandwidth [5]. The nominal output 
power can be represented by the following formula:

p w
p

w
( ) = ( )

+ ( )
0

1 τ
. (1)

Frequency response
The frequency effect characteristic of LED is an 

important part of a visible communication channel. 
It determines the effective bandwidth of the signal 
and influences the transmission performance of 
a visible light communication system. Frequency 
response describes the capability of an amplifying 
circuit under different frequency sinusoidal signals. 
That is, the amplitude of the input signal is con-
stant, whereas signal frequency is changing. The 
changes in the amplitude of the output signal and 
the phase position are investigated. This method 
is known as the frequency domain method. In cir-
cuit amplification, coupling and bypass capacitors 
on the sign form the high-pass circuit. At this time, 
the signal can be passed without any loss. However, 
a pressure drop will occur on the capacitive reac-
tance of the clamped capacitance when the signal 
frequency is sufficiently low, which results in a small 
amplification value and a phase shift. In addition, 
contrary to the coupling capacitor, a low-pass cir-
cuit is formed by the inter-electrode capacitance 
and the distributed capacitance of the semicon-
ductor tube, which indicates that no impact occurs 
in the low-frequency signal and the circuit. How-
ever, the shunt of the inter-electrode capacitance 
will reduce amplification and phase shift when the 
signal is sufficiently high.

3. METHODOLOGY

Test methodology
This study uses a square-wave pulse modu-

lation method to test the response characteris-
tics of LED, which adds a certain direct current 
bias to a small sinusoidal signal. The testing devi-
ces include an AFG3101 function signal genera-
tor, a TSD2040 oscilloscope, a TCP312 100 MHZ 
high-frequency current probe, a New Focus 16011 
GHz high-speed photoelectric detector, a ZF-
BT‑4R2GW+0.1–4.2 GHz bias, and an LWD-
QGS PS303PM direct current bias power supply.

LED frequency response characteristics
This study compares the 3 dB response curves 

and widths of the devices under different bias cur-
rents to obtain the response characteristics of flu-
orescent LED. The influence of the internal ca-
pacitance of the device is reduced because of the 
pre-bias. Fig. 1 presents the response curves of 
the conventionally structured LED and the step-
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shaped EBL under 20mA and 50mA. The latter is 
flatter than the former in terms of frequency range, 
thereby indicating that the step-shaped EBL out-
performs the traditionally structured LED in terms 
of frequency characteristics.

The corresponding bandwidth of the step-
shaped EBL LED under 20–50mA bias current 
is higher than that of the traditionally structured 
LED. The step-shaped EBL LED can improve 
the hole injection rate to obtain a higher hole in-
jection density under the same current in the ac-
tive area. Meanwhile, it effectively limits elec-
tron overflow and ensures a relatively large bias 
injection current density under a high bias current 
in the active area. At this time, the correspond-
ing bandwidth is higher. In the comparison of the 
optoelectronic characteristics between the tradi-

tionally structured LED and the 
step-shaped EBL LED, the latter is 
found more effective in improving 
the density of the injection carrier 
in the active area. The step-shaped 
EBL LED does not only improve 
the response characteristics of the 
fluorescent LED, but also increas-
es its optical power output.

4. RESULT ANALYSIS AND 
DISCUSSION

This study performs an expe-
riment on fluorescent LED. The 
testing equipment includes an 

AvaSpec‑2048-USB2 spectrograph, an Ocean 
Optics HR2000 spectrograph, and a commer-
cial white LED lamp. During the experiment, the 
commercial fluorescent white LED was initially 
turned on. Then, its light source was ensured to be 
oblique to the light probe of the AvaSpec‑2048-
USB2 spectrograph. Subsequently, the distance 
between the light source and the probe was adjust-
ed. Then, the spectrum on the computer was ob-
served, and data were recorded. The spectrum is 
presented in Fig.2.

As shown in Fig. 2, the two peaks of the com-
mercial white LED lamp are 450 nm and 560 nm. 
Accordingly, the commercial white LED lamp is 
composed of a blue LED chip coated with YAG 
yellow phosphor, which is a common practice. 
Therefore, white light can be used as a lighting 

Fig. 1. Response curve of the traditional structure LED and the step shape electronic barrier structure LED

Fig. 2. Spectra of commercial white LED lamp
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source, although a significant difference with the 
sun still exists.

5. CONCLUSION

The frequency response characteristic of LED is 
an important part of the visible channel of informa-
tion. It obtains the effective signal bandwidth while 
determining the minimum pulse width of the high-
speed pulse light, thereby affecting the transmis-
sion performance of the visible light communica-
tion system. This study adopts a square-wave pulse 
modulation method to test the frequency response 
of traditional EBL fluorescent LED, improve its 
frequency response, and enlarge its bandwidth. The 
3 dB response curves and bandwidths of the devi-
ces are compared under different bias currents. The 
result shows that both the step-shaped EBL LED 
and the traditional LED exhibit improvements 
in terms of luminous power and response characte-
ristics. The EBL step-shaped LED is more helpful 
in improving the density of carrier injection in the 
active area than the traditionally structured LED. 
It improves response characteristics while increa-
sing optical power output. Optimizing EBL and 
improving carrier injection characteristics are evi-
dently effective means to improve fluorescent LED 

response characteristics. However, this study has 
limitations, and fluorescent LED applications still 
require further research.

REFERENCES:

1.  Chen Rujun. The frequency response of infrared 
detector using infrared light emitting diode is infrared 
technology, 1985. V5, #8.

2.  Tan Jiajie, evergreen. Analysis of channel cha-
racteristics of indoor polycyclic. LED Journal of system 
simulation, 2013. V25, #12, pp. 2906–2911.

3.  Wang Y, Wang Y, Chi N, et al. Demonstra-
tion of 575-Mb/s downlink and 225-Mb/s uplink bi-di-
rectional SCM-WDM visible light communication us-
ing RGB LED and phosphor-based LED. Optics ex-
press, 2013. V21, #1, pp. 1203–1208.

4.  Almeida P S, Bender V C, Braga H A C, et al. 
Static and dynamic photoelectrothermal modeling 
of LED lamps including low-frequency current ripple 
effects. Power Electronics, IEEE Transactions on, 2015. 
V30, #7, pp. 3841–3851.

5.  Bialic E, Nguyen D C, Vaufrey D. LED dyna-
mic electro-optical responses and light-fidelity-appli-
cation optimization. Applied optics, 2014. V53, #31, 
pp. 7195–7201.

Yancheng JI, 
Doctor of communication and 
information system, 
Graduated from the Xidian 
University. He is currently 
an Associate professor at 
the School of Electronics 
and Information, Nantong 
University

Guoan ZHANG, 
Doctor of communication and 
information system, Graduated 
from the Southeast University. 
He is currently a Professor 
at the School of Electronics 
and Information, Nantong 
University

Junma LI, 
Master Candidate 
of Information and 
Communication Engineering. 
Graduated from Nantong 
University

Zhanghua CAO, 
Doctor of Mathematics, 
Graduated from the Yangzhou 
University. He is currently 
an Assistant Professor at 
the School of Electronics 
and Information, Nantong 
University



32

Light & Engineering	 Svetotekhnika
Vol. 24, No. 3, pp. 32-35, 2016 	 No. 5, 2016

DESIGN OF A NOVEL UAV BASED ON SHORT-DISTANCE LED VISIBLE 
LIGHT COMMUNICATION TECHNOLOGY

Wei LIAO1,*and Yan XU2

1 Shanghai University of Engineering Science, Shanghai 201620, China 
2 College of Applied Science, Jiangxi University of Science and Technology,  

Ganzhou 341000, Jiangxi, China 
*E-mail: weiliaosr235@163.com

ABSTRACT

The existing UAV search methods are affected 
by the environment and algorithms, associated with 
high costs and complex operation. For these rea-
sons, this paper presents a design of designs a new 
type of UAV based on short-distance LED visible 
light communication technology. The Egli model 
is selected as the model of wireless communication. 
In addition, an MSP430F149 chip is the main con-
trol chip, and an RFC33A module with low power 
consumption is utilized as the wireless communi-
cation module. The results show that this system 
can accurately locate a person in distress, and re-
turn the information to the ground station in real 
time, so as to greatly improve the rescue efficiency.

Keywords: unmanned aerial vehicle (UAV), 
wireless communication, whip antenna, optical fi-
bre communication

1. INTRODUCTION

With the development of science and technolo-
gy, UAVs have rapidly risen as an emerging indu-
stry. By virtue of their features of unmanned ope-
ration, portability, small size and low requirements 
for climate conditions, as well as rapid takeoffs and 
landings, UAVs have been widely utilized in search 
and rescue operations. The utilization of UAV 
search systems can greatly improve search scope 
and capability, while also reducing search costs. 
Liu Gequn designed the hardware of a small UAV 

flight controller on the basis of an 80C196KC sin-
gle chip microcomputer and a programmable mi-
crocontroller peripheral device PSD813F1 in 2013 
[1]. Zang et al. introduced the composition of re-
mote sensing system and designed the technologi-
cal process of a remote sensing monitoring of micro 
UAV in 2010 [2]. Yue Jilong et al. analyzed the key 
technologies of the micro electro mechanical sys-
tem, nonlinear system modelling and flight control 
in 2010 [3]. In 2011, Luo Qiufeng et al. utilized inte-
grated instrument technology and anti-interference 
technology to successfully develop an automatic 
detection system based on a PXI bus. Wang Jian et 
al. designed a real-time video surveillance system 
based on WiFi in 2015 [4]. However, the existing 
airborne detector is mainly depending on infrared 
imaging, image recognition and aerial photography 
and other optical equipments. The search method 
is also influenced by the environment and its own 
algorithm. Most systems exhibit the shortcomings 
of high cost, large volume of locator beacon in dan-
ger, and complex operation. UAVs are characterized 
by unmanned operation, portability, small size and 
low lost [5]. Satellite positioning technology and 
wireless communication technology are less seri-
ously affected by environment. Therefore, this pa-
per designs a new type of UAV based on short-dis-
tance LED visible light communication technolo-
gy, by utilizing electronic information technology 
and short-distance wireless communication tech-
nology. This study provides a new method and way 
of thinking for the design of airborne equipment of 
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technique in searching for persons in outdoor dis-
tress by unmanned air vehicle in China.

2. STATE OF THE ART

Short whip antenna
As one of the main components of wireless com-

munication, antennas play an important role in the 
communication performance of wireless communi-
cation. High gain antennas can increase the com-
munication distance without the need for addition-
al transmitted power or transmission loss. The com-
mon short wave or ultra short wave portable radio 
antennas are all whip antennas. Whip antennas are 
basically single-stage antennas, which evolved from 
symmetric dipole antennas. A single-stage antenna, 
with a length of h, can be mirrored as a symmet-
ric oscillator. The field of the upper half space of 
the single-stage antenna is the same as that of the 
symmetric oscillator. The field intensity of the low-
er half space is zero, and the electric field intensity 
of the single-stage antenna is as follows:
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where IM is the oscillator current, r is the distance, 
and k=2π/λ. Δ represents the horizontal eleva-
tion of the test point. h is the length of antenna sin-
gle stage. Supposing that r is a constant, the unnor-
malized direction function (Δ) can be obtained as 
follows:
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According to the above formula, the normalized 
pattern function of F(Δ) is:

F
f
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∆
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, (3)

where fM is the maximum value of f(Δ).
The purpose of a short whip antenna is mainly 

to shorten the length of the whip antenna. At the 
same time, an inductor is added at the base of whip 
antenna to compensate for the capacitive reactance. 

Inductance can be achieved by means of the coil of 
the whip antenna. Therefore, a short whip anten-
na possesses the same performance as a whip an-
tenna. In addition, short whip antennas are widely 
used for their low price and ease of purchase.

Egli Model
The Egli model is mainly suitable for ultra short 

wave mobile communication, as well as VHF and 
UHF communication. When the communica-
tion distance is less than 30 km, the frequency is 
between 40 and 450 MHz. As the frequency is less 
than 1 GHz, the Egli model can more accurately 
predict the field strength of hilly and mountain-
ous terrain.

L dB gd gf

g H H Kh
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t r

( ) = + + −

− ×( )−
88 401 201

201 .
(4)

Where LM is the median path loss, d is the dis-
tance between the receiving and transmitting anten-
nas, and f is the operating frequency of short-range 
wireless communication. H1 is the transmitting an-
tenna height of the transmitter, Hr is the receiving 
antenna height of the receiver, and Kh is a topo-
graphic correction parameter factor.

With the increase of communication distance, 
the path loss of each frequency will increase. High-
er operating frequency will lead to greater path loss. 
As can be seen from the comparison, the Egli mo-
del can better conform to the actual needs of field 
communication.

RFC33A Module
The RFC33A module is embedded with an 

nRF905 single-chip RF transceiver chip. The 
nRF905 chip is internally installed with various 
functional modules, such as a frequency synthesiz-
er, power amplifier, crystal oscillator and modula-
tor. In this paper, the RFC33A module is equipped 
with a power amplifier circuit based on an original 
nRF905 peripheral circuit, to improve the trans-
mitting power, and the actual communication dis-
tance reaches up to 2000 m.

Formula (5) can be obtained from Formula (4) 
as follows:

L dB dBm dBm

gd gf g H H Kh

M

t r

( ) = − −( ) =
= + + − ×( )−

33 100

88 401 201 201 .
(5)



Light & Engineering 	 Vol. 24, No. 3

34

As an RFC33A module is utilized in this paper, 
the MSP430 mainly exchanges data through the 
serial peripheral interface SPI and RFC33A wire-
less communication module. In addition, consid-
ering the influence of antenna gain on communi-
cation distance, a 430 MHz short whip antenna is 
adopted.

3. METHODOLOGY

System hardware design
The hardware equipment in the UAV search sys-

tem mainly includes the airborne detector and res-
cue beacon. The system diagram of the UAV search 
system is shown in the Fig.1.

The airborne detector mainly includes the mas-
ter control module, wireless module and pow-
er module. The master control module adopts 
an MSP430F149 chip. The wireless communi-
cation module utilizes an RFC33A module with 
an nRF905 chip, and carries out communica-
tion through the SPI interface and MSP430. The 
power module utilizes a voltage stabilizing circuit 
and voltage reduction circuit, and the power sup-
ply rechargeable lithium polymer batteries contin-
ue to provide a 5V voltage. For the power supply 
a rechargeable lithium polymer battery is adopted, 
which can continuously provide a 5V voltage. The 
hardware design of the beacon mainly includes 

the master control module, wireless communica-
tion module, positioning module, beacon modu-
le and power module. The master control module 
adopts an MSP430F149 chip, an RFC33A module 
is purchased for the wireless communication mo-
dule, the positioning module utilizes a GPS mo-
dule with GSl5-C, and the power module adopts 
voltage stabilizing circuit and circuit, among which 
a rechargeable lithium battery is utilized for the 
battery.

System software design
The airborne detector and the rescue bea-

con machine transmit and exchange informa-
tion through a wireless module. Therefore, the 
communication protocol between the two should 
be controlled to carry out information transmission.

The airborne detector is equipped with two se-
rial ports. First, the communication is realized by 
sending the module and flight control ground sta-
tion to obtain the configuration information of the 
search system and identification code range. Sec-
ond, when the search is carried out, the rescue 
beacon machine carried by the person in distress 
is activated by transmitting the activation informa-
tion through radio waves, so as to carry out data in-
teraction. Afterwards, the obtained data are analyz-
ed to extract the relevant data. Finally, the receiving 
module is transmitted to the UAV Communica-
tion Station, and is eventually passed on to the 
flight control ground station.

4. RESULT ANALYSIS AND DISCUSSION

In order to verify the effectiveness of the sys-
tem, this study carried out an experiment under 
indoor temperature. The adopted output voltage 
was 11.1~12.6V, and a battery with a capacity of 
1500 mAˑh was utilized to supply power for the 
eight tests. The test results are shown in the Table 1.

Table 1 shows the communication distance 
between the airborne detector and ground sta-
tion in the open field test. As can be seen from the 
results, the index test and field test indicate that 

Table 1. Communication distance between the wave airborne detector and the ground station

Times 1 2 3 4 5 6 7

d/m 8.0 9.0 9.5 9.7 10.0 10.3 10.5

Signal Great Great Great Great Good Good Bad

Fig. 1. System diagram of the UAV search system



Light & Engineering	 Vol. 24, No. 3

35

the airborne detector achieved the target design 
requirements. It was able to accurately locate the 
person in distress and send the information to the 
ground station in real time, so that the rescuers 
could quickly reach the distress area. This design 
improves the deficiency of low research efficiency 
and the poor results of existing search and rescue 
systems, and achieves the purpose of searching for 
persons in field distress.

5. CONCLUSION

The vigorous development of outdoor adventure 
and mountaineering leads to frequent accidents. 
Most of the existing search methods for persons 
in field distress rely on human ground search, with 
additional general aviation eye observation. There is 
great difficulty in search and rescue, and the rescue 
results are not ideal. Therefore, this paper designed 
a new type of UAV based on short-distance wire-
less communication technology. The rescue bea-
con in the system realizes automatic mode conver-
sion function, simple and practical input- output 
interface, and ease of operation. In addition, the 
design airborne detector resolves the problems of 
ambiguous location information of the search tar-
get, as well as the missed and erroneous judgments 
obtained through human eye observation. The de-
sign improves the deficiency of low research effi-
ciency and poor results of existing search and res-
cue systems, and achieves the purpose of searching 
for persons in field distress. However, since wire-

less communication is affected by terrain factors, 
further research must be carried out to improve the 
communication distance between the airborne de-
tector and ground station.
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ABSTRACT

This study aims to establish a FPGA-based 
Light Emitting Diode (LED) visible light real-time 
video transmission system through the combined 
functions of white-light LED illumination and 
communication. AGC circuits and amplitude limit-
ing were used to enhance the dynamic range of the 
system, thereby ensuring the stability of audio fre-
quency transmission. Array reception was applied 
to ensure sensitivity, and a front low-noise high-
gain amplifier was designed. Experimental results 
proved the feasibility of the new FPGA-based sys-
tem to provide undistorted performance for visible 
light audio frequency transmission.

Keywords: visible light communication, white 
light LED, video transmission

1. INTRODUCTION

With the popularization of WiFi in modern 
society, wireless communication has become 
a new focus of research. One of the hot topics 
of wireless communication research is informa-
tion transmission using illumination LED lights 
as a communication base [1]. White light LED 
exhibits high brightness, long service life, and 
low energy consumption; these light sources are 
small, environment friendly, and very sensitive 
and adjustable to signal [2]. Hence, LED light 
can be used for lighting and wireless light infor-
mation transmission, the latter has become a pop-
ular wireless technology [3]. Our study uses LED 
visible white light for indoor short-distance au-

dio transmission. These lights were chosen for 
their large divergence angle and security in large-
range transmission. LEDs are also highly adjust-
able, making it possible to modulate audio sig-
nal into LED visible light for transmission. Such 
transmission is not reliant on infrastructure, which 
effectively reduces the operating costs and time for 
construction of infrastructure. Additionally, elec-
tromagnetic radiation to the surroundings can be 
minimized. This system exhibits high speed, good 
reliability, excellent security, and low energy con-
sumption and is thus suitable to achieve “Green 
Communication.”

2. BACKGROUND TO THE SYSTEM

The theoretical foundation of visible-light com-
munication systems is the use of LED visible white 
light as the light and signal source. Spherical wave 
approximation is conducted for LED visible white 
light in accordance with the transmission rules of 
visible light in the atmosphere. The Maxwell equa-
tions are then used to establish the following ex-
pression for spherical light wave transmission [4]:

E r t
E

r
j kr t, exp .( ) = −( ) + 

0
0ω Ψ (1)

In this expression, the wave source electric field 
intensity is E0; the angular frequency of the light 
wave is ω (ω = 2πv, v > 0); time is t; the wave vec-
tor (or wave number) in the direction of light trans-
mission is k (k = 2π λ/ ); the space coordinate is r; 
and the initial phase is Ψ0. The equation implies 



Light & Engineering	 Vol. 24, No. 3

37

that an increase in the divergence angle can facili-
tate light signal reception. If the transmission sig-
nal is heavily weakened and the wave length of the 
light wave is very short, visible light will scatter, re-
sulting in signal loss.

According to the Rayleigh scattering law, the at-
tenuation coefficient of the incident light wave can 
be calculated as [5]:

a
n

N
m λ

π
λ

σ
σ

( ) = ×
−( )

×
+
−

8

3

1 6 3

6 7

3 3 2

4
. (2)

In equation (2), λ is the wave length of the inci-
dent light; N is the molecular number in unit vol-
ume; n is the refractive index of the particle; and 
σ  is the polarization factor.

The scattering consists of two patterns: forward 
scattering and back scattering. Each pattern occu-
pies half of the total scattering. The coefficient ob-
tained with the above equation is in reverse propor-
tion to λ4, which will result in heavy loss of short-
wave visible light, thereby considerably decreasing 
the quantity and capacity of communication [6]. 
Therefore, related technological methods should be 
adopted to reduce the influence of Rayleigh scat-
tering and background light to improve the com-
munication performance of the system.

3. METHODOLOGY

System components
The short-distance white LED visible light au-

dio transmission system is composed of an LED vi-
sible white light source, a visible light transmitting 
module, a photoelectric detector, and a visible light 
reception module. The transmitting module circuit 
transfers the candidate audio signal to the visible 
light. The electric signal is transformed into light 
signal through the drive circuit in the LED light; 
the light signal is then transmitted into the atmos-
phere as a light beam, which is received by the 
aforementioned detector; the received light signal 
is then transformed back into the electric signal, 
which can be reinterpreted into audio informa-
tion by using a series of processes, such as amplifi-
cation and shaping of the electric signal [7].

Design of the visible light transmitting module
The transmitting module of visible light can pro-

duce a specific kind of pulse signal (namely, PWM 

pulse), which is adjustable. In the present study, 
the brightness of LED visible white light is modi-
fied and stabilized through these PWM pulse sig-
nals. One advantage of this design is that the light 
switches are controlled in line with the space oc-
cupation of different frequencies; that is, when the 
frequency reaches a certain level, the LED will be 
switched on to work with sufficient current. If the 
frequency is insufficient, the LED will be switched 
off and no current flows through it [8]. The fre-
quency of PWM is set to 100 kHz to reduce audible 
noise surrounding the LED driver caused by out-
put capacitance. When the frequency of the audio 
signal is conversed and the tone is modified, the 
interaction between pulse and constant current is 
applied to ensure transmission stability.

Design of visible light reception module
The operating principle of the reception mo-

dule is as follows. The reception module recovers 
and utilizes information from the light signal trans-
mitted to the receptor through wireless technology 
based on the premise of minimum noise and dis-
tortion. The reception module should be designed 
with emphasis because the reception affects the 
function of the entire system. The reception mo-
dule is made of many components, including the 
photoelectric detector [9].

Photoelectric detector is the core component 
of the reception module. For light signal recep-
tion, the photoelectric receptor needs to receive 
a signal with the specific properties of White light 
LED. Various properties of LED light should be 
considered when selecting a photoelectric detec-
tor. The detector should have sufficient spectrum 
range and scope to cover the range wavelengths of 
the transmitted white light [10].

Preamplifier restores the transformed light sig-
nal into electric signal through a diode. The level 
of the amplifier determines whether the signal can 
pass through the final output terminal. In design-
ing the preamplifier, noise should be minimized 
and the amplifier should be capable of providing 
sufficient transmission gain within a certain band-
width. According to the En-In noise model of the 
amplifier, the internal noise source of the recep-
tion module can be converted into the equivalent 
noise source of the preamplifier input terminal for 
further analysis. The noise coefficient F can be ex-
pressed as:
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F E I R KTR f KTR fn n S S S= + + ∆( ) ∆2 2 2 4 4/ , (3)

where RS  is the internal resistance of the equivalent 
signal source; En and In are the noise voltage and 
current of the equivalent input terminal, respective-
ly; K is the Boltzmann constant; T refers to absolute 
temperature; and Δf is the bandwidth of the noise. 
The derivative dF dRS/  of Equation (3) is calcu-
lated to obtain R E IS n n0 = /  and ensure optimal 
source resistance. This formula reveals that in the 
surrounding region of the optimal source resist-
ance, the value of F is small, and can be regarded 
as the basis for selecting proper source resistance.

The photoelectric detector can be equivalent 
to the signal source of extremely high source re-
sistance and should be matched to high imped-
ance load resistance to produce maximum gain. 
When the trans-impedance preamplifier reach-
es RS0≈RS, the amplifier is ready for direct cou-

pling. After coupling, new resistance will be creat-
ed in the input and output port; this resistance is 
called the trans-boundary feedback resistance. The 
emergence of this resistance will lead to a connec-
tion negative feedback, which could produce vol-
tage for stabilizing the circuit, facilitating band-
width expansion, and increasing its own range 
of signal transmission. Trans-impedance ampli-
fication is obtained by an integrated operational 
amplifier. In this case, sufficient output voltage is 
produced to reduce the noise caused by electrici-
ty inductance in the second half of the transmis-
sion circuit.

4. RESULT ANALYSIS AND DISCUSSION

Connection with network cable
The key to network cable connection is to in-

stall an FPGA program on computers A and B, 
which are connected with the same network ca-
ble. The computers are then placed in the same 

Fig.1. Audio and video transmission between two computers connected with a network cable

Fig.2. Two computers are connected by visible light module
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workgroup, with the IP address of computer A set 
to 192.168.1.134 and that of computer B is set 
to 192.168.1.134. The computers are then tested 
through the PING command to check their con-
nection. When operating the preset transmitting 
program on computer A, the IP address of com-
puter B is typed and “Start” is clicked to obtain the 
transmitting effect, Fig. 1. “End” is pressed to ter-
minate the communication.

Computer–computer communication
As shown in Fig. 2, two visible light modules 

are inserted into the RJ45 connection slots of the 
computer and maintained aligned. When the two 
computers simultaneously operate the FPGA pro-
gram, parameters should be set according to the 
above operation method. “Start” is clicked to be-
gin communication. When the computers are con-
nected by visible light modules based on internet 
interfaces, the transmitted video and audio pro-
gress is stable with good signal and no delay; this 
phenomenon is consistent with the network cable 
connection.

5. CONCLUSION

A short-distance transmitting system perfectly 
transmits videos through visible white-light LEDs. 
LED lights can realize high-speed broadband at 
low energy cost and provide a new solution for the 
insufficient transmission ability of limited broad-
band infrastructure. This solution can be also rec-
ommended for transmission of wide ranges and 
large frequencies of visible light. However, high-
speed and undamaged light communication must 
be further investigated.
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ABSTRACT

In recent years, air pollution has gained con-
siderable attention from researchers. To conduct 
accurate monitoring of atmospheric aerosol and 
provide reference data for studies on atmospher-
ic pollution, this study constructs an atmospheric 
sounding model based on LED visible light array 
information transfer technology. An atmospheric 
sounding model is constructed by utilizing modu-
lar structure to design software structure and sim-
ulation flow of simulation system. Experimental 
results show that this model can realize long-time 
and continuous observation, and achieve safety 
and stability.

Keywords: LED visible light array informa-
tion transfer technology, atmosphere, extinc-
tion coefficient, aerosol

1. INTRODUCTION

As one of the elements of earth atmospheric 
composition, the rise in particle concentration of 
aerosol has had a significant impact on environ-
mental pollution and health conditions. This im-
pact has gained much attention in recent years. 
Therefore, studying spatial and temporal distri-
bution of atmospheric aerosol optical parameters 
and understanding the mechanism for research 
of environmental pollution and climate change 
are necessary. Recently, Chinese and internatio-
nal experts and scholars have put forward various 

methods to detect atmospheric aerosol. In par-
ticular, research relevant to laser radar system has 
progressed. Zhou Jun et al. proposed an equa-
tion solution and data processing method for the 
detection of atmospheric aerosol in 1998 [1]. The 
structure and main technical parameters of two la-
ser radar systems of L625 and L300 were presented. 
The achievements provided a theoretical basis for 
later research on laser radar detection. Qiu Jinheng 
et al. designed the multi-wavelength laser radar and 
applied the technology to the detection of high-lev-
el cloud and aerosol in the troposphere in 2003 [2]. 
The results indicated that the multi-wavelength la-
ser radar had certain reliability for the detection of 
tropospheric aerosol. Pan Hao et al. utilized pulsed 
laser radar to detect dust-haze in Shanghai. In the 
detection, laser radar data inversion was adopted 
to obtain data on aerosol extinction coefficient 
in 2010 [3]. The practical results showed that pulsed 
laser radar could accurately detect aerosol with rel-
atively high applicability. Jiang Haijiao et al. pro-
posed that the discrete distribution of the laser ra-
dar ranging data was inversely proportional to the 
signal to noise ratio, and provided a calculation me-
thod for ranging accuracy [4]. The results indicat-
ed that this method could more accurately charac-
terize the density of data. Zhang Chaoyang et al. 
utilized aerosol particle spectrum distribution and 
refractive index products obtained in aerosol mo-
nitoring sites, and adopted the aerosol lidar ratio 
calculated through Mie scattering method in 2013. 
Their study provided a theoretical guide for solving 
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the problem, in which the micropulse laser radar 
could not obtain the laser radar independently [5]. 
Bai Guangyu et al. adopted the dual-wavelength 
laser radar to obtain aerosol extinction coefficient, 
wavelength index, and moisture absorption growth 
factor in 2014 [6]. The results showed that laser ra-
dar could effectively collect haze aerosol parame-
ters, and had broad application prospects. However, 
because of the strong scattering property of atmos-
pheric aerosol particles in the visible light band, the 
radar is sensitive to the detection of such particles. 
At present, most radar systems are only suitable for 
continuous observations of short duration, and are 
unable to carry out continuous atmospheric obser-
vations for longer periods. Furthermore, the radar 
could only identify certain hazards. High cost also 
limits the application of radar.

To conduct accurate monitoring of aerosols 
in the atmosphere and provide data reference for 
the study of atmospheric pollution, this paper 
constructs an atmospheric sounding model based 
on LED visible light array information transfer 
technology. In the second section, the theory and 
technology of atmospheric sounding are intro-
duced. The third section describes the design and 
implementation process of the atmospheric sound-
ing model based on LED visible light array infor-
mation transfer. In the fourth section, this model is 
simulated and tested. Finally, the fifth section pro-
vides the conclusions.

2. STATE OF THE ART

Atmospheric sounding, also known as mete-
orological observation, refers to the process and 
method of conducting individual, systematic, or 
continuous observation and measurement of me-
teorological elements or weather phenomena that 
represent atmospheric conditions and their chang-
ing processes, and to collate obtained records [7]. 
As an important branch of atmospheric science, at-
mospheric sounding detects the mystery of the at-
mosphere. Atmospheric sounding played a signi-
ficant role in the development of atmospheric sci-
ence and is considered a foundation of the field. It 
provides routine data for weather forecast, climate 
analysis, scientific research, and national econo-
my. Atmospheric sounding is divided into surface 
meteorological observation, high-altitude meteor-
ological observation, and professional meteorolog-
ical observation.

Surface meteorological observation refers 
to watching closely and measuring atmospheric 
conditions on near-surface layer through vision or 
instruments. These phenomena include clouds, 
visibility, weather, pressure, temperature, humid-
ity, wind, precipitation, evaporation, radiation en-
ergy, sunshine duration, depth of permafrost, snow 
cover, wire icing, among others.

High-altitude meteorological observation uses 
balloons, radio sounding detector, weather recon-
naissance aircraft, meteorological rocket, meteor-
ological radar, and satellites. These devices detect 
pressure, temperature, humidity, wind, and other 
elements of free atmosphere.

Professional meteorological observation is con-
ducted based on the needs of the research, such as 
atmospheric pollution monitoring and agricultur-
al meteorological observation.

The development of science and technology has 
allowed atmospheric sounding to achieve remark-
able progress, which is indicated in the increased 
detection and rapid improvement of automation le-
vels. Furthermore, more attention has been given 
to observation methods, design of observation net-
work, and observation instruments. Direct detec-
tion and remote sensing technology coexist and 
exploit respective advantages through comprehen-
sive utilization.

3. METHODOLOGY

LED visible light array information transfer
Based on the various principles of atmospher-

ic scattering and absorption to laser, LED visible 
light array information transfer analyzes the echo 
signal of laser in the atmospheric transmitting pro-
cess. This feature detects related information and 
characteristics of the atmospheric environment. 
LED visible light array information transfer plays 
a significant role in the study of atmospheric envi-
ronmental monitoring because of its characteris-
tics of high laser brightness, narrow pulse width, 
as well as similar wavelength and aerosol particle 
size. The working life of the device is longer than 
the traditional laser radar, which guarantees con-
tinuous operation of long-time atmospheric ob-
servation. Furthermore, its low energy ensures 
safety and stability of the observation equipment 
during operation, and realizes automatic opera-
tion of the system. Hence, better signal to noise 
ratio is achieved.
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Software structure design
Based on the characteristics of this model, this 

paper utilizes a stand-alone database-computing 
model to design the software structure. Atmos-
pheric transmission adopts MODTRAN model 
database, and program development platform is 
C++Builder 5.0 and MATLAB6.1. The software 
structure of this system is shown in Fig. 1.

The program receives input system parameters 
according to noise and geometric overlap factors as 
well as the type of target and the parameters of the 
atmospheric environment. Then, the system utiliz-
es the Modtran database and the target scattering 
characteristic database to obtain atmospheric atte-
nuation and scattering coefficients. Through these 
coefficients, the main program adopts the Mon-
te-Carlo method to simulate the received signal 
to noise ratio, detection probability, and intensi-
ty distribution of received signal after each laser 
emission.

4. RESULT ANALYSIS AND DISCUSSION

To verify the validity of this model, this study 
adopted an atmospheric sounding model based 
on LED visible light array information transfer. The 
device was used in conducting the detection experi-
ment for regions within the third ring of the Cheng-
du urban area. The detected data were inversed, 
and the experimental results are shown in Fig. 2.

The figure shows that the extinction coefficient 
of the areas within the third ring in Chengdu began 
to increase gradually from 0300 hours and reached 
the maximum value at 1500 hours and then the ex-

tinction coefficient gradually reduced, and reached 
the minimum value at 2100 hours. The effects of 
sunlight on the surface of the earth caused the ge-
othermal temperature to be relatively high, but sur-
face heat begins to dissipate at night. In addition, 
according to the experiment presented this paper, 
the extinction coefficient of atmospheric aerosol 
was inversely proportional to the altitude of the de-
tection area. That is, the extinction coefficient de-
creases with the increase in altitude. In this expe-
riment, the aerosol extinction coefficient present-
ed two peaks at the high altitude of 500 and 1000 
m. The peak of the extinction coefficient at 500 m 
is affected by urban dust and tall buildings, which 
increased fine particles content in the air. The peak 
at 1000 m is caused by convection and transfer of 
aerosols at detected areas.

5. CONCLUSION

As one of the elements of the earth atmospheric 
composition, the rise in particle concentration of 
aerosol has a significant effect on environmental 
pollution and health conditions. Therefore, this 
study constructed an atmospheric sounding model 
based on LED visible light array information trans-
fer technology and carried out simulation experi-
ments. This model could realize all-weather auto-
matic observation. The model is portable because 
of its small volume. The modular structure makes 
the system more compact, which ensures the stabil-
ity of the system and the reliability of the detected 
data. Low reflection energy solves the safety prob-
lem in the operation of the detecting equipment, 

Fig. 1. Software structure of atmospheric detection model based on LED visible light  
array information transfer technology
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which decreases the cost of atmospheric observa-
tion and improves its applicability and expansibility. 
However, because emission and reception share the 
same optical path, other problems might be caused, 
such as post pulse correction and determination of 
near-end filling function of the detector. Hence, 
future studies will aim to improve and perfect the 
model in view of these elements.
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ABSTRACT

As an advanced type of optical imaging techno-
logy, Stereo Imaging Technology has been applied 
in various fields. To obtain stereo imaging informa-
tion in real time, this paper proposes a stereo im-
aging information acquisition method based on the 
CSS3D lighting system. The extraction principle of 
stereo imaging information was analyzed to ensure 
accurate extraction, and a full-frame sensor in black 
and white and designed with a doublet structure was 
adopted in this paper. Results show that this system 
improves image definition and resolution, and allows 
real-time acquisition of stereo imaging information.

Keywords: CSS3D lighting system, stray light, 
optical system, stereo imaging information extraction

1. INTRODUCTION

As a new type of optical imaging technology, ste-
reo imaging technology can obtain multifaceted in-
formation of objects in the space. The development 
of this technology earlier started in Western coun-
tries where it was more mature. It has been wide-
ly used in pipeline detection, aerospace explora-
tion, virtual simulation, and in other fields. In China, 
some achievements have been made in recent years, 
and they have been applied to many fields. Bai et 
al. [1] achieved dynamic panoramic digital image 
processing by using the systemic prototype based 
on the omnidirectional targeting imaging principle 
completed in a one-time effort. Zhao et al. proposed 
an ultra-high resolution panoramic optical annular 

imaging system, which allows swift correction of 
high-pixel panoramic annular images. Niu et al. re-
placed the traditional monolithic panoramic lens with 
the doublet structured lens and designed a new pano-
ramic optical annular imaging system. Lu et al. [2], 
addressing the stray light problem of the panoramic 
annular lens, proposed a method to suppress the stray 
light reflected from the transmission plane. This me-
thod has high universality. Yao designed a PAL sys-
tem by using free-form surface. Results showed that 
the system not only expanded the field of view but 
also greatly reduced the volume and weight of the 
system. Zhou et al. [3] employed the Q-type to de-
sign a non-spherical panoramic optical system that 
could run on visible light wave band. Results show 
that the detection accuracy of the system was effec-
tively improved. However, a blind spot exists for the 
majority of optical imaging systems in the process 
of acquiring information: it is easily influenced by 
stray light and prone to distortion. Therefore, errors 
are present in most of the acquired information. Other 
disadvantages are also seen in the system. For exam-
ple, the real-time monitoring can’t be achieved, and 
the operation is difficult because of its heavy weight.

On the basis of the literature, this paper propos-
es a stereo imaging information acquisition method 
based on the CSS3D lighting system to obtain a wide 
panoramic image field of view and to gain real-time 
access to stereo imaging information. Section 2 is in-
troducing the extraction principles for stereo imag-
ing information and extraction accuracy. Section 3 
details the design process of stereo imaging informa-
tion acquisition method based on the CSS3D light-
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ing system. Section 4 presents the simulation experi-
ment of the system. Section 5 summarizes the paper.

2. STATE OF THE ART

Principle and accuracy of extracting stereo im-
aging information

In the process of extracting stereo imaging infor-
mation, the system needs to be calibrated first to min-
imize error. Then, the interpolation method can be 
applied to process the image. Finally, the stereo im-
aging information can be extracted [4]. A simplified 
diagram of the system is shown in Fig. 1. The ori-
gin of a coordinate axis represents the entrance pu-
pil of the annular lens imaging system unit [5]. Ф is 
the azimuth of P, θupper  and θlower  are the angles of 
field of view. S, h, and Ф represent the polar coordi-
nate parameter. S and h can be calculated by the fol-
lowing formula:

s d

h

upper lower
upper lower

upper lower

= ( )⋅ ⋅

−( )
=

θ θ
θ θ

θ θ
,

sin sin

sin

dd upper lower
upper lower

upper lower

θ θ
θ θ

θ θ
,

sin cos

sin
( ) ⋅ ⋅

−( )













. (1)

Space coordinate x y z0 0 0, ,( ) can be calculated by

x s

y s

z h

0

0

0

= ⋅
= ⋅
=









cos

sin .

φ
φ (2)

As mentioned in the previous section, θ is the an-
gle of field of view, d θ( ) is the entrance pupil ex-
cursion, r θ( ) is the radius, s is the distance between 
the space object and the optical axis of the sys-
tem, and S0 represents the distance between a point 
on the space object and the optical axis of the sys-
tem. In Fig. 2, S1 and S2 are assumed to be two dif-
ferent boundary points. Then, the reciprocal of the 
distance between S2 and S1 can represent the spatial 
resolution of the system [6].

S 1  a n d  S 2  c a n  b e  r e p r e s e n t e d  b y 
S dupper lower1 θ θ' , ' , '( ) and S dupper lower2 θ θ' , ' , '( ). The 
parameters of the two points can be calculated with 
the following formula:
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Through the calculation of S1 and S2, the spatial 
resolving power R upper lowerθ θ,( ) can be calculated 
as follows:

R
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3. METHODOLOGY

In the study of the stereo imaging information ac-
quisition based on the CSS3D lighting system, this 
paper adopts the full-frame sensor SVSl6000 in black 
and white with the spectrum in the visible light band. 
The doublet structure is used in the design of the 
system.

Design of reverse system of imaging system 
machine

To control the stray light caused by the reflec-
tion from different refractive surface, this study 
traced the retrodirected ray of several imaging rays. 
The optimization function was written in ZEMAX 
merit function, and then image quality was opti-
mized. A doublet structure was used in the system. 
In the reverse design of the bottom imaging system, 

Fig.1. Point coordinates of the object by the use of triangu-
lation method
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this study placed groups of lenses before the images 
to ensure that the imaging surfaces connect smooth-
ly. This approach ensures a consistently telecentric 
image pace and uniform illumination. It also makes 
the virtual image surface smoother (which ensures 
imaging clarity) and reduces the pressure of aberra-
tion correction during unit combination optimization. 
This approach has two notable aspects. First, placing 
groups of lenses in front of the image allows control 
of the image size and numerical aperture. Given the 
unknown effect of the fusion between the reverse 
system and the front imaging system, the problem 
of image distortion correction can be solved by plac-
ing a few lens groups in front of the image. Second, 
the system baseline distance has a decisive influence 

on the resolution of the imaging, and the length of the 
baseline is proportional to the spatial resolution, that 
is, a long baseline corresponds to a high resolution. 
In addition, because of the limited volume of the sys-
tem, the placement of the lens group in front of the 
image can increase the length of the baseline to im-
prove the spatial resolution of the system. In this part 
of the design, this paper’s proposed method adds the 
lens group on the second reflective surface.

Design of the above imaging system
In the design of the imaging system units, the spe-

cific design method is consistent with the imaging 
system and is therefore not repeated here. However, 
the design of the imaging system unit has one vital 
point; namely, the size of the image surface should 
fit the reverse structure of the image surface and the 
telecentricity in the image space. In addition, the de-
sign in this study simplifies the structure of the sys-
tem as much as possible. However, because the im-
age surface below is larger than that above, the de-
sign of the system structure does not need to use the 
glued construction. Moreover, to make the entire sys-
tem more compact, the design of this part does not 
need to optimize the stray light.

Combination of the imaging systems
This part of the design combines the lens group 

in the previous two parts and then optimizes the com-
bination. In the optimization process, to ensure the 
imaging of the two parts in the same image plane, 
the two images must have a high resolution, and the 

Fig.2. Spatial resolution error due to pixel size

Table 1. Experimental results of distance measuring panoramic stereo imaging system

Test point Real distance/cm Computed distance/
cm Error/cm Error rate/%

S1 50 48.24 -1.76 -3.52

S2 80 76.86 -3.14 -3.92

S3 110 106.15 -3.85 -3.5

S4 140 145.5 5.5 3.9

S5 170 164.74 -5.26 -3.09

S6 200 208.9 8.9 4.45

S7 230 220.04 -9.96 -4.33

S8 250 240.93 -9.07 -3.62

S9 280 265.56 -14.44 -5.15

S10 300 287.96 -12.04 -4.01
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image boundaries cannot overlap. With the configu-
ration parameters of the system below kept constant, 
the parameters of each configuration of the additional 
lens group and the system above are optimized sep-
arately, and the image quality of the combined sys-
tem is optimized. In addition, because the combina-
tion of the system contains and even amplifies both 
systems’ own distortion characteristics, the imag-
ing system distortion curve needs to be optimized, 
thereby marking the completion of the design of the 
whole system.

4. RESULT ANALYSIS AND DISCUSSION

This study conducted a simulation experiment 
to verify the effectiveness of the system in obtaining 
stereo imaging information. In this experiment, ob-
jects at a distance of five meters were used to adjust 
the incorrect aspects of the surface structure of the 
system; these incorrect aspects reduce image quali-
ty. Results are shown in Table 1.

As shown in Table 1, the proposed stereo im-
aging information acquisition method based on the 
CSS3D lighting system can ensure the accuracy of 
the stereo imaging information. However, this system 
needs to be further optimized and improved to meet 
the needs of stereo image information extraction of 
long-distance spatial objects.

5. CONCLUSION

As a new type of optical system, stereo imaging 
not only obtains a 360° field of view, but it can also 
acquire stereo imaging information of the space ob-
ject in real time. This technology has been applied 
to various fields. On the basis of this technology, this 
paper adopted the doublet structure method and de-
signed a PAL unit imaging system, which combined 
the imaging systems, and optimized their combina-
tion. Thus, the problem of blind area in the tradition-
al imaging system was solved. Stray light was ef-
fectively suppressed, thereby optimizing the image 
quality. In addition, the doublet structure design sim-
plified the system structure and reduced the size and 
weight of the system. Experimental results showed 
that this system expanded the field of view and ef-
fectively improved the clarity and resolution of the 
imaging system. It achieved real-time acquisition of 
stereo imaging information and has high applicabili-
ty and scalability. However, it has certain limitations, 
therefore, further improvement and optimization is 

also required in stereo imaging information extrac-
tion of distant space objects.

REFERENCES:

1.  Bai Jian, Niu Shuang, Yang Guoguang, et al. 
Panoramic staring imaging technology. infrared and 
laser engineering, 2006, V35, #3, pp. 331–335.

2.  Lu Tianxiong, Bai Jian, Huang Zhi, et al. Analy-
sis and suppression of stray light of. optical panoramic 
imaging system, 2013, #5, pp. 96–104.

3.  Zhou Xiangdong, Bai Jian. Design of non spher-
ical small distortion panoramic optical system Q-Type. 
optical journal, 2015, #7, pp. 291–297.

4.  Seo H J, Jo J H. Catadioptric Omnidirectional 
Optical System Using a Spherical Mirror with a Central 
Hole and a Plane Mirror for Visible Light. Korean Jour-
nal of Optics and Photonics, 2015, V26, #2, pp. 88–97.

5.  Zhou X, Bai J, Wang C, et al. Comparison of two 
panoramic front unit arrangements in design of a super 
wide angle panoramic annular lens. Applied Optics, 
2016, V55, #12, pp. 3219–3225.

6.  Genovese K, Lee Y U, Lee A Y, et al. An im-
proved panoramic digital image correlation method for 
vascular strain analysis and material characterization. 
Journal of the mechanical behavior of biomedical ma-
terials, 2013, V27, pp. 132–142.

Hongmei ZHU, 
Master, Technician, 
School of Electronics and 
Information Engineering, 
Changchun University 
of Science and Technology, 
Changchun, Jilin, China

Yan PIAO, 
Ph.D., CAS Changchun 
Institute. Professor, 
School of Electronics and 
Information Engineering, 
Changchun University 
of Science and Technology. 
Research interests are digital 
image processing, digital 
signal processing and 3D 
imaging technology



48

Light & Engineering	 Svetotekhnika
Vol. 24, No. 3, pp. 48-51, 2016 	 No. 5, 2016

MONITORING THE CREEP RUPTURE OF FRACTURED  
COAL-ROCK MASS WITH CRACK EXPANSION BASED  

ON THE LED VISIBLE LIGHT SIGHT  
DISTANCE MEASUREMENT

Donghai JIANG1,*, Chang LIU2, and Wenqiang MA1

1 School of Mining and Safety Engineering, Shandong University of Science and Technology, China 
2 School of Resources and Safety Engineering, China University  

of Mining and Technology (Beijing), China 
*E-mail: jiangdonghai735@163.com

ABSTRACT

A system of aiming and ranging LED visible 
light exhibits satisfactory effects on monitoring the 
fracture extension of rock and soil masses. Basing 
our research on the working principle, system com-
position, system arrangement of aiming and rang-
ing a system of LED visible light, we analyzed the 
observation data from the monitoring of coal–rock 
mass deformation in a specific coal field. The re-
sults show that the protected coal and rock layers 
rapidly expand when the working face of the coal–
rock seam is advanced to 90 m. At the same time, 
the maximum hole deformation is 22.31%. Finally, 
a basis for determining damages to coal and rock 
seams is established.

Keywords: aiming and ranging, LED visible 
light, coal and rock mass, monitoring

1. INTRODUCTION

The creep of coal and rock seams is an impor-
tant rock characteristic and used as one of the im-
portant indicators of rock mass damage. Mod-
ern monitoring equipment is used to reduce the 
creep damage of coal and rock mass in a coal min-
ing course [1]. In long-term practice, the system 
of aiming and ranging LED visible light is wide-
ly recognized because of its high precision, stabil-

ity, and reliable performance of advanced vacuum 
visible technology [2]. The system can serve en-
gineering applications with high requirements for 
precision and stability through improvements for 
many years. Currently, the success of other defor-
mation monitoring systems has not been compared 
[3–4]. Monitoring of the deformation of coal and 
rock mass requires excellent precision and accu-
rate calibration technology to satisfy technical re-
quirements. Thus, this paper introduces the damage 
mechanism of crack propagation and creep dam-
age of coal and rock masses, as well as the working 
mechanism of aiming and ranging of LED visible 
light. These mechanisms are then applied to mon-
itor an actual coal seam.

2. COAL AND ROCK MASSES

Fracture evolution of coal and rock mass
Coal and rock masses, which belong to aniso-

tropic rock masses, are filled with irregular cracks. 
Human activity causes primary and secondary fis-
sures in coal and rock mass to become extended. 
In coal seam excavation, gas pressure increases and 
is pumped because of blast in the coal and rock 
stratum with high-gas content and low permea-
bility; this phenomenon causes not only the pres-
sure of coal and rock seams but also fracture exten-
sion of coal seams. However, the law of increase 
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and attenuation of gas drainage remains unclear be-
cause of the effect of rheological properties of coal 
and rock mass on generation and development of 
a coal seam fracture. The development of fractures 
in coal and rock seams leads to the creeping defor-
mation of coal and rock mass, leading to the insta-
bility of coal and rock seams. The combination of 
this technique with modern monitoring systems is 
advantageous to analyze crack evolution and guide 
coal seam excavation.

Creeping instability of coal and rock mass
Creeping of coal and rock seams is a nonline-

ar and dynamic process because of the state of un-
balanced force in rock mass. Coal and rock mass 
creep exists in each stage of rock mass because of 
the interaction among several factors, such as tec-
tonic forces and human disturbance. The fracture 
development of coal and rock mass is inconsistent 
with that under the three axis tests of conventional 
rock mass; this development is one-way but nonlin-
ear. The coal and rock mass itself, these influenc-
ing factors, and the external action systems exhibit 
complex energy relations. In practice, accidents that 
occur in coal and rock seams could be due to com-
plicated mechanical behaviour and internal stress 
release in rock mass. Generally, crack extension of 
coal and rock seams cannot be sustained to main-
tain its stability. With continuous coal mining, the 
occurrence of crack extension in coal and rock 
seams under stress also increases, resulting in coal 
mining accidents.

3. METHODOLOGY

Working principles
The system of aiming and ranging of LED visi-

ble light is called zone plate system, Fig. 1.
LED visible light is sent from the Transmitting 

Terminal 1 to the receiver of rock seams to allow the 
light to pass through the zone plate setup 
in coal and rock seams. Meanwhile, diffrac-
tion appears in the zone plate, and light dif-
fraction forms Spot 4 in the receiver. When 
Zone Plate 2 in the measuring point posi-
tion shows point displacement with mea-
suring point in coal and rock seams, the 
position of the light spot changes. The de-
gree of coal and rock seams’ displacement 
can be calculated from these; the calcula-
tion formula is shown as follows:

X X Ln Lm= ⋅ / , (1)

where X is the value of the measured displacement; 
Xm is the observation value of receivers; Ln is the 
distance from transmitters to the zone plate; and L 
is distance from transmitters to receivers.

System compositions
The main components of system of aiming and 

ranging of LED visible light include: visible light 
emitter, measuring point equipment, light-spot de-
tection equipment, and end-point displacement 
monitoring equipment. The main functions are 
as follows:

Visible light emitter is the light source of the sys-
tem for aiming and ranging of LED visible light and 
basic monitoring condition;

Equipment for measuring points is mainly used 
to place the zone plate in coal and rock mass;

Light-spot detection equipment is mainly placed 
in the receiving terminal and is the most important 
detecting instrument in the system of aiming and 
ranging of LED visible light; the proposed instru-
ment mainly detects position and length of light 
spot, finally calculating displacement amount;

End-point displacement monitoring equipment 
monitors the position of visible light-emitting de-
vices and light-spot detection equipment to deter-
mine plane coordinates of quasi-straight line.

System arrangement
Visible light transmitting terminal is arranged 

in the observation room of coal mine, which is 
equipped with permanent power, light-spot de-
tection equipment, visible light generator, and 
three-dimensional inverse plumb line. The re-
ceiving terminal is set at the position of coal seams 
in coal mine, where creep deformation is more se-
rious. In addition, the length of the vacuum pipe 
is set to 600 m. Seamless steel pipe welding is used 

Fig. 1. Zone plate alignment principle diagram
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in the connection points of vacuum pipes arranged 
on the upper side of coal and rock seams. An elec-
tric heater can be installed in the vacuum pump 
to ensure smooth monitoring.

System management software
Software of the system of aiming and ranging 

of LED visible light is developed based on Win-
dows operating system. In the system, monitoring 
status can be set and automatically generate creep 
and crack extension curve of coal and rock mass ac-
cording to monitoring or artificial data. The corre-
sponding report is generated.

4. RESULT ANALYSIS AND DISCUSSION

Project introduction
The mine field in this project is located in Jin-

zhong City, Shanxi Province, whose average length 
from east to west, average slope length from south 
to north, and area are about 10 kilometres, 6.5 kilo-
metres, and 43 square, kilometres respectively. The 
overall structure of coal-bearing strata is asym-
metric anticline, in which the eastern part seems 
plunging and an axis moves from north to west; 
stratum gradient from south wing’s southern ten-
dency to that in north wing’s north eastern tenden-
cy, and the slope angle is considerably low, gener-
ally at 7° to 10°.

The 11–2 coal bed is more unstable, and the in-
clination of coal seam is 163°–190° and dip angle is 
3–10°. The 11–2 coal is black, massive, and semi–
bright, half-dark briquette. The coal seam thick-

ness is 1.88–2.98 m, which gradu-
ally thickens from west to east, and 
its average thickness is 2.36 m. The 
direct roof comprises sandy mud-
stone, mudstone, and 11–3 coal. 
Old roof is fine sandstone, and di-
rect bottom is sandy mudstone. 
False roof of 11–2 coal seam does 
not develop generally and com-
poses of composite roof with 11–3 
coal; the old top is fine sandstone; 
and the old bottom is fine sand-
stone and siltstone.

The 13–1 coal exhibits an un-
stable coal seam. The thickness of 
this specimen is 0.7–4.9 m, and the 
average thickness is 3.28 m. This 
type of coal has a simple structure, 

which generally has one to two layers of gangue 
and located at the top or bottom of the coal seam. 
The lithology of 13–1 coal is carbonaceous mud-
stone and mudstone; the top plate is mainly shale 
and a small amount of sandstone, and the bottom 
plate is shale.

In recent mining process of underground coal 
seams, the characteristics of the creep slope of coal 
and rock mass have been discovered and are mainly 
concentrated in 13–1 and 11–2 coal seams. Thus, 
this paper applies aiming and ranging of LED vi-
sible light to monitor coal and rock mass.

Monitoring arrangement
The plane arrangement is shown in Fig. 2. Three 

boreholes with a 5 m interval are arranged to deter-
mine deformation. The pressure measuring holes 
are divided into three groups. Borehole measuring 
directions are arranged in two rows to ensure that 
the data measured are effective; most lateral bore-
holes for measuring pressure are designed according 
to field requirements. A borehole is first constructed 
in the upper tank, and the other one is constructed 
on the bottom of the tank. Similarly, inclined bore-
holes are arranged in two rows for inspection. How-
ever, construction position is unclear and should be 
evaluated under the existing conditions.

Analysis of monitoring results
As shown in Fig 2, during the time when the 

working surface is promoted from 20 m to 80 m, 
the deformation amount measured by deforma-
tion holes increases slowly. The protected layer be-

Fig. 2. The deformation trend of protected layer
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gins to expand and be misshapen because of arti-
ficial mining. The protection effect is not fully ref-
lected before the cracking of the key strata overlying 
the protected layer. When the working surface is 
increased to 90 m, the key strata drops at the first 
time and the protected layer expands rapidly; thus, 
the maximum deformation of Deformation Hole 1 
is 22.31‰. The location of deformation hole 3 is 
closer to the dryer, and the wire rope used to fasten 
the levelling hammer is eroded in wet air for a long 
time; hence, this hole is rusted and broken along 
the orifice when the working surface of the pro-
tected layer is promoted to about 120 m. Therefore, 
the deformation measurement of deformation hole 
3 stops. According to deformation index of defor-
mation holes 1 and 2, deformation rate in the in-
vestigated region is higher than 3‰.

5. CONCLUSION

Coal and rock seams must be monitored be-
cause the creep damage of the seams caused by 
crack expansion will lead to serious coal mine ac-
cidents. Application of the system of aiming and 
ranging of LED visible light to monitor coal and 
rock seams is tested in field. The following conclu-
sions are drawn. The protected layer of coal and 
rock seams expands and becomes out of shape be-
cause of the influence of artificial disturbances, 
leading to further development of the fracture of 
coal and rock seams and the occurrence of creep-
ing in the rock layers. The protection effect is not 
fully reflected before cracking of the key strata over-
lying the protected layer. The maximum deforma-
tion can reach 22.31‰ when the disturbed working 
surface of coal and rock seams is increased to 90 m 
and the protected layer fracture is completely ex-
panded. Hence, coal and rock seams will be de-
stroyed at any time. Accordingly, this paper rec-
ommends establishing sufficient time for pressure 
relief to eliminate danger in the region. The creep 
damage of coal and rock seams begins as a micro-
scopic damage; thus, the accuracy of the system 
of aiming and ranging of LED visible light must 
be improved.
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ABSTRACT

Based on a one-fourth real size car model and 
with the aim of addressing the inaccurate mea-
surement of pavement flatness caused by pavement 
roughness, the present paper proposes a pavement 
flatness detection method based on LED visible 
light sight distance measurement. The method 
provides the computational formula of pavement 
flatness and realizes synchronous collection and 
combined processing of multiple data. The re-
searchers conducted a flatness detection experi-
ment on an actual road. Results show that this 
method has high accuracy. The pavement flatness 
detection method based on inertia standard pro-
vides a perspective on the detection of pavement 
flatness. The method can also be applied in prac-
tical engineering.

Keywords: flatness of bituminous pavement, 
LED visible light sighting distance measurement, 
error

1. INTRODUCTION

Pavement flatness refers to the index of pave-
ment flatness measurement as well as one an eval-
uation standard for pavement construction and 
maintenance. Nowadays, pavement flatness can be 
measured using LED visible light sighting distance 
measurement equipment to detect the relative ele-
vation of a pavement while driving. We also use the 
formula to work out the flatness index. In actual 
application, the quantitative value detected by the 

LED visible light sighting distance measurement 
equipment is the bump displacement value of the 
car caused by pavement unevenness, which adds 
to the pavement flatness displacement value. This 
value cannot ensure an accurate detection result. 
Eliminating the bump displacement value is one of 
the major research needs in flatness detection [1]. 
Koch and others introduced inertia standard ap-
paratus and an acceleration sensor into the detec-
tion system to detect the bump displacement value 
of the car caused by pavement unevenness, which 
provides precise detection for the car [2]. In studies 
from China on flatness detection, we rarely use the 
inertia standard apparatus because of the high cost 
of introducing foreign technology. Thus, the pre-
sent paper proposes the flatness detection method 
for bituminous pavements based on a measurement 
of LED visible light sighting distance. The method 
also realizes detection on actual roads and deter-
mines the detection precision.

2. STATE OF THE ART

From the appearance of the first professional 
equipment for detecting pavement flatness, many 
foreign scholars have exerted considerable effort 
to improve this kind of equipment, and thus they 
have accumulated large amounts of experience 
and have obtained nearly perfect equipment [3]. 
The pavement flatness detection equipment made 
in the early days in various countries has been wide-
ly popularized and applied in multiple fields [4]. 
However, because such equipment can only be 
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placed on a bituminous pavement and the detec-
tion equipment may affect pavement flatness, the 
flatness value from the detection has an error. The 
detection speed is slow, and the difficulty of detec-
tion is increased.

With the advancement of society and techno-
logy, and the popularization and wide use of pho-
toelectric technology, the flatness of bituminous 
pavement can now be detected without contact. 
This non-contacting detection equipment has be-
come a hot research topic in recent years [5]. This 
type of equipment uses laser, ultrasonic wave, and 
radar as a means of detection. The equipment can 
work out the flatness of the road by reanalyzing the 
information. China began to research bituminous 
pavement qualities quite late, and only began re-
search on its detection methods from the 1990s. 
Most of our research focuses on distance detec-
tion of the laser time-of-flight method. Because the 
propagation distance of light is fixed, the distance 
can be worked out by measuring the time difference 
between sending and receiving LED visible light 
[6]. However, further improving measurement ac-
curacy by detecting the propagation time through 
digital devices can be difficult. Thus, the key point 
of research on detection systems for measuring the 
flatness of bituminous pavement is to improve the 
measurement accuracy and measurement speed; 
in short, the choice of sensor.

3. METHODOLOGY

Optical sighting distance measurement
Optical sighting distance measurement is con-

ducted using an optical sighting telescope, which 
is composed of an objective lens, erector tube, and 
ocular lens. An objective lens is used mainly in light 
concentration. The larger the objective lens, the 
ampler the light concentration. Furthermore, the 
objective lens transfers optical fibers to ensure that 
they are in parallel, that the eyes can focus, and 
that sufficient view is provided. An erector tube 
processes images in an objective lens for the image 
to be in the right position. The tube also has the 
function of adjusting magnification. Good sighting 
equipment should have over nine lenses. Through 
this lens, we can have a better view [7].

Detection principle
A one-fourth car model is shown in Fig.1. From 

Fig.1, we can work out this formula as follows:

M Z C Z Z K Z Zs s s s u s s u
  + −( )+ −( ) = 0. (1)

M Z C Z Z K Z Z

K Z K W

u u s s u s s u

t u t

  − −( )− −( )+
+ = .

(2)

In the formulas, Z s represents the displacement 
of the car, m; Zu represents the displacement of the 
wheels, m; Z s is the speed of the car, m/s; Zu refers 
to the speed of the wheels, m/s; Z s stands for ac-
celeration of the car m/s2; and Zu stands for accel-
eration of the wheels, m/s2. Cs refers to the damp-
ing coefficient, N·s/m; M s refers to the mass of the 
car, kg; Mu is the mass of the wheels, kg; K s  stands 
for the elastic deformation coefficient of the spring, 
N/m; K s  stands for the elastic deformation coeffi-
cient of the wheels, N/m. W indicates the height 
of road profiling, which is composed of two parts 
and represents the measured displacement value w1 
and the revised displacement value w2 after w1 goes 
through a double integral with acceleration.

w Z Zs u1 = − . (3)

w a t dtdt2 = ( )∫∫  . (4)

Combining Formulas (3) and (4), we work out 
the following formula:

W i w i a t dtdt
T i

T i

( ) = ( ) − ( )∫∫∫∫
( )

−( )

1

1

 , (5)

where W i( ) is the height of road profiling at T i( )
moment; w i1 ( ) is the displacement value at T i( )
moment; and a i( ) is the acceleration at vertical di-
rection at T i( ) moment.

To obtain the specific value of the pavement’s 
IRI (International Roughness Index), the LED vi-

Fig. 1. 1/4 vehicle model
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sible light distance detection equipment is needed 
to obtain w1, displacement; the acceleration sensor 
can be used to obtain the acceleration, a. Then, a is 
used to obtain w2; add w1 and w2 to obtain the mea-
surement of the road profiling height, W; then work 
out the detected pavement’s IRI value form, W.

Information collection
w1 and w2 are collected using the LED distance 

measurement equipment and acceleration sensor, 
respectively. When the car travels a certain dis-
tance, the car will trigger the distance sensor, which 
will trigger the aforementioned equipment to start 
data collection. The distance sensor requires the 
installation of a specific sensor and magnetic steel 
at the front wheel of the detected car to work prop-
erly [8]. When the detected car drives on a bitumi-
nous pavement, the magnet in the car will come 
into contact with the sensor because of the move-
ment, and the frequency of the sensor is changed 
with the change of the car’s speed. Thus, the col-
lection frequency of w1 and w2 is affected by the 
speed of the detected car. These two factors have 
a proportional relation. We conducted a sample 
collection when the car moves in integral multi-
ples of 5cm.

We enlarge the piezoelectric effect and build 
a new type of sensor, which is called piezoelectric 
acceleration sensor. This equipment is composed 
of multiple parts. Compared with other sensors, the 
equipment has many advantages, such as good cor-
responding effect, small size, and so on [9].

Data processing
Because pavement flatness detection is conduct-

ed under field operations, the work environment is 
relatively harsh and many interfering sources, such 
as environmental temperature, electric field, mag-
netic field, can be found. To reduce or even elimi-
nate the error caused by the external environment 
and improve the system’s stability, we conduct filter 
processing on the data collected during flatness de-
tection. We introduce the Butterworth filter into the 
data processing module of this system. This filter 
has a balanced performance in linear phase, atte-
nuation slope, and loading characteristics.

In the system’s data processing, the system itself 
does not change to its own response. Instead, the 
system changes the simulative filter into the digi-
tal filter. Thus, we design the filter system to corre-
spond to the Butterworth filter, which means that 
through the algorithm of this system, we process 
the data to improve the system’s reliability, reduce 
or eliminate the noise signal to ensure the accura-
cy of the data processing result [10].

In data processing, integral computation of the 
output signal often exists, which leads to the over-
flow of the result. This phenomenon results in ac-
celerated error in the restoration of the transmis-
sion signal. Thus, we often use software to process 
data. At first, this software stores the transmis-
sion signal, and sets this signal as the initial point. 
After the software processes the data, it subtracts 
the initial point from the output data. The final 
data are the output signal of the sensor.

Table 1. Results of flatness measurement

Section
IRI, m/km Rate of error,

%Laser flatness detection system Precision level

1 1. 42 1.45 -2.11

2 2.52 2.56 -1.59

3 2.66 2.57 3.37

4 3.56 3.40 4.49

5 3.98 4.15 -4.27

6 4.62 4.77 -3.25

7 4.27 4.40 -3.04

8 5.00 5.22 -4.40

9 2.84 2.75 3.17

10 1.66 1.74 -4.82



Light & Engineering	 Vol. 24, No. 3

55

4. RESULT ANALYSIS AND DISCUSSION

This plan chooses the simulation experiment 
to analyze the system’s utility. First, the plan detects 
the pavement of a 300-meter-long road. The detec-
tion places the leveling instrument every 250 mm 
to detect the elevation. Finally, the plan summari-
zes and calculates the IRI of the pavement. We con-
duct detection in the bituminous pavement between 
Nanjing to Shanghai. The result is shown in Table.1

Table 1 shows that compared with the level of 
precision, the error of the laser pavement flatness 
detection system is below 5%, and the average re-
lative error is 4%.

5. CONCLUSION

The present paper proposes the flatness of bitu-
minous pavement detection method based on LED 
visible light sighting distance measurement. For 
the flatness detection, we propose the pavement 
flatness detection method using LED visible light 
sighting distance measurement equipment based 
on inertia standard because pavement unevenness 
leads to inaccurate measurement. We conduct flat-
ness detection on an actual road. Results show that 
compared with the precision level, the error of the 
pavement flatness detection system based on the 
inertia standard is below 5% and the average rela-
tive error is 4%. The flatness detection system of 
bituminous pavements improves the efficiency of 
all fronts of pavement detection and promotes the 
development of pavement detection activities. Al-
though the laser pavement flatness detection sys-
tem used in the present paper has a high accuracy, 
some errors remain. The reduction of the error is 
the key point of future studies.
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ABSTRACT

On the basis of the limitations of LED visible 
light image (LED-VLI) extraction methods, the 
relationship of the satellite LED-VLI informa-
tion and the ground substance and structure spec-
trum is analyzed to form a space angle model. The 
limitations of existing algorithms on LED-VLI 
data processing are also analyzed. The mathema-
tical performance of the space angle-based algo-
rithm in LED-VLI processing is evaluated through 
computer simulation and experiments, thereby pro-
viding useful information for the selection of ma-
thematical processes and data mining tools, which 
can facilitate further development and research of 
LED-VLI.

Keywords: high resolution, optical LED-VLI 
data, data mining, lithologic information

1. INTRODUCTION

Data are the carrier of the primary informa-
tion of a substance. The objective of data mining 
and knowledge discovery (MD & KDD) is to ex-
plore useful information from a vast database and 
to establish knowledge – ​based multi – ​stage ad-
vanced processing [1]. Zhang L. studied the auto-
matic registration of visible light image on the basis 
of Scale-invariant feature transform (SIFT); find-
ings revealed that images with small deformations 
can accurately match the features of vast data, but 
this type of matching pattern is simple [2]. Accord-
ing to rational function models, Wen-Sheng M. A. 

established the approximate epi polar equation, 
which adopted the approximate one-dimension-
al image matching of the projection track-based 
epi polar constraint; however, this method has the 
disadvantages of low data extraction accuracy and 
computational complexity [3]. Miao Z. presented 
a method to correct a database in accordance with 
the data same name-based automatic matching al-
gorithm and the triangle subdivision technology; 
however, this method has a low level of accuracy, 
which barely met the requirements [4]. Yang B. 
presented a simple matching rule by extracting ho-
monymy points based on SIFT; this method needs 
no manual interpretation, but the accuracy is still 
unsatisfactory.

To explore the LED-VLI data analysis method 
in line with LED visible light multidimensional 
angle transmission, an evaluation method based 
on multidimensional LED visible light data field 
is presented in this research. Using the mercury 
mine zone of western Hunan and eastern Guizhou 
in China as a case study, an experimental simu-
lation was conducted to analyze the ore-bearing 
bedrock, thereby providing foundations for future 
geological exploration survey. The second sec-
tion of this research initially includes an introduc-
tion to high spatial resolution LED-VLI. Then, 
the existing LED visible light extraction methods 
are discussed. In the third section, a multidimen-
sional LED visible light data field angle decom-
position model is presented. In the fourth section, 
quantified simulation verification and analysis are 
conducted for the statistical data of the multichan-
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nel LED visible light data angle transmission. Fi-
nally, conclusions are made based on the experi-
mental results and findings.

2. STATE OF THE ART

High spatial resolution LED-VLI refers to the 
LED-VLI technology whose resolution to the 
ground is more than 5 m. High spatial resolu-
tion LED-VLI has vast information content and 
high definition, comparing with the LED-VLI of 
other resolutions. It can clearly present the slight 
changes in the ground, thereby enabling the de-
tection of the ground surface changes in immense 
sizes. Therefore, high spatial resolution LED-VLI 
has become the preferred data source of high spa-
tial resolution satellite image applications (e.g., spa-
tial data production and the detection of underly-
ing surface changes). Henceforth in this paper, high 
spatial resolution optical satellite image will be re-
ferred to as high resolution satellite image or high 
resolution LED-VLI. High resolution LED-VLI 
has many disadvantages in practical applications 
mainly because of the detection of excessive data. 
In addition, some of the interference factors exert 
negative effects on the LED-VLI, thereby causing 
difficulties for the automatic extraction of the rela-
ted ground objects. Currently, information extrac-
tion is primarily achieved through manual interpre-
tation and decoding. Moreover, traditional LED-
VLI processing technology is facing new challenges.

In recent years, multi-scale image classifica-
tion for objects has been presented to improve the 
accuracy and efficiency of high resolution LED-
VLI processing. The basic principle of this idea is 
to predefine the ground boundary or image seg-
mentation to generate image objects with rich at-
tributes information in any size. In this method, 
image object is regarded as the basic spatial unit; 
the attribute information (e.g., spectral feature, tex-
ture feature, and shape feature) of each image ob-
ject is used to achieve the automatic extraction of 
classified information.

3. METHODOLOGY

High spatial resolution LED-VLI data scan the 
ground surface through wireless signals in which 
data are collected and stored through digital signals. 
The traditional data collection patterns, data trans-
mission, and data storage barely fulfil the require-

ments of high spatial resolution LED-VLI and 
obtain unsatisfactory results. Hence, a multi-di-
mensional LED visible image data field angle de-
composition model is introduced in this research. 
Then, the multi-factor step-by-step orthogonal 
transformation is analyzed.

Multi-dimensional LED-VLI data field angle 
decomposition model

The pixel gray value recorded by one waveband 
LED-VLI data can be seen as the one-dimensional 
vector of the pixel. The pixel vector dimension of 
multiple wavebands LED-VLI data is multidimen-
sional; the pixel vector can be expressed as
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In Formula (1), i and j refer to the position sub-
script of the pixel; and k stands for the dimension-
ality, which is also known as the number of wave-
bands. The data of the entire waveband can be 
treated as a vector, which is
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In Formula (2), p is the pixel number of the en-
tire image. If the size of the image is M×N, then p= 
M×N; k is the number of wavebands.

The base vector of the one-dimensional pix-
el vector differs from that of the multidimension-
al pixel vector. If an image is seen as a vector, then 
the number of images can be regarded as the num-
ber of vectors. For the k-dimensional vector of the 
pixel, a set of base vectors is a unit matrix; as stated, 
k stands for the dimensionality. In this research, 
a matrix that represents the relationship between 
pixels and waveband vectors is established in ac-
cordance with vector spatial transformation, which 
realizes the selection of LED-VLI data attributes 
and data processing. In linear space, additive ope-
ration and scalar multiplication of vectors can be 
conducted, allowing for identification of the corre-
lations of the vector, the rank of vector sets, and the 
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base of linear space. However, measurement and 
quantitative analysis of the vector should be con-
ducted in inner product space where the length, 
distance, and orthogonality of the vector can be 
defined and the standard orthogonal basis of the 
space can be established.

Multi-factor step-by-step orthogonal 
transformation

Multi-factor step-by-step orthogonal transfor-
mation is matrix diagonalization decomposition, 
which conducts multiple steps of rotations to the 
multi-waveband LED-VLI data variance covari-
ance matrix A. The rotation feature axis of each step 
refers to a different angle; in this way, the separa-
tion of target information can be realized.

C p p p pn= × ×1 2 3 , (3)

where C is the orthogonal matrix; CTT=C‑1. In this 
equation, C can be divided into a series of simple 
orthogonal matrix’s products, in which

P Upi q= . (4)
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In Equation (5), the omitted element on the di-
agonal in the matrix is 1; the omitted element in the 
off-diagonal is 0, which then leads to

To make the off-diagonal element 0

u u u u

u u i j B u Au

pp qq pq qp

ii ij
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In Equation (7), the function of Upq matrix is 
to continuously increase the elements on the prin-
cipal diagonal and to continuously decrease the 
off-diagonal elements. Each rotation will produce 
a maximum orthogonal axis of the two-factor var-
iance p and q; in this case, the two new vectors p 
and q will be mutually independent, and the co-
variance will be 0. On the basis of the mutual or-
thogonal features of these two new vectors, itera-
tions can be repeated until the maximum orthog-
onal axes of all the variances are obtained. As the 
variance covariance matrix is rotated to a diagonal 
matrix, the obtained feature values and feature vec-
tors are the analytical results from the main com-
ponents. Next, the variable load factor during the 
rotation process is analyzed to obtain the load dis-
tribution in different rotation positions against the 
primary data. Consequently, the target informa-
tion can be highlighted and extracted.

4. RESULT ANALYSIS AND DISCUSSION

The mercury mine zone of western Hunan and 
eastern Guizhou is taken as a typical example to il-
lustrate the image processing method of multi-fac-
tor step-by-step orthogonal transformation. In this 
paper, the image size of the mercury mine zone is 
224 km². A total of seven wavebands exist, includ-
ing a thermal infrared waveband, which is unneces-
sary in the multi-step rotation computation. First, 
data recorded by the multi-dimensional LED-
VLI are analyzed. Then, the variance covariance 
matrices of the six non-thermal infrared wave-
bands are computed. The statistical results are lis-
ted in Table 1.

The third stage rotation matrix is includ-
ed to produce principal component analy-
sis, Table 2.

To visually display the performance 
of multi-factor step-by-step transforma-
tion on the classification of lithologic in-
formation, the factors of TM5 and 7 wave-
band (mainly composed of lithologic infor-
mation) are selected as the principal factor 

axis for the load space surface. With the use of the 
three-dimensional coordinates (TM3-X, TM5-Y, 
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TM7-Z), the surface is the load distribution of the 
fifth factor axis on three wavebands. The peak va-
lue distribution area is the principal component 
load, where the lowest correlation exists. In this 
case, the load on TM5 is medium, Y=0.70. The 
lithologic information is mainly distributed in the 
area with a large contribution of TM5, Y=0.85. 
With the use of the three-dimensional coordinates 
(TM1-X, TM7-Y, TM5-Z), the surface is the load 
distribution of the sixth factor axis on three wave-
bands. The minimum value distribution area is the 
principle component load, where the lowest corre-
lation exists. The lithologic information is mostly 
distributed on TM7 (Y=0.81) and the area of TM5 
with large contributions (Y= –0.38).

According to the above analysis, the load factor 
526 is selected to compose the factor image, which 
can effectively distinguish the ore-bearing bedrock 
and provide reliable foundations for detailed explo-
ration in the future.

5. CONCLUSION

In this paper, the principle and theory of MD 
& KDD is applied to establish a multi-dimensional 
LED-VLI data field, with the mercury mine zone 
of western Hunan and eastern Guizhou taken as an 
example to process the LED-VLI data. According 
to the analytical results, the distribution informa-
tion of the ore bed can be obtained, thereby provid-
ing a basis for decisions on further geological explo-
ration. This paper proved that effective data min-
ing methods can facilitate the acquisition of more 
useful information from the LED-VLI data, which 
is beneficial to the development of LED-VLI in-
formation and can positively contribute to various 
research fields (e.g. geology and oceanography). 
However, the depth and extent of this research re-
quire further discussion and investigation because 
of the limitations of the research data, imaging 
time, and time resolution of the LED-VLI data.

Table 1. Mean and covariance matrix of 6 bands

mean value

80.768070 37.249001 40.608448 69.195240 97.684002 47.537426

covariance matrix

53.967155 33.535265 69.660571 -15.800603 117.254421 103.295697

33.535265 23.264519 45.931809 0.750338 84.171626 69.506811

69.660571 45.931809 99.826045 -22.889488 171.121876 151.388773

-15.800603 0.7050338 -22.889488 140.418399 43.231309 -25.636412

Table 2. Principal component analysis transformation of characteristic  
value and characteristic vector

characteristic value

18.966984 0.683514 2.4816441 65.986014 775.234213 7.010476

feature vector

0.61662 -0.29996 -0.61098 -0.13063 0.23415 -0.29090

0.35896 0.91499 0.01846 -0.01323 0.16132 -0.8596

0.47192 -0.25826 0.74928 -0.18106 0.33801 0.04631

0.28453 -0.07294 -0.00455 0.91276 0.00716 0.28376

-0.41080 -0.00696 0.04012 0.28101 0.69980 -0.51078

-0.13602 0.02728 -0.25163 -0.19464 0.56136 0.75128
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ABSTRACT

To improve the accuracy of emergency commu-
nications, this paper addresses a method to locate 
unmanned aerial vehicles (UAV) using LED visi-
ble Light Communication Technology. The sys-
tem can also transmit passive location to an air-
borne single station. The study was performed as 
follows: first, the algorithm of the calculating phase 
difference was established to conduct UAV posi-
tioning. The method of detecting the intensity of 
the received optical signal was applied to UAV po-
sitioning. Then, the phase difference was measu-
red by using the two-dimensional Fourier trans-
form method. Finally, simulation technology was 
used to analyze the feasibility of the LED visible 
light system. This research promotes the develop-
ment of LED visible light technology and its appli-
cation in emergency communications.

Keywords: airborne passive location, LED vi-
sible light communication technology, emergency 
communications

1. INTRODUCTION

In emergency communications, passive loca-
tion technology is used for rapid positioning and 
accurate identification to enable remote monitoring 
of tactical situations and attack planning. Passive 
location technology can ensure that secret accep-
tance of signals cannot be easily traced by the ene-
my and is effective at a long distance; therefore, it 

has become one of the important directions in fu-
ture developments [1].

At present, scholars are actively attempting 
to develop passive location technology without 
using other auxiliary platforms to simplify the sys-
tem [2–4].

Consequently, passive location technology has 
recently been receiving much attention among en-
gineers and researchers, unmanned aerial vehicles 
(UAVs) use passive location systems to detect and 
observe targets. This paper proposes the applica-
tion of LED visible light communication techno-
logy in UAVs and determines the feasibility of the 
application of passive location systems in UAV 
through analysis, research, and use of driving en-
vironment simulation experiments. In the plan de-
sign, the phase difference measurement method of 
the two-dimensional Fourier transform is applied 
to analyze the algorithm of passive location. Con-
clusions are drawn from the analysis of the simu-
lation experiment.

2. STATE OF THE ART

Visible light communication technology
Two popular positioning systems are used no-

wadays. The first one is GPS positioning, which is 
mostly used in outdoor environments; because it is 
radio based, it has low accuracy because of electro-
magnetic interference in many places. With GPS, 
transmission and communication quality will be-
come poor when users share their location with 
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each other. Moreover, GPS is unusable in aircrafts 
and other places with harsh electro-magnetic in-
terference requirements. The current direction of 
research and development is the use of LED visual 
light for positioning. Positioning is divided into two 
types, one that needs imaging and the other that 
needs to display the target coordinates of the loca-
tion only. For the positioning system that does not 
require imaging, the traditional positioning method 
can be used to locate the objects via the communi-
cation mode with multiple points. The indoor posi-
tioning that needs imaging should use the VLC sys-
tem. Thus, the indoor positioning system required 
for imaging will become the mainstream topic of 
future research.

UAV observation platform model
O X Y Z' ' ' '−  coordinates are built by using the 

state [5, 6*]. Intersection hypothesis: The inter-
section point O ' is the intersection point of the 
wing axis of the aircraft and the axis of the lower 
part, and the punching head of the fuselage direc-
tion is the axis direction O X' '. The wing axis to-
ward the left side is the axis O Y' '. The O Z' ' axis 
uses the right rule for the direction perpendicular 
to the plane O X Y' ' ' and pointing above. The azi-
muth angle of the i time target relative to the obser-
vation platform is βi, and the pitch angle is εi. An 
antenna should be placed on the left wing and fu-
selage tail axis, and its value should be three stand-
ard units. Hence, it forms two interferometers that 
are orthogonal to each other.

According to Fig.1 the two unit elements of the 
interferometer are Ea and Eb, and the distance be-
tween the two unit elements is dx. The two unit el-
ements mounted on the wings’ phase interferom-
eter are Ea and Ec. The distance between the two 
unit elements is dy; l1, l2. and l3 are the directions 
of the target LED visible light that are received by 
Ea, Eb, and Ec, respectively. Too much distance ex-
ists between the observation target and the UAV, 
and it far exceeds dx and dy. Thus, the error that 
is generally considered l l l1 2 3/ / / /  can be ignored. 
EaB, EbB, and EcC are projections of l1, l2 and l3, 
respectively, on the O X Y' ' ' plane. Therefore, the 
wave and path difference of the top two unit ele-
ments is EbD when receiving visible light, and the 
wave and path difference of the last two unit el-
ements is EcF. Thus, the phase difference of two 
unit elements Ea and Eb of body axis phase inter-
ferometer that receives the target LED visible light 
at the i time is:

φ ω π
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π
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The change rate of corresponding phase diffe-
rence is:

φ β β ε ε β εxi x T i i i i i ik f' 'cos cos 'sin sin .= −( ) (2)

The phase difference of the two unit elements 
Ea and Ec of the wings’ phase interferometer that 
receives LED visible light is:
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yi T y T
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i i

y T i i

t f
d

c
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2 cos cos
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2π
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The change rate of corresponding phase diffe-
rence is:

φ β β ε ε β εyi y T i i i i i ik f' 'sin cos 'cos sin .= −( ) (5)
Fig.1. UAV platform to receive the target LED  

visible light sketch map
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In all the above formulae, the wave angular fre-
quency of reaching the observation platform is ωT  
on average, the wave frequency is fT , and the time 
difference of wave reaching Ea and Eb is presented 
by Dtx, and the speed of light is c.

The geometric relationships at i moments have 
the following information:

βi
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Tgi Ogi Tgi Ogi

i

x x y y

x x y y

r
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β β

β ε
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In the formula, the radial distance from the tar-
get to the observation platform at i time is present-
ed by ri, and then formula (8) is used to obtain the 
current position of the observation target.
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In accordance with the aircraft coordinates 
O X Y Z' ' ' ', the azimuth of the target can be calcu-
lated by the above formula. Navigation equipment 
in an UAV can determine the relative position and 
relative velocity between itself and a fixed observa-
tion target on the ground. The observed data can be 
used to calculate the specific location of the fixed 
observation target.

3. METHODOLOGY

LED visible light communication technology
This paper proposes a new positioning sys-

tem that has the same aspects as current popular 
methods but places more emphasis on optical sig-
nal communication. When receiving the position-
ing signal, the positioning is carried out according 
to the strength of the received signals; this approach 
is called the VLC positioning method. The com-
ponent that tests the strength of signals is a pho-
toelectric detector. The principle of this method is 
similar to that of RSSI. Thus, this method is con-
venient for mixed uses. This positioning method 
has two types: one is parameterized positioning, 

and the other is non-parameterized positioning. 
In this paper, parameterized positioning is used. 
In the parameterized VLC positioning system, 
when only line links are present in the positioning 
system, the information transmission in the posi-
tioning system has only two methods: direct or re-
flection. The arriving power reaches its maximum 
when it is direct, and it occupies the largest per-
centage of the total power. Hence, we studied di-
rect transmission.

The mathematical expression of DC gain of di-
rect distance from LED to the receiving side is

H
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In the formula, the photoelectric detector’s re-
ceiving area is A; the distance between the trans-
mitting terminal and the receiving side is d; the 
angle of incidence is φ ; the launch angle is also φ ; 
the optical filter gain is Ts φ( ); the light condenser 
gain is g φ( ); the receivers’ perspectives are φc; and 
the light source radiation pattern is m. The equa-
tion for m is

m =
ln

lncos
.

/

2

1 2Φ (10)

In the formula (10), the half-angle light power 
is Φ1 2/ , which means that the value of central pow-
er is twice the power generated by the angle. The 
value of m is related to the direction of the emitted 
light. When the m is larger, the probability that all 
the photons in the light will fly toward the target 
direction is greater. Generally, the value of m is set 
at 1. Size determines the direction of the beam, and 
a greater value corresponds to better direction of 
the beam. Usually, we take m to be equal to 1. The 
distance between the point of light source and the 
point required positioning can be obtained by using 
the above equation and the obtained data. Moreo-
ver, in indoor short-distance positioning, the light 
source that can be received by the point required 
positioning is excessive (> 3). Thus, this point that 
can be located by three sides originally can be lo-
cated by establishing a set of equations to solve and 
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estimate them at this time. Finally, the coordinates 
of the location of the point can be confirmed more 
accurately.

Phase difference measurement method based 
on two-dimensional Fourier transform

The precision of the phase difference measured 
by a phase interferometer with element antenna di-
rectly affects the final positioning accuracy. How-
ever, the use of two-dimensional Fourier trans-
form to measure can effectively remove the exter-
nal clutter in the target LED visual light. However, 
the measurement method requires the spectral in-
formation of sampling signals to measure signal 
phase. Taking the sine signal as an example, the 
sampling value is

x n
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2π
(11)

In Formula (11), q is an integer q N= −( )0 1 1, , , .  
Its discrete Fourier transform is
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Two sinusoidal signal sequences are
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Two-dimensional Fourier transform uses the 
phase difference measurement method, in which 
many computations use Fourier transformation, 
and the FFT real-time processing computer is used 
to receive signals. This measuring method satisfies 
the measuring requests of UAV.

4. RESULT AND DISCUSSION

This paper verifies the operability and per-
formance of the UAV search and rescue system 
through an experiment of simulated reality. We set 
the fixed target location on the ground beyond 1km, 
as required by the application. The simulation real-
ity is to set the coordinates of the fixed target to be 
measured, and the specific value of the fixed coor-
dinate system is (300, 300, 300) m. fT = ×5 1014 Hz 

Fig. 2. Testing value of the object in three dimensions
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is the target radiation frequency; the initial point of 
the UAV platform is (20, 20, 100) m, whose flight 
speed is 100× −( )cos cos ,cos sin , sinη γ η γ ηi i i i i

 m/s 
and the separate baseline length of two phase in-
terferometers arranged over the head is dx  equal 
to 10 m and dy  equal to 5 m. In the simulation ex-
periment, θi is the orientation angle of aircraft ges-
ture, ηi  is the angle of pitch, and γ i  is the yaw an-
gle. Their change rates are
θ η γi i is s s= ° = − ° = − °0 075 0 075 0 00125. / , . / , . /

According to the phase difference measurement 
method introduced in this paper, we conducted 
simulation and Monte Carlo simulation experiment 
100 times. The simulation results of target coordi-
nates x, y, z are shown in Fig. 2.

Through the experiment of simulated reality, we 
can conclude that under certain restrictions, the 
positioning function of the system can acquire the 
target location in the coordinate system with a de-
viation of generally less than 1 m, and the coordi-
nate difference of z direction is less than 2m, which 
can meet the application requirements.

5. CONCLUSION

In this study, a passive location system was used 
to locate the UAV accurately. The UAV was used 
as an observation platform to locate the observa-
tion object. First, we analyzed the model algorithm 
of the UAV passive location system, and we used 

the method of phase difference change rate to lo-
cate. Then, two-dimensional Fourier transform 
was applied to signal measurement, and we ex-
plained the composition and design of LED pas-
sive location in actual applications. Finally, com-
puter simulation experiment results show that the 
LED passive location system can be used in emer-
gency communication. This study provides a per-
spective for future research on the UAV advanced 
positioning system.
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ABSTRACT

This thesis explores the key problems in the 
stress transfer rule of mortar based materials of 
composite optical fibre devices. Issues in the moni-
toring of side slope deformation are also investigat-
ed. An indoor direct shear test is adopted to study 
the correspondence between fibre loss and slippage 
displacement, as well as the stress transfer rule of 
mortar base materials, on the basis of theoretical 
analysis. Results indicate that foam as the base ma-
terial reaches the maximum stroke under the opti-
mal mortar proportion of 1:5 and that PVC reaches 
its maximum stroke under the optimal mortar pro-
portion of 1:9. Then, the corresponding curves and 
relational expressions between optical loss and slip-
page displacement under the optimal mortar pro-
portions are established. The results indicate that 
the former is highly sensitive because of its moni-
tored maximum displacement of 49.7mm.

Keywords: light source, optical time do-
main reflection (OTDR) technology, rock slope, 
slope monitoring

1. INTRODUCTION

Optical time domain reflection (OTDR) tech-
nology based on semiconductor light sources was 
invented in the 1970s [1], when scholars started 
to study the application of this technology to rock 
slope monitoring because of its advantages, which 

include convenience, safety, low cost, and remote 
use [2]. Subsequently, Chinese scholars began ex-
ploring the same research area. Tianguo Tang and 
Yiwen Zhua et al. [3] buried bare fibre into a cylin-
der of C40 concrete and then simulated rock slip-
page via triaxial compression. The authors pri-
marily verified the feasibility of using the OTDR 
technology with fibre as the sensor in distributed 
landslide monitoring, but the measured maximum 
stroke of fibre is 3.6mm, and the dynamic range 
is 0–3.3mm. Dongyan Liu and Zhengwei Zhu et 
al [4] developed a composite fibre device for mo-
nitoring slope deformation. The device is buried 
through drilling and grouting and deforms togeth-
er with the slope. The monitored maximum stroke 
is 23.6mm, and the maximum dynamic range is 
0–21.1mm. The same authors studied other as-
pects, including monitoring theory, laboratory sim-
ulations test, and field applications.

Although previous scholars have achieved im-
pactful results in OTDR, further research is need-
ed. The thesis of this study is a theoretical research 
based on a composite optical fibre device. By sim-
ulating rock slippage via shearing concrete blocks, 
we perform a model test on the sensor of a com-
posite optical fibre device to determine the optimal 
proportion of mortar under different base materi-
als. We also establish the corresponding curves and 
relational expressions between fibre loss and slip-
page displacement.
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2. DIRECT SHEAR TEST WITH 
COMPOSITE OPTICAL FIBRE DEVICE

The grouting material is the bridge that transfers 
the load of rock and earth mass around the drill-
ing hole to the composite optical fibre device. The 
combination of different grouting materials and the 
composite optical fibre device with different materi-
als present different phenomena. To effectively ap-
ply the OTDR technology based on semiconduc-
tor light sources to slope engineering monitoring, 
the optimal grouting proportion should be deter-
mined. As for the working conditions in this expe-
riment, three factors are mainly considered: base 
materials, cross-sectional areas of base materials, 
and mortar proportions.

Types of base material: PVC tube and foam;
Sectional dimensions of base material: 25mm, 

45mm;
Mortar proportions:1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 

1:7, 1:8, 1:9.
We set four 1mm capillary steel tubes at the cen-

tral axis outside the base material of the compos-
ite optical fibre device and cover them with 2mm 
capillary steel tubes to prevent adhesion between 
the mortar and the 1 mm capillary steel tubes out-
side the base material. The bottom parts of the steel 
tubes are attached to the surface of the base mate-
rial as indicated in Fig. 1.

Loading. Push the jacks up to 2mm each time, 
and record the reading of the OTDR instrument. 
When the bowknot point at the top of the device 
can be read or is broken, end the loading, and 
measure the deformation of the fibre. Then, ana-
lyze the relationship between the displacement at 
the shearing surface of the composite optical fibre 
device and the reflection coefficient on the OTDR 
instrument on the basis of the measured deforma-
tion. The shear deformation of the composite op-
tical fibre device is illustrated in Fig. 2.

3. ANALYSIS OF TEST RESULTS

3.1. Optimal cement–mortar ratio under 
different base materials

We analyzed the change rule of the maximum 
sliding displacement of the model under differ-
ent base materials and different cement–mortar 
ratios. Subsequently, we experimentally obtained 

the change curve of the maximum sliding displace-
ment, as shown in Fig. 3.

(1) The maximum sliding displacement of the 
composite optical fibre device with foam as the 
base material, the side lengths of which are 25mm 
and 45mm, is observed at the cement–mortar ra-
tio of 1:5. This result indicates that the maximum 
measuring range of the composite optical fibre de-
vice appears at this moment. In other words, the 
cement–mortar ratio of 1:5 is the optimal ratio of 
the composite optical fibre device with 25 mm × 
25 mm foam as the base material.

(2) The maximum sliding displacement of the 
composite optical fibre device with PVC as the base 
material, the side lengths of which are 25mm and 
45mm, increases with a decrease in the cement–
mortar ratio. Hence, the change curve shows that 
the maximum sliding displacement of the compos-
ite optical fibre device with PVC as the base mate-
rial occurs when the cement–mortar ratio is 1:9. 
That is, the cement–mortar ratio of 1:9 is the opti-
mal ratio of the composite optical fibre device with 
25 mm × 25 mm PVC as the base material.

3.2. Response relationship between fibre energy 
consumption and displacement curve at load 
point

The fibre losses of the composite optical fibre 
device under different cement–mortar ratios in-

Fig.1. Composite optical fibre device

Fig.2.Schematic diagram of shear deformation 
of composite optical fibre device



Light & Engineering 	 Vol. 24, No. 3

68

crease with an increase in the displacement of the 
load point. If the displacement is small, then the 
amplitude of the increase is relatively small. As the 
displacement of the load point rises, the amplitude 

of the increase in fibre loss also increases and reach-
es the peak value at the cement–mortar ratio of 1:1.

3.3. Relational expression between fibre loss 
and sliding displacement

The values of different sliding displacements 
and fibre losses under the optimal cement–mor-
tar ratio are used for fitting to obtain the relation-
al expression between the fibre loss and the sliding 
displacement of the composite optical fibre device 
with different base materials. The curves, formu-
las, and relevant coefficients obtained through fit-
ting based on experimental data are shown in Figure 
7. The squared value of the relevant fitting coeffi-
cients is between 0.9906–0.9946. Thus, the cor-
relation of the fitting formulas is relatively good. 
The fitting formulas are all cubic polynomials, and 
thus, the relational formula between the fibre loss 
and the sliding displacement of the composite op-
tical fibre device with different base materials can 
be synthetically written as

where y is the sliding displacement (mm); x is the 
value of fibre loss, db; and a, b, c, and d are the co-
efficients, the values of which are shown in Table 1.

4. CONCLUSIONS

(1) Through direct shear test, the micro bend 
loss of semiconductor light sources during optical 
fibre transmission can be determined with OTDR 
technology. This technology can accurately reflect 
the fibre loss caused by the deformation of the opti-

Fig. 3. Relationship curve between maximum sliding 
displacement and cement–mortar ratio under different  

base materials

Table 1. Values of coefficients in relational 
expression between fibre loss and sliding 

displacement

Coefficient a b c d

25 mm 
×25mmPVC 0.339 –3.514 15.894 2.673

45 mm 
×45mmPVC 0.979 –10.18 32.912 1.992

25 mm 
×25mm foam 0.630 –6.907 25.173 1.764

45 mm 
×45mm foam 0.436 –5.366 22.838 1.644
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cal fibre sensing device. Thus, applying the OTDR 
technology based on semiconductor light sources 
to slope monitoring is feasible.

(2) The analysis of the results of the direct shear 
test reveals the corresponding curve and empirical 
correlation between fibre loss and sliding displace-
ment. The data collected with the OTDR techno-
logy can infer the deformation state of the sliding 
surface of rock slopes and may thus serve as ba-
sis for the issuance of primary warnings on safety.

This research reveals that OTDR technolo-
gy based on semiconductor light sources presents 
broad prospects in rock slope monitoring. How-
ever, the relational expression in this work is based 
on a single sliding surface in laboratory model ex-
periments. Therefore, other factors should be con-
sidered in the future research.
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ABSTRACT

This paper evaluates the application pros-
pects of a new type of LED irradiation techno-
logy in oral cavity aesthetic repair by comparing 
its clinical effect and that of traditional halo-
gen irradiation technology in the repair of den-
tal fluorosis resin. One hundred cases of mild 
dental fluorosis (TFI=1–3) receiving treatment 
in our hospital from February 2014 to February 
2015 are selected and divided into two groups. 
The new type of LED light curing lamp blue-
phase® 20i and irradiation composite resin Z350 
is applied for 10 s in 50 cases in Group A. The 
traditional halogen lamp ALC‑50 and irradia-
tion composite resin Z350 is applied for 40 s 
in 50 cases in Group B. We then evaluate the 
clinical effect of the two groups one year after 
treatment. Group A obtained better results with 
a success rate of 86% and a patient satisfac-
tion rate of 88%. By contrast, the success rate 
of Group B is only 74%, and patient satisfac-
tion rate is 70%. The gap between the two re-
sults is statistically significant (P < 0.05). This 
paper concludes that the new type of LED ir-
radiation technology can more effectively im-
prove the success rate of the dental fluorosis 
resin repair compared with the traditional ha-
logen lamp. Furthermore, its irradiation time is 
short and easy to handle, thereby explaining its 
high clinical application value.

Keywords: LED; dental fluorosis, halogen lamp, 
composite resin

1. INTRODUCTION

Four types of light curing lamps currently exist, 
based different light sources, namely, quartz-tung-
sten-halogen light curing lamp, LED light cur-
ing lamp, argon laser light curing lamp, and plas-
ma electric arc lamp. Among these lamps, the plas-
ma electric arc lamp and argon laser light curing 
lamp are complicated, expensive, and infrequently 
applied in clinical cases. In recent years, with the 
development of LED technology, the LED light 
curing lamp has attracted increasing attention from 
many clinicians. Unfortunately, the first and sec-
ond generations of the LED irradiation technolo-
gies have significant defects in the application of 
oral aesthetic repair despite their fast light curing 
speed, small light thermal radiation, and a light and 
handy design [1–3].

First, their spectrum is too narrow and can cure 
only light-cured materials with camphorquinone 
as the initiator [4]. Such technology is incompati-
ble with Lucirin TPO, a common initiator in aes-
thetic repair materials. Therefore, despite the sev-
eral defects of the traditional halogen lamp, such 
as its long operating time, slow light curing speed, 
high optical radiation heat production, and bulb 
burn-in, the lamp is still widely used in composite 
resin aesthetic repair of dental fluorosis. The third 
generation of LED irradiation technology has been 
developed, which possesses all the advantages of the 
previous two generations and perfectly resolves the 
defects of narrow spectrum and short duration. This 
paper applies both the new type of LED light cur-
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ing lamp and the traditional halogen lamp in the 
repair of dental fluorosis resin. Their clinical ef-
fects are compared and analyzed, and the clinical 
application value of the new type of LED irradia-
tion technology in the treatment of dental fluoro-
sis is evaluated [5].

Materials
The light-cured resin is ESPE Filtek Tm Z350 

(3M ESPE, St. Paul, MN, USA), and its colour 
includes A1, A2, and A3. The LED light curing 
lamp is bluephase®20i (Ivoclar Vivadent, Schaan, 
Liechtenstein), which has an output power of 1200 
mW/cm 2, as shown in Fig.1. The halogen lamp is 
ALC‑50, which has an output power of 500 mW/
cm2 and is produced by Aosuo Medical Apparatus 
and Instruments in Hangzhou, China.

Experimental Subject
We select 100 dental fluorosis patients in the 

stomatologic hospital of the Southwest Medical 
University from February 2014 to February 2015. 
Among these patients, 57 are males and 43 are fe-
males. Their ages range from 17 to 58 with an ave-
rage age of (33.1±7.9). These patients are informed 
about the content of this experiment, and their con-
sent is obtained before they are divided into two 
groups. We adopt the new type of LED light cur-
ing technology for the 50 patients in Group A and 
the traditional halogen light curing technology for 
the 50 patients in Group B.

Method of repair for light-cured resin
All the patients are treated by the same doctor. 

First, the surface of the teeth is washed. Then, the 
teeth colour under the natural light (less than 5s) is 
compared. Afterwards, resin repair materials with 
a similar colour are chosen. We wash the teeth sur-
face by using the regular procedure and then polish 
and desiccate them. Acid etching is conducted with 
a cotton ball with 37% phosphoric acid for 1 min. 
The enamel surface is washed with running water 
from the air gun for 10 s to 15 s. After acid liquor 
and chippings are removed, the teeth are desiccat-
ed with compressed air. Afterwards, we can see that 
the acid-etched surface is white. Enamel adhesives 
are sprayed and light cured for 15 s. The light-cured 
composite resin is sprayed, and moulding solidi-
ty is conducted in different layers. We adopt blue 
phase® 20i in Group A to conduct light curing for 
10 s, and ALC‑50 is applied in Group B to conduct 

light curing for 40 s to restore the normal physio-
logical anatomic form of the teeth. Finally, we ad-
just the occlusion, examine the high spot, and pol-
ish the teeth.

Therapeutic evaluation
Subsequent clinical visits were conducted one 

year after the resin repair treatment and the clini-
cal effects were evaluated, including repair effects 
and the self-assessment of satisfaction rate of the 
patients. Among these patients, 57 are males and 
43 are females. Their ages range from 17 to 58 with 
an average age of (33.1±7.9). For repair effects, the 
same doctor conducts routine oral inspection and 
adds dental pulp vigour test when necessary. The 
doctor evaluates the dummy colour, margin dis-
crepancy, loosening or falling off of the teeth, pe-
riodontal conditions, dental pulp conditions, and 
secondary caries in accordance with the Modified 
Ryge Criteria. When the six indicators are normal, 
the repair is deemed successful. The repair is con-
sidered to have failed if any one of the six indica-
tors is abnormal. As for the satisfactory rate of pa-
tients, this hospital conducts a survey of the two 
groups of patients with its own questionnaire, which 
includes three aspects, namely, good appearance, 
occlusion function, and psychological status; the 
total is 10 points, with each aspect accounting for 
4 points, 3 points, and 3 points, respectively. The 
patients mark their response according to their 
own impressions after the light-cured resin repair. 
A high score corresponds to a high satisfaction rate. 
Scores of 9–10 are deemed excellent, scores of 7–8 
are good, and scores of 6 and below are poor. The 
satisfaction rate is the ratio of the total number of 
patients who provided an excellent or good remark 
of the repair to the total number of patients.

Statistical analysis
We apply SPSS19.0 (SPSS, Chicago, USA) 

to conduct χ2 analysis of the experimental results. 
The gap (P < 0.05) indicates statistical significance.

3. RESULTS

Light-cured resin repair effects
Among the 50 patients of dental fluorosis 

in Group A there were four cases of dummy co-
lour changing, two cases of poor margin discrep-
ancy, one case of dummy loosening, thereby indi-
cating a repair success rate of 86%. Among the 50 
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patients of dental fluorosis in Group B there were 
five cases of dummy colour changing, four cases 
of poor margin discrepancy, three cases of dum-
my loosening, one case of secondary caries after re-
pair, thereby indicating a repair success rate of 74%. 
Results are shown in Table 1. We apply SPSS19.0 
to conduct interblock χ2 analysis (P < 0.05), which 
demonstrates that the new type of LED irradia-
tion can achieve far better clinical effects than the 
traditional halogen irradiation in terms of dental 
fluorosis resin repair.

Evaluation of the satisfaction rate of patients
Among the 50 patients in Group A, 31 report an 

“excellent” satisfaction level, 13 provide a “good” 
mark, and 6 provide a “poor” mark. The total satis-
faction rate is 88%. Among the 50 patients in Group 
B, 24 reported an “excellent” satisfaction level, 11 
provided a “good” mark and 15 provided a “poor” 
mark. The total satisfaction rate is 70%. Results are 
shown in Table 2. We apply SPSS19.0 to conduct 
interblock χ2 analysis (P < 0.05) and found that the 
new type of LED light curing method can achieve 
a better patient satisfaction rate.

4. DISCUSSION

LED has many clear advantages over the tradi-
tional halogen lamp, thereby enabling its ideal ad-
aptation to light curing of oral biological materi-
als. First, the ray of light has a small thermal radi-

ation with no other lights being generated thereby 
suggesting that little extra heat is generated when 
the LED light curing lamp is operating. A low-
er tendency of damage to the teeth and the pow-
er of the cooling fan are expecting. Such lowering 
of risk will not only be conducive to the teeth but 
will also reduce noise when working. Second, the 
operating life of LED is longer than that of other 
light sources. It is sturdy, durable, small in size, and 
stable in terms of light beam concentration. Some 
scholars have found that the LED lamp is superi-
or to the traditional halogen lamp after comparing 
the light-cured surface strength, abrasive resistance, 
and solidity depth obtained by the two light sources.

Despite the numerous advantages of the previ-
ous LED light curing lamp, using it in resin aes-
thetic repair treatment is still not possible. This 
finding can mainly be explained by the light-cured 
composite resin possibly being classified into fill-

Fig. 1. New type of LED light-cured bluephase® 20i lamp 

Table 1. Comparison of the Clinical Effects between the New Type of LED Group and the Traditional 
Halogen Lamp Group
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Table 2. Comparison of the Satisfaction Rate of the Patients in the New LED Group and the Traditional 
Halogen Lamp Group

Group Number of cases Excellent Good Poor Satisfaction rate, %

LED group 50 31 13 6 88

Traditional halogen lamp 50 24 11 15 70
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ing resin and aesthetic repair resin in accordance 
with its application method and two different types. 
The most widely used photoinitiator, camphorqui-
none, of the filling resin can absorb the wave crest 
of 468 nm, which is extremely close to that of the 
old type LED lamp (435–485) nm. Therefore, it 
has the high initiation efficiency. However, den-
tal fluorosis aesthetic repair adopts the initiator of 
the light-cured composite resin, which requires the 
wavelength of the light source to be less than 430 
nm. As a result, the first and second generations of 
LED light curing lamp have poor light curing ef-
fects in resin repair of dental fluorosis. The current 
third-generation LED irradiation technology has 
ideally resolved the above problems. This lamp has 
three blue light LED emitters and one short pur-
ple light LED light wave emitter. These light wave 
emitters can generate more than two different nar-
row waves whose wavelength ranges exceed that of 
the traditional halogen lamp and can rapidly cure 
all the light-cured composite resin in the current 
clinical application. The new LED light curing 
lamp improved its output power with a maximum 
of 2200 mW/cm2. This result has significantly re-
duced the time required in clinical light curing, 
which is not only conducive for doctors to operate 
but also reduces the possibility of oral contamina-
tion. To obtain a better evaluation of the clinical ef-
fects of the new LED light curing lamp and provide 
data support for its clinical promotion, this expe-
riment applies a clinical experiment, compares its 
clinical effects with that of the traditional halogen 
lamp, and demonstrates that the third generation of 

the LED light curing lamp is superior to the tradi-
tional halogen lamp in dental fluorosis resin repair.

5. CONCLUSION

Compared with the traditional halogen irradi-
ation technology, the new type of LED irradia-
tion technology is more effective in dental fluorosis 
resin repair; it not only reduces the clinical opera-
tional time but also significantly improves treat-
ment effects and satisfies patients’ needs. Therefore, 
LED technology has high clinical application value.
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ABSTRACT

Light pulse spreading time caused by atmos-
pheric turbulence results in the shape variation of 
pulse time and an increase in bit error rate. This 
study used a split-step transmission method un-
der weak turbulence across a horizontal path 
to conduct a numerical simulation calculation of 
collimating ultra-short pulse transmission with 
a two-frequency mutual coherence function. Then, 
the results are compared with the numerical anal-
ysis results of 100 groups of data. Under weak tur-
bulence and narrow-band assumptions, numerical 
simulation results of the two-frequency mutual co-
herence function for the first 20 groups of data were 
identical with the numerical analysis results. The 
results also demonstrated that as the difference 
in value between the two frequencies increased, 
the degree of coherence that could be maintained 
was reduced.

Keywords: atmospheric turbulence, light pulse, 
split-step transmission, two-frequency mutual co-
herence function, numerical simulation

1. INTRODUCTION

Free-space optical communication can acquire 
a considerably higher transmission rate than tradi-
tional wireless communication; hence, it has been 
extensively applied to the fields of laser and LED 
light communication. However, free-space opti-

cal communication is easily influenced by atmos-
pheric turbulence, which causes distortion phe-
nomena such as light pulse spreading and signal 
attenuation, among others. Hence, there is a need 
to comprehensively study the distortion factors of 
a light pulse in atmospheric turbulence.

In recent years, numerous scholars have fo-
cused studies on light pulse transmission. An-
drews et al. [1] studied pulse spreading based on the 
two-frequency mutual coherence function. Young 
et al. [2] conducted a numerical analysis of ar-
rival time fluctuations of space–time Gaussian 
pulses in weak turbulence. Chen et al. [3] com-
pleted a numerical analysis of the two-frequen-
cy mutual coherence function of the transmis-
sion of Gaussian pulses in anisotropic turbulence. 
Although the two-frequency mutual coherence 
function plays a significant role in studies on the 
transmission characteristics of light pulses in at-
mospheric turbulence, most studies are numerical 
analyses based on the two-frequency mutual co-
herence function, whereas only a few are numer-
ical simulation studies.

Hence, the current study conducted a numerical 
simulation of the two-frequency mutual coherence 
function of the horizontal transmission of Gaussi-
an pulses in turbulence using weak turbulence the-
ory and collimated light beam transmission theory. 
Then, the correlation of the results with the results 
of a numerical analysis was analyzed.
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2. NUMERICAL SIMULATION MODEL 
FOR LIGHT PULSE TRANSMISSION 
IN ATMOSPHERIC TURBULENCE

To conduct a numerical simulation of light pulse 
transmission in atmospheric turbulence, an algo-
rithm and model for numerical simulation should 
be initially established before verification can be 
conducted.

Atmospheric Transmission Model for Light Pulse
The output expression form of a light pulse 

through atmospheric transmission is [4]
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where Vi ( )ω  is the Fourier transform of the input 
pulse amplitude, and U r L( , ; )ω ω+ 0  is the transmis-
sion function of a pulse in the atmosphere.

Two-Frequency Mutual Coherence Function
The two-frequency mutual coherence func-

tion was used to calculate and analyze an ultra-short 
pulse in the frequency domain; this function could 
describe the coherence degree of optical waves af-
ter passing through a random medium. The calcu-
lation formula is as follows [4]:
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3. VERIFYING THE REASONABILITY 
OF PARAMETER SELECTION IN THE 
NUMERICAL SIMULATION

Selection of the Verification Model
To verify the reasonability of parameter selec-

tion in a numerical simulation under weak turbu-
lence, a group of specific parameters is used to con-
duct sampling. The numerical simulation program 
is operated, and a normalized scintillation vari-
ance in single-frequency transmission is obtained 
and compared with the prediction results of weak 
turbulence theory. If the difference is minimal, 
then the sampling parameter setting is considered 
reasonable.

  The normalized scintillation variance formu-
la is as follows:
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The predictor formula of weak turbulence the-
ory is as follows Eqn. 4, [4] :
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Verification Results
The wavelength of light used in the test is 800 

nm, the structure constant Cn
2 of the atmospheric 

refractive index is 1×10–16, the transmission dis-
tance is 3 km, the inner scale of the atmospheric 
turbulence is 0.003 m, the outer scale is 0.2 m, the 
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waist radius of the Gaussian beam is 0.01 m, and 
the Rytov variance is 0.03. The scintillation var-
iance obtained by sampling the aforementioned 
group of specific parameters is 0.048, which is near-
ly identical to the prediction results of the theory. 
Hence, the sampling parameters can satisfy the test 
under weak turbulence.

4. COMPARISON BETWEEN THE 
NUMERICAL SIMULATION RESULTS 
AND THE NUMERICAL ANALYSIS 
RESULTS

Numerical Simulation Results
The sampling parameters and the conditional 

constraints determined by the verification model 
were used to complete the numerical simulation at 
points r = 0.01 and 0.03. The simulation results are 
calculated using the following formula:

Γ2 1 2 1 2( , , ; , ) ( , ; ) ( , ; ) .r r L k k U r L k U r L k= ∗ (5)

The values of k1 and k2 during the numerical 
simulation are as follows:

k k k
c

d
1 2= +  and  k k k

c
d

2 2= − ,	 (6)

where the kd value is considered according to a 1% 
variation of the wavelength. The calculation results 
of the first 20 groups of the two-frequency mutual 
coherence function with kd variation are present-
ed in Fig.1

The Fig.1 shows that as the difference in value 
between the two frequencies increases, the degree 
of coherence that can be maintained is reduced.

To analyze the influences of the atmospheric 
turbulence parameters on an average pulse wave-
form, the influences are verified through a nu-
merical simulation of the average light intensity 
per pulse.  The verification results are presented 
in Figs.2–5.

In these figures, the dots denote lack of turbu-
lence influence, whereas the asterisks denote the 

Fig.1. Calculation results of the variation of different r 
values with k variation of the first 20 groups

Fig.2. Average light intensity of k1 when Cn
2 is 1×10–16

Fig.3. Average light intensity of k1 when Cn
2 is 1×10–14

Fig.4. Average light intensity of k2 when Cn
2 is 1×10–16
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presence of turbulence influence. The influences of 
the atmospheric turbulence parameters of k1 under 
strong and weak turbulence conditions on an avera-
ge pulse waveform are shown in Figs.2–3, whereas 
the influences of the atmospheric turbulence pa-
rameters of k2 under strong and weak turbulence 
conditions on an average pulse waveform are shown 
in Figs.4–5. The comparison shows that the con-
currence between an average pulse waveform un-
der strong turbulence influence and that under no 
turbulence influence is relatively low. By contrast, 
the concurrence between an average pulse wave-
form under weak turbulence influence and that un-
der no turbulence influence is high.

Selection of Numerical Analysis Model and Cal-
culation Results

Weak turbulence is assumed to be approximat-
ed with a narrow band. For a collimated Gauss-
ian pulse (Θ0 = 1), when Λ0 1m   and ω ωd c

2 2
 , 

the far-field approximation of the pulse, and the 
two-frequency mutual coherence function formu-
la of (r1=r2=r, t1=t2=t) on the same axis is as fol-
lows Eqn. 7, [4],

where a C Lk

c
n o

1

2 5 3

2

0 39
≅

−. /

, Λ0
0
2

2
m

m

L

k W
= , Θ0 1= , 

and ω = kc .

This study used far-field approximation to con-
duct a numerical analysis according to the sampling 
parameters and conditional constraints determined 
by the verification model. The numerical analysis 
results of the first 20 groups are presented in Fig.6.

COMPARISON OF RESULTS

Under weak turbulence and narrow-band as-
sumptions, transmission distance is set at 3 km, 
light beam wavelength at 800 nm, number of sam-
ples at 256, number of phase screens at 12, grid 
spacing of phase screens at 0.01 m, and the struc-
ture constant Cn

2 of the atmospheric refractive in-
dex as 1×10–16.When the numerical simulation re-
sults and the numerical analysis results of the first 
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Fig.5. Average light intensity of k2 when Cn
2 is 1×10–14

Fig.7. k1 = 7.89E+06

Fig.6. When ω ωd c
2 2
 , the calculation results of the first 20 

groups as different r values change with the k variation
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20 groups are compared after a collimated Gauss-
ian pulse is transmitted across 3 km, the correla-
tion coefficient is obtained at 0.56, which indicates 
that the proposed method can complete the nu-
merical simulation of a two-frequency mutual co-
herence function after an optical pulse is transmit-
ted through atmospheric turbulence. Furthermore, 
when the results of different k values are compared, 
the transmission results become increasingly poor 
as k values change, Figs.7–8.

5. CONCLUSIONS

This study combines the split-step transmis-
sion method, weak turbulence theory, and far-
field transmission model to propose a numerical 
simulation method for the two-frequency mutual 
coherence function after a collimated ultra-short 
pulse is transmitted across a horizontal path with 
weak turbulence. The results obtained using this 
method are then compared with the numerical 

analysis results of 100 groups of data. The com-
parison indicates that when ω ωd c

2 2
 , the numer-

ical simulation results of the two-frequency mu-
tual coherence function of the first 20 groups are 
identical with the numerical analysis results, which 
proves the feasibility of the proposed numerical 
simulation method.
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ABSTRACT

The transformation of biological informa-
tion plays an important role in biological infor-
mation research and the present paper is based 
on the understanding of relevant research results 
in China and abroad. This study applies biologi-
cal information in transmission technology of light 
emitting diode array signals to transform biological 
information. The study further proposes the trans-
mission technology of visible light dynamic paral-
lelism and reconfigurable computing method for 
bioinformatics. Experimental data show that the 
technical scheme is feasible and the performance 
indicators meet user requirements.

Keywords: LED, array signal transmission, 
transformation of biological information

1. INTRODUCTION

In 2016, Brunner D.O. [1] determined that 
light emitting diode (LED) had the characteris-
tics of energy conservation, environmental pro-
tection, long life, low power consumption, and is 
strong, reliable, and easy to maintain and adjust. 
LED is a fourth generation light source that can be 
used in all kinds of applications, display, adorn-
ment, back light, general lighting, and other fields. 
In 2010, Chiu H.J. [2] studied the development of 
industry and technology breakthrough, and found 
that the luminous efficacy was improved and had 
a lower price. A newly combined pipe core techno-
logy also increased the power of a single module. 
In 2014, Chaigne T. [3] determined that the single 

situation of LED products had a further turn and 
that the improvement of control software for LED 
lighting has made them more convenient. These 
studies show that LED has wide applications. Ki-
lappa V. [4] stated that the absence of a message 
resulted in being unable to have normal life activi-
ties. A previous study conducted in 2013 observed 
the significance of the transformation of informa-
tion in adjusting the relationship between organ-
isms’ populations and maintaining the stability of 
ecological systems. In 2015, Koonin E.V. [5] de-
termined that the study of transformation of bio-
logical information can help control harmful biol-
ogy phenomena and improve the production level 
of farming and animal husbandry.

The present article studies the applica-
tion of transmission technology of LED array sig-
nals to transform biological information on the ba-
sis of the understanding of relevant research results 
in China and abroad. In Section 2, we study the ap-
plication technology of transformation of biological 
information. In Section 3, we propose the dynamic 
parallelism of the visible light transmission techno-
logy and reconfigurable computing method for bi-
oinformatics. In Section 4, we analyze the experi-
mental data and research. Finally, in Section 5, we 
summarize the processes and results.

2. BACKGROUND

LED
LED is a type of semiconductor diode that can 

convert electric energy to light energy. LEDs and 
normal diodes both have unidirectional conductiv-
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ity and are composed of p-n junctions. In loading 
the forward voltage, electrons from the p area to n 
holes or from n area into p area will be in several mi-
crometers within the p-n junctions and compound 
with the electrons in n area and holes in the p area, 
respectively. Through spontaneous emission of vi-
sible light from electroluminescence, LEDs can be 
used to create indicator lights and lighting sources 
[6]. Compared with incandescent light bulbs and 
neon, LED has high efficiency, long life, low work 
voltage and electric current, good impact resist-
ance, good seismic performance, high switching 
speed, and reliability, which other traditional light 
sources do not have [7]. LEDs can also be divided 
into ordinary monochromatic, high brightness, 
colour changing, flicker, voltage control, infrared 
and negative resistance types, such as persistence 
and constant pressure, which represent two kinds 
of control modes, and perform a variety of dimmer 
methods. Most LEDs have constant current con-
trol, which is intended to maintain current stabil-
ity and prolong service life [8].

Transformation of biological information
Information refers to the ways that various new 

media communicate with each other, which con-
tains information output, information transmis-
sion, and information acceptance. Biological infor-
mation has significant effects upon organisms and 
contains a wide range of information. The genetic 
material, nerve impulses, hormones, voice, odour, 
colour, and behaviour of living organisms belong 
to biological information [9]. Basic biological in-
formation can be divided into physical information, 
chemical information, and behavioural informa-
tion. Physical information means that a message 
is transferred by physical process, such as voice. 
Chemical information means that creatures in the 
life activities of chemicals can convey information, 
such as animal’s sexual pheromones. Behaviour in-

formation means that numerous plants and animals 
can convert some kind of special behavioural infor-
mation, such as “Bees can dance.” The transforma-
tion of information widely exists in ecosystems. Bi-
ological normal life activities and the maintenance 
of population and ecosystem must be implemented 
by sending and receiving information [10].

3. METHODOLOGY

Transmission techniques of parallel communica-
tion of visible light

The basic idea of parallel communication of vi-
sible light is that after launching modulated infor-
mation loading on display array and observing ar-
ray emission signals with high speed observational 
system, parallel communication restores the orig-
inal information content through the correspond-
ing image and information processing. QR (Quick 
Response Code) has a high recognition rate, large 
information capacity, error correction ability, and 
all-around read capacity. The present paper applies 
to an array of communication and provides a dyna-
mic display of QR code information. The machine 
obtains QR code images that will be processed and 
decoded. The scheme has good adjustability, large 
volume, high resource utilization, application flex-
ibility, and so on.

The QR code symbol is composed of a series of 
modules and a two-dimensional array, which is di-
vided into detection patterns, positioning graphics, 
separator, and function graphics, which are used 
to hold data in an encoded data area of the two 
parts. Function graphic symbols are used to de-
termine the location, size, and slope. QR does not 
have starting and terminal operators. To detect the 
position of the bar code, the bar code must use the 
characteristics of the location where the graphics 
is being detected. To satisfy the QR, the QR code 
symbols of the characteristics of high speed read 

Fig.1. Schematic diagram of delayed luminescence of samples
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and all-round read can use QR codes to detect the 
characteristics of the position detection pattern. By 
focusing on the scale features, we have three thresh-
olds for processing whole images, and have rota-
tion correction for sloping images by using vertical 
and horizontal scanning.

Reconfigurable computing method of informa-
tion biology

League matching is a process wherein more 
than one symbol sequence are compared with each 
other and reflect the process of the similarities and 
differences between them. With the rapid growth 
of biological information data, the demand of the 
large-scale analysis method for biological infor-
mation has become increasingly urgent. During 
the long-term evolution of organisms, the same se-
quences differ for various reasons. Thus, organisms 
cannot fully complete the exact match but a cer-
tain similarity exists. On the basis of combining 
the actual demand and with the editing distance, 
which can significantly measure the similarity of 
two sequences, we can obtain an editing distance 
algorithm, which is a global sequence matching 
algorithm.

Editing distance algorithm is computed by the 
degree of similarity of the matrix dynamic pro-
gramming algorithm, which can yield the edit-
ing distance of two sequences. This method usu-
ally does not require outputting each point score, 
and only requires the final score matrix at the right 
corner of bottom. This value is the editing distance 
between two sequences. We need to determine the 
function score in the process of calculation accord-
ing to the matching biological significance. When 
calculating the editing distance, the inserting and 
deleting scores can be set as 1 and replacing score 
as 2 because replacing is equivalent to deleting and 
inserting. This calculation is in line with the signif-

icance of the editing distance in biological practice 
that the probability of replacement is less than the 
possibility of insertion and deletion. In this case, 
each point’s score in the matrix will be equal to the 
horizontal or vertical direction’s adjacent points 
score plus or minus 1. The calculation can be sim-
ply proved through mathematical induction.

4. RESULT ANALYSIS AND DISCUSSION

A delayed luminescence, which does not place 
any filter cases, is shown in the Fig. 1.

The sample’s delayed luminescence trends 
to 1  ms and then becomes smooth and late 
data adulterate noise effects. The light attenua-
tion in front of the apparent phase is a typical bio-
logical photons relaxation time. At this stage, bio-
logical photons carry most biological information. 
We provide a numerical summation to the corre-
sponding band of the photon to delay luminescent 
emergent light spectra value, as shown in Fig. 2.

The experimental analysis shows that the trans-
mission technique of parallel communication of vi-
sible light has a message capacity. The equipment 
is also small in size, which enables the equipment 
to achieve higher linking gain, better informa-
tion transmission quality, and can be implement-
ed in large capacity and low array signal transmis-
sion distortion. Reconfigurable editing distance 
algorithm has a large amount of data. The algo-
rithm is relatively simple and the parallelism is 
high. Hence, the type of operation is simple and 
has strong repeatability.

5. CONCLUSION

Visible light communication refers to the deve-
lopment of newly developing wireless optical com-
munications based on the light response of the de-

Fig.2. Delayed luminescence spectra
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vice used in high speed. The present paper seeks 
to understand the Chinese and foreign related re-
search results, discusses some relevant concepts 
and principles, points out the transmission tech-
nique of dynamic parallelism of visible light and 
reconfigurable computing method faced in infor-
mation biology, and conducts experiments to verify 
the correctness of the theory and the feasibility of 
the scheme. Results show that the technical scheme 
is feasible and the performance indicators rapidly, 
accurately, and effectively meet the requirements 
of using the biological message content. However, 
to strengthen the application research of optical 
communications requires making optical commu-
nications richer, ensuring perfect information per-
ception, and gathering technological means, which 
will bring about significant research value and de-
velopment space.
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ABSTRACT

The rapid development of greenhouse techno-
logy has attracted increased attention to research 
on greenhouse supplementary lighting. To improve 
performance of supplementary lighting system 
in lettuce greenhouses, this study uses the combi-
nation of blue and red light LEDs to design a new 
model of intelligent periodic supplementary light-
ing system for the lettuce greenhouse. Researchers 
used solar power to provide electricity for the sys-
tem to improve energy efficiency. Results indicat-
ed that this system provides periodic supplementa-
ry lighting to the greenhouse, demonstrating a high 
degree of applicability and expandability.

Keywords: lettuce greenhouse, supplementary 
lighting system, LED, micro-controller

1. INTRODUCTION

Lighting plays an important role in the growth 
rate and quality of crops. With the development 
of greenhouse crop growing, research on supple-
mentary greenhouse lighting has also increased. 
In recent years, experts and scholars in China and 
abroad have conducted significant research on this 
front. Compared with foreign research, domestic 
research in China in this area started late and is 
not sophisticated enough, but has indicated pro-
gress. In 2001, Hu Guangyong [1] and others put 
forward the idea of artificial supplementary light-
ing equipment in greenhouses. This method deliv-
ers supplementary lighting in greenhouses to a cer-

tain extent. However, the study has a low degree of 
intelligent design and expandability. In 2006, Xu 
Zhiru [2] and others designed an intelligent mea-
surement and controlling system for the green-
house environment based on a micro-controller. 
This system could operate stably and achieved in-
telligent management of the greenhouse. In 2011, 
Zhang Haihui [3] and others proposed a compre-
hensive self-adapting precise supplementary light-
ing system. This system produced a high degree of 
reliability in the performance of the supplemen-
tary lighting system and improved energy utiliza-
tion rate. In 2013, Liu Xiang [4] and others present-
ed an intelligent greenhouse supplementary lighting 
system based on expert’s rule. The result indicat-
ed that this system realized intelligent supplemen-
tary greenhouse lighting and improved the quali-
ty of crops. In 2015, Li Zhengming and others de-
signed a combination of LED lighting used in the 
supplementary lighting of greenhouses. The results 
showed that this system achieved an ideal supple-
mentary lighting effect and had a high degree of ap-
plicability and expandability. However, most sup-
plementary lighting systems currently adopt single 
fixed light intensity, which cannot achieve precise 
supplementary lighting. The system also has a high 
degree of energy consumption, high degree of er-
ror, and a slow response speed.

Based on the above studies and to improve the 
performance of the system, this paper designed 
a periodically supplementary lighting system in let-
tuce greenhouses based on LED light. The second 
chapter provides an analysis of the conditions and 
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demand for supplementary lighting system in green-
houses in China. The third chapter explains in de-
tail the design and research process of periodic sup-
plementary lighting equipment in lettuce green-
houses based on LED lights. The fourth chapter 
describes the experiment and research. Finally, the 
fifth chapter is the summary of the paper.

2. TECHNOLOGY BACKGROUND

The quality and rate of growth as well as the 
photosynthesis and material metabolism of let-
tuce cannot be achieved without lighting. Differ-
ent light intensities and qualities have different ef-
fects on the growth of lettuce. At present, in agricul-
ture, fluorescent and incandescent lights are used 
as light sources. However, these light sources in-
cur high costs and have high energy consumption. 
Thus, such lights are not convenient for daily main-
tenance and control. Moreover, the lights cannot 
achieve precise supplementary lighting. While most 
supplementary lighting systems adopt single fixed 
light intensity, such a system cannot achieve precise 
supplementary lighting. In addition, the system uses 
a lot of energy and presents a high degree of error 
and slow response speeds. Further, given that the 
system prevents reasonable adjustment according 
to growth conditions and demand of crops, it is not 
beneficial to ensure quality and efficiency of crop 
growth. To address this gap, we need to develop an 
intelligent greenhouse supplementary lighting sys-
tem with low energy consumption and high degree 
of performance. In recent years, with the develop-
ment of semiconductor technology, light-emitting 
diodes (LED) have been used in greenhouse sup-
plementary lighting system because of their high 
reliability, low energy consumption, wavelength 
characteristics, and other features.

3. METHODOLOGY

Overall design of the system
According to the above analysis, this study estab-

lishes periodic supplementary lighting equipment 
based on LED light in a lettuce greenhouse. The 
overall structure of the system is shown in Fig. 1.

In Fig. 1, the testing module adopted tempera-
ture and light intensity sensors to conduct real time 
monitoring of information, such as temperature 
and light intensity in the lettuce greenhouse. The 
core processor of the intelligent controlling module 

uses a STC12C5A60S2 micro-controller, which is 
responsible for data collection, data storage, infor-
mation output, management and dispatch, and oth-
er tasks in the system. The power module adopted 
solar energy to provide electricity with voltage of 5 
V and 12 V to the entire system. The supplementa-
ry lighting module used two Pulse Width Modu-
lation (PWM) drive circuits to control the red and 
blue LEDs to realize supplementary lighting in the 
greenhouse. The user interaction module is com-
posed of an LCD and keyboard. The function of 
the former is to realize the display of system data, 
whereas the latter is responsible for input and al-
teration of relevant system data.

HARDWARE DESIGN

Power module
The power module consists of a solar panel, ac-

cumulator, and control circuit. The solar power is 
stored in the accumulator through the control cir-
cuit. The power module needs to provide 5 V power 
supply to the testing and user interaction modules 
and 12 V power supply for supplementary lighting 
module. Given that we used MIC29302 voltage sta-
bilization and voltage transformation module, the 
accumulator could only provide both 12 V and 5 V 
power supply after adjustment.

Controlling module
The controlling module is powered up by 5 V 

stabilized power supply. In the design of this pa-
per, the core processor of the intelligent controlling 
module was equipped with a STC12C5A60S2 mi-
cro-controller, which has 1280B Static RAM, 56K 
Flash memory space, A/D port, and PWM output 
port. The module is responsible for data collection, 
data storage, information output, management, 
and dispatch, as well as other tasks in the system.

Testing module
To conduct real time monitoring on tempera-

ture and light intensity in the lettuce greenhouse, 
we used temperature and light intensity sensors 
to conduct real time monitoring on temperature 
and light intensity and other information. The 
information was sent to the micro-controller for 
data processing. The testing module included tem-
perature and light intensity testing modules. Tem-
perature testing module realized data collection of 
temperature in the greenhouse through tempera-
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ture sensor and connection to the micro-controller 
through data line. Detected elements of the light 
intensity-testing module are composed mainly of 
silicon photocells to conduct tests on light inten-
sity of the red and blue lights.

Supplementary lighting module
In the design of supplementary lighting modu-

le, we designed two parts, namely, the LED light-
ing set and driving circuit. In the design of the 
LED lighting set for blue and red lights, we adop-
ted a narrow-band blue light LED array with 450 
nm central wavelength and narrow-band red light 
LED array with 660 nm central wavelength. The 
design of the driving circuit adopted PT4115 driv-
ing modular circuit. We realized periodical supple-
mentary lighting in the lettuce greenhouse through 
PWM signal from micro-controller connecting the 
controlling ends of the red and blue light modules. 
This step realized quantitative supplementary light-
ing of the LED lighting set.

User interaction module
The user interaction module is composed of an 

LCD and keyboard. The function of the former is 
to realize the display of system data, whereas the 
latter is responsible for input and alteration of re-
levant system information.

Software design
In the software design of the system, we devised 

an analytic program for the sensor, a data param-
eter setting program, a signal control program, 
and a data display program. The designs of these 

parts were intelligently con-
trolled. To realize real time 
monitoring of the temperature 
in the lettuce greenhouse, main-
tain suitable temperature for crop 
growth in the greenhouse, and 
realize real time adjustment of 
supplementary lighting, we set 
the threshold values of temper-
ature and light intensity. When 
temperature was within threshold 
value, we monitored light intensi-
ty of the blue and red lights. If the 
light intensity were within thresh-
old value, then the system will 
conduct precise supplementary 
lighting.

4. RESULT ANALYSIS AND DISCUSSION

To test the effectiveness of the system, this pa-
per conducted simulation experiments at the green-
house of a case study farm. During the experiment, 
according to the acreage of the greenhouse, we po-
sitioned proportionately the blue light LED with 
threshold value of 3500 lx and red light LED with 
threshold value of 1000 lx in the greenhouse. We 
then set the temperature range from 15 °C to 35 °C, 
which is the most suitable temperature. The results 
of the experiment are shown in Fig. 2.

Fig. 2 shows that the light intensity of red and 
blue lights remained unchanged during the day. Ex-
cept for noon, light intensities at other times were 
within the threshold value. At noon, because of 
the angle of illuminance, the system automatically 
stopped supplementary lighting. The result of the 
experiment showed that the system could achieve 
periodic precise supplementary lighting.

5. CONCLUSION

With the development of semiconductor tech-
nology, LED has been used in greenhouse sup-
plementary lighting system. Lettuce requires dif-
ferent supplementary lighting in different growth 
cycles. Hence, based on the testing technology of 
light intensity, intelligent technology, and infor-
mation technology, this study designed a new type 
of periodic supplementary lighting system based 
on red and blue LED lights for the lettuce green-
house. The proposed system could provide peri-

Fig. 1. Overall structure of the system
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odic quantitative supplementary lighting for the 
growth of lettuce. Solar energy used by the system 
to provide electricity improved energy efficien-
cy and reduced the operating costs of the green-
house. The results of the experiment showed that 
a periodic supplementary lighting system based 
on red and blue LED lights in lettuce greenhouse 
had a fast response speed, low rate of data error, 
and achieved periodically precise supplementa-

ry lighting. However, this study has limit-
ed expertise and this system has yet to un-
dergo sufficient practice. In the next phase, 
we will expand our research on compre-
hensive LED combination supplementary 
lighting system.
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Fig. 2. Square street lamp
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Fig.7. Harmonic testing results: (a) 110Vac Input; (b) 220Vac Input

Fig.5. Input current waveforms: (a) 110Vac Input; (b) 220Vac Input

Fig.8. Output current waveforms: (a)110 Vac Input; (b) 220 Vac Input
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ABSTRACT

An analysis of the current status of China’s pho-
tovoltaic ecological agriculture indicates a small 
agricultural economy in the overall scale. Moreo-
ver, photovoltaic projects are not closely connect-
ed to agricultural production, power is wasted, and 
technology is immature. Corresponding measures 
are proposed in this paper. This paper analyzes pi-
lot photovoltaic ecological agriculture projects of 
three areas and proves that good use of photovol-
taic agricultural economy can promote the long-
term development of China’s agricultural econo-
my. The annual growth rate of agricultural economy 
in Shouguang, Shandong, and Zhongwei, Ningx-
ia, has reached more than 20%, thereby providing 
decision making guidance for the development of 
the agricultural economy.

Keywords: photovoltaic ecological agriculture, 
development status, countermeasures

1. INTRODUCTION

The agricultural economy is the top priority of 
China’s economy. Agriculture, as the basic indu-
stry of our country, is the industry on which man-
kind depends the most. Thus, sustainable develop-
ment of the agricultural economy is important for 
our country. In the thirty years since reform and 
opening up, China’s agricultural economic deve-
lopment has progressed rapidly and established 
the foundation for its economic development [1]. 
In the development of the agricultural economy, 
a series of problems have emerged, such as envi-

ronmental pollution, inadequate utilization of re-
sources, and ecological imbalance, which restrict 
the development of an ecological agricultural eco-
nomy [2]. Developing the manufacturing techno-
logy of thin-film solar panels can support China’s 
ecological agriculture economy; transparent solar 
photovoltaic thin-film is used for reasonable uti-
lization of solar radiation, which can be divided 
into light energy required for plant photosynthesis 
and for solar power [3]. This process not only pro-
vides the necessary light for the normal growth of 
plants but also achieves photoelectric conversion, 
thereby realizing low-cost power generation [4]. 
In recent years, the application of China’s solar 
film has developed rapidly. Demonstration build-
ings have been established in many areas in China, 
and parts of the completed thin-film photovoltaic 
solar greenhouses are connected to the local power 
grid to achieve energy utilization [5], Fig.1. How-

Fig.1. Solar Greenhouse
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ever, several problems exist in the application of 
photovoltaic ecological agriculture, such as the 
high cost in the early stage and the immaturity of 
key technology related to crop production. Accord-
ingly, this paper analyzes the development status of 
the traditional photovoltaic ecological agriculture, 
proposes corresponding countermeasures, and ana-
lyzes photovoltaic ecological agricultural economy 
pilot projects.

2. STATE OF THE ART

Small overall scale of the agricultural economy
The concept of economy applies when devel-

oped countries achieve a sufficiently high over-
all economic level to resolve ecological imbalance 
and resource shortage caused by development [6]. 
Unlike in developed countries, agricultural deve-
lopment in China is in a period of transition from 
the primary to the secondary level. Transitional 
development is characterized by weak economic 
strength. However, entering the agricultural eco-
nomy as soon as possible is highly beneficial for 
China. Technical problems of photovoltaic pro-
ducts mean that such products have a high cost 
and are nearly unaffordable for ordinary farmers 
or small businesses.

At present, production lines of the amorphous 
silicon thin-film photovoltaic solar panel mostly 
come from foreign countries because domestic en-
terprises cannot grasp the core technology of so-
lar panel manufacturing. The price of raw materi-
als has increased in recent years, and China’s solar 
panels also have high production costs. Most thin-
film photovoltaic solar demonstration greenhouses 
that have been completed or are under construc-
tion are reportedly funded by the government or fi-
nancially strong enterprises. Therefore, without fi-
nancial support from the government, successfully 
developing photovoltaic ecological agriculture can 
be difficult [7].

The photovoltaic industry is not closely combined 
with agricultural production

More than 20 thin-film photovoltaic solar green-
houses of different sizes have been built in many 
provinces of China, but most are conceptual pilot 
projects. An investigation of the pilot sites of Shan-
dong, Jiangxi, and other places shows that most of 
the completed thin-film photovoltaic solar green-
houses failed, that they have exhausted their possi-

ble usage, and that they have grown only a few crops 
or none at all [8]. Currently, the thin-film photo-
voltaic solar greenhouse is still at the theoretical re-
search and development stage and still not closely 
integrated with actual agricultural production; the 
same situation is true with solar power. This find-
ing is unfavourable to the development of the ag-
ricultural economy.

Wasted solar energy power
The thin-film photovoltaic solar panel can 

use excess solar energy to generate electricity for 
the greenhouses and other corresponding facili-
ties, such as heat preservation facilities. However, 
in many cases, the power supply of thin-film pho-
tovoltaic solar panel is inconsistent with that of ag-
ricultural electricity demand [9]. The solution is 
to connect to the local grid, but this option is high 
cost and has difficult requirements. For example, 
Hangzhou requires a generation capacity of 200000 
kW before a facility can be connected to the lo-
cal power grid. This demand results in solar ener-
gy wastage, thereby affecting the development of 
the economy.

Immaturity of key technology
Most of the current thin-film photovoltaic so-

lar agricultural greenhouses are only pilot projects. 
Thus, no corresponding agricultural production fa-
cilities exist, such as cooling and heating facilities. 
The four distinct seasons in most parts of China are 
characterized by a high temperature in summer and 
a low temperature in winter. If installing thin-film 
photovoltaic solar greenhouses fails with the cor-
responding equipment, then normal production of 
crops in summer and winter cannot be guaranteed 
[10]. Furthermore, the daily maintenance of solar 
panels cannot be ensured. Thus, their operating ef-
fect after the completion of the greenhouses cannot 
be guaranteed. Therefore, the application effect of 
most of the current completed thin-film photovol-
taic solar greenhouses is far from ideal.

3. METHODOLOGY

Enhancement of the government’s financial sup-
port for developing thin-f ilm photovoltaic solar 
greenhouses

Thin-film photovoltaic solar greenhouses have 
recently started up in China with only pilot sites 
in a few provinces. Research on foreign thin-film 
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photovoltaic solar greenhouses should be strength-
ened. Moreover, cooperation among government 
departments should be encouraged. To better pro-
mote the development of thin-film photovoltaic so-
lar greenhouses in our country and boost the deve-
lopment of the photovoltaic ecological agricultural 
economy, the government should enhance its sup-
port for photovoltaic agriculture.

Prioritization of funding for joint relevant research 
by enterprises or research institutes

The thin-film solar intelligent stereo agriculture 
is a new model and a new path to explore in the de-
velopment of modern agriculture. Thus, this type of 
agriculture requires the government’s vigorous sup-
port, as well as the cooperation and common deve-
lopment of related enterprises and research insti-
tutes. The key technology of thin-film solar panels 
is to improve the utilization efficiency of solar ener-
gy, which involves multiple disciplines of industry 
and agriculture, and requires significant investment 
and joint research. We should encourage agricul-
tural enterprises or agricultural research institutes 
to strengthen their cooperation with photovolta-
ic solar energy enterprises in conducting prelimi-
nary technological research and feasibility studies 
for large-scale application.

Strengthening links with the power sector and pro-
viding grid technology support for large-scale appli-
cation of thin-film photovoltaic solar greenhouses

The generating capacity of thin-film photovol-
taic solar greenhouses fails to correspond with their 
power demand, and it exceeds their power demand 
during ordinary periods. The support and coop-
eration of the local power departments should be 
gained through communication, and the local pow-
er grid should be combined with the greenhouse 
grid to improve profits.

4. RESULT ANALYSIS AND DISCUSSION

To compare the influence of photovoltaic eco-
logical agriculture on economic development, this 
paper selects three regions, namely, Shouguang 
in Shandong, Chengde in Hebei, and Zhongwei, 
in Ningxia as the case studies. Shouguang and 
Chengde belong to the first group of photovoltaic 
ecological agriculture pilot projects established by 
the Chinese government. The agricultural econo-
my of these northern cities is developed and occu-
pies a large proportion of the local economy. Af-
ter three years of pilot research on the photovoltaic 
ecological agricultural economy, the thin-film pho-
tovoltaic solar greenhouses in Chengde Hebei are 
mostly idle. Three years of data on agricultural eco-
nomic development also demonstrate that the ag-
ricultural economy has not developed substantially 
in the last three years. By contrast, with the support 
of the local government, the thin-film photovolta-
ic solar greenhouses in Shouguang and Zhongwei 
have a high planting rate. Furthermore, these lo-
cations have also developed a new area for ecolog-
ical agriculture and significantly contributed to the 
agricultural economy in only three years, Table 1.

Table 1 shows that the annual growth rate of 
the agricultural economy in Shouguang, Shan-
dong, and Zhongwei, Ningxia, reached 22.79% and 
21.37%, respectively, after a three-year development 
of photovoltaic ecological agriculture. The photo-
voltaic ecological agriculture in Chengde, Hebei, 
is hindered by many factors, thereby slowing its ag-
ricultural development.

5. CONCLUSION

Photovoltaic ecological agriculture is an impor-
tant part of sustainable development in China. An 
analysis of the photovoltaic ecological agriculture 

Table 1. The state of the agricultural economy in three regions  
in 2012–2015 (Unit: Million Yuan)

2012 2013 2014 2015 Annual 
growth rate

Shandong Shouguang 1274.35 1452.85 1739.25 2359.43 22.79%

Chengde Hebei 1459.25 1485.27 1530.32 1566.72 2.40%

Zhongwei Ningxia 2382.36 2853.46 3563.59 4259.53 21.37%
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pilot projects in three regions of China shows that 
the annual growth rate of the agricultural economy 
in Shouguang, Shandong, and Zhongwei, Ningx-
ia, reached 22.79% and 21.37%, respectively, af-
ter three years of developing the photovoltaic eco-
logical agriculture. By contrast, the photovoltaic 
ecological agriculture in Chengde, Hebei, is hin-
dered by many factors, and its agricultural econo-
mic growth rate reached only 2.40%. Good use of 
the photovoltaic ecological agriculture can promote 
the long-term development of the agricultural eco-
nomy in China. The current problems in the pho-
tovoltaic ecological agriculture economy are sig-
nificantly worse than proposed in this paper. Mo-
bilization of people’s enthusiasm and division of 
different functions in the photovoltaic agricultural 
areas are specific efforts that can be applied to ad-
dress practical agricultural problems; these efforts 
require further investigation.
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ABSTRACT

This study conducts a feasibility analysis on the 
photovoltaic power generation project based on the 
agriculture–photovoltaic hybrid approach in Anlu 
City, Hubei Province. The article considers policy 
orientation, implementation model, technology, 
resource conditions, and economic benefits. This 
paper mainly reports the characteristics of the sites 
and the superiority of adopting the agriculture–
photovoltaic hybrid approach, equipment selection, 
as well as regional demand for electricity and solar 
energy resources, which are important factors that 
affect the implementation of the project. Finally, 
results of electric power balance in Anlu after the 
implementation of the project are discussed based 
on the actual conditions of the project.

Keywords: agriculture–photovoltaic hybrid, 
photovoltaic power generation, solar energy re-
sources, feasibility analysis

1. INTRODUCTION

The problems of a substantial increase in ener-
gy consumption and the trade-off between ener-
gy and environment constraining sustainable de-
velopment will become increasingly serious as the 
economy of China rapidly develops. Therefore, the 
extensive development of solar energy, wind ener-

gy, geothermal energy, and other renewable ener-
gy sources is an important measure to reduce en-
vironmental pollution. Such development will be 
an inevitable choice for China to ensure the se-
curity of its energy supply and its sustainable de-
velopment [1]. Among renewable energy sources, 
solar power is one of the most promising technol-
ogies [2]. Following the “Twelfth Five-Year Plan 
of Renewable Energy Development,” the photo-
voltaic power generation capacity of China is pro-
jected to reach 900 million kW by the end of 2015. 
The Chinese solar market will immediately open 
with the formal implementation of the “Renewa-
ble Energy Law in the People’s Republic of Chi-
na” and a series of supporting policies. Solar pho-
tovoltaic power will gradually enter the electricity 
market and partially replace conventional energy 
sources [3]. Therefore, solar power is highly signifi-
cant in terms of both environmental protection and 
as an energy strategy.

2. INTRODUCTION OF THE 
AGRICULTURE–PHOTOVOLTAIC 
HYBRID POWER GENERATION SYSTEM 
IN ANLU, HUBEI

(1) Agriculture–photovoltaic hybrid
The agriculture–photovoltaic hybrid power 

project is implemented in Muzi Township, Anlu 
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City. This project covers an area of approximate-
ly 1,200 acres and the planned total installed ca-
pacity is 2 MWp × 20 MWp. The site is a rehabi-
litated hill with an undulating terrain and an ele-
vation drop of over 50 m. Several PV modules are 
installed on the terraced steep terrain. The project 
adopts the agriculture–photovoltaic hybrid mode, 
which combines photovoltaics and high-efficien-
cy agriculture, for three-dimensional develop-
ment to fully utilize land resources. In this hybrid 
mode, the upper part consists of photovoltaic pow-
er generation, whereas the lower part comprises 
farming [4]. Compared with the traditional fixed 
mode, this mode can significantly improve solar 
conversion efficiency and crop yield for a mul-
ti-purpose plot of land. The project provides clean 
energy and simultaneously uses the land under 
the photovoltaic panels to cultivate an expensive 
medicinal plant, i.e., Dendrobium, in an area of 
approximately 900 acres. This technology does 
not only considerably improve the use of land re-
sources and solar energy, but also provide nearly 
200 jobs to achieve mutually beneficial economic 
and social benefits.

(2) Equipment selection
The PV array installation adopted in this pro-

ject is fixed; and 300 Wp modules of polycrystal-
line silicon solar cells are used. The PV power plant 
directly uses a 0.27–35 kV step-up mode, a 40 kW 
inverter, one station with a capacity of 1000 kVA, 
35/0.27 kV, 20 sets of transformers (1000 kVA), and 
35/0.27 kV × 35 kV cable for the power distribu-
tion bus means. Five sets of 35 V box transform-
er substations are located parallel to a joint unit 
in the high side and two units access the switch-
ing station on the 35 kV bus side. Simultaneous-
ly achieving maximum power output is nearly im-
possible for the PV module because of the uneven-
ness of solar radiation, and thus, the output power 
of the PV array is lower than the sum of the nom-
inal power of the individual components. In addi-
tion, the coefficient of the factors of the mismatch 
between the PV modules and the connection loss 
of the plates, which affects solar panel power out-
put, is 0.95. Grid-connected PV power plant effi-
ciency considers the mounting angle after the con-
version factor reaches 0.88; hence the actual power 
generation efficiency (η) is 79.8% [5].

Table 1. Summer power balance in Anlu (unit: MW)

Projects
2016 2017 2018 2020

Peak 
load

Moder-
ate load

Peak 
load

Moder-
ate load

Peak 
load

Moder-
ate load

Peak 
load

Moder-
ate load

A. System capability 195 156 211.8 169.4 235.9 188.7 281.1 224.9

1. Maximum load 185.7 148.6 201.7 161.4 224.7 179.8 267.7 214.1

2. Load reserve 9.3 7.4 10.1 8.1 11.2 9.0 13.4 10.7

B. Electric power 
capacity 90 90 90 90 90 90 90 90

1. Water, thermal power 0 0 0 0 0 0 0 0

2. Photovoltaic 60 60 60 60 60 60 60 60

3. Others 30 30 30 30 30 30 30 30

C. Available capacity 66 21 66 21 66 21 66 21

1. Water, thermal power 0 0 0 0 0 0 0 0

2. Photovoltaic 45 0 45 0 45 0 45 0

3. Others 21 21 21 21 21 21 21 21

D. Surplus electricity -129 -135 -145.8 -148.4 -169.9 -167.7 -215.1 -203.9
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3. FEASIBILITY STUDY ON THE 
PHOTOVOLTAIC POWER SYSTEM 
BASED ON THE COMPLEMENTARY 
PRODUCTION OF AGRICULTURAL 
PRODUCTS AND PHOTOVOLTAIC 
POWER IN ANLU, HUBEI

(1) Requirement analysis
Secondary industries are dominant in Anlu and 

electricity consumption accounts for a large pro-
portion. From 2010 to 2014, the average growth 
rate of the largest electricity consumer in Anlu was 
6.2%, whereas the average growth rate of the entire 
city was 13.3%. The “13th Five-Year Plan of Elec-
tric Distribution Network in Anlu” projects that 
the maximum power load in Anlu will reach 224.69 
MW in 2018 and electricity consumption will reach 
997 million kWh. Furthermore, the maximum pow-
er load is expected to reach 267.68 MW in 2020 
and electricity consumption will reach 1.186 bil-
lion kWh. During the period covered by the “13th 
Five-Year Plan,” the average annual growth rate of 
the maximum load in Anlu is 8.8%. Therefore, giv-
en the development of the economy and the socie-

ty, as well as the continuous improvement of living 
standards of people in recent years, the per capi-
ta electricity consumption exhibits a sharply rising 
trend every year.

The peak load of the Anlu power grid usually 
occurs in July or August. During winter, the peak 
load typically happens in February. The lowest load 
usually occurs in April and October. The typical 
daily load every summer presents the same vari-
ation trend, which is substantially a peak between 
two troughs. The peak appears at around 14:00. Its 
trends are described as follows. The load remains 
low and flat from 01:00 to 05:00. After 05:00, the 
load begins to rise gradually. At around 08:00, the 
load reaches a small peak and continues to grow. 
At around 14:00, a peak appears, after which, the 
load drops to the second trough. After 18:00, the 
load increases again, and the evening peak appears 
at around 20:00. The winter typical daily load curve 
presents the following trend: a peak, a trough, and 
a level segment. From 01:00 to 05:00, a low load 
operation is consistent. Then, the load begins to rise 
slowly at around 10:00 until it reaches a level seg-
ment and remains stable. At 16:00, the load be-

Table 2. Winter electricity balance in Anlu (unit: MW)

Projects
2016 2017 2018 2020

Peak 
load

Moderate 
load

Peak 
load

Moder-
ate load

Peak 
load

Moder-
ate load

Peak 
load

Moderate 
load

A. System capability 136.5 95.5 148.3 103.8 165.1 115.6 196.7 137.7

1. Maximum load 130 91 141.2 98.8 157.3 110.1 187.4 131.2

2. Load reserve 6.5 4.5 7.1 4.9 7.9 5.5 9.4 6.6

B. Electric power 
capacity 90 90 90 90 90 90 90 90

1. Water, thermal power 0 0 0 0 0 0 0 0

2. Photovoltaic 60 60 60 60 60 60 60 60

3. Others 30 30 30 30 30 30 30 30

C. Available capacity 66 21 66 21 66 21 66 21

1. Water, thermal power 0 0 0 0 0 0 0 0

2. Photovoltaic 45 0 45 0 45 0 45 0

3. Others 21 21 21 21 21 21 21 21

D. Surplus electricity -115.5 -29.5 -127.3 -37.8 -144.1 -49.6 -175.7 -71.1
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gins to rise rapidly, and the highest peak appears 
at around 20:00. Subsequently, the load gradual-
ly declines

(2) Analysis of solar resources
The solar energy resources in this region can be 

divided into four levels according to the annual so-
lar radiation. A: Extremely rich, B: Very rich, C: 
General D: Poor.

The preceding calculations indicated that in the 
last 10 years, the total annual radiation in Anlu 
was 5826.5 MJ/m², which classified as very rich 
category “B”. The monthly average total amount 
of radiation reaches the maximum value in July, 
amounting to 549.1MJ/m². The minimum va-
lue is recorded in December, with 282.3 MJ/m², 
RW = 282.3/549.1 = 0.51, which is under the “sta-
ble” rating.

In addition, the solar resources in Hubei Prov-
ince are divided into three main areas. In the first 
available area, sunshine hours last between 1900 h 
and 2100 h, and the number of sunny days is be-
tween 155 days and 180 days. In the second avail-
able area, sunshine occurs between 1400 h and 
1900 h, and the number of sunny days is 130 days 
to 150 days. In the third available area, annual so-
lar radiation is low and less sunshine is available. 
In addition, more sunny days occur in August and 
rarely in other months. Anlu belongs to the first 
available area.

(3) Analysis on annual changes in solar radiation
The solar radiation data have important guiding 

significance to ensure the authenticity and reliabil-
ity of the PV system output efficiency. The month-
ly total radiation in Anlu demonstrates a sharp in-
crease in March. The peak is reached in July, and 
then radiation rapidly declines in September. Dur-
ing winter (December, January, and February), to-
tal radiation reaches its minimum value. From April 
to September, the total measured radiation reach-
es over 400 MJ/m². In July, its value reaches 549.1 
MJ/m², which is the highest total monthly radia-
tion. Sunshine hours increase dramatically from 
the beginning of March, reach a peak in July, and 
slightly decline in October. During winter (De-
cember, January, and February), sunshine hours 
reach a minimum value. From March to Octo-
ber, monthly sunshine hours are over 100. In July, 
the recorded hours reach 152.5; hence, July is the 
month with the longest sunshine throughout the 

year. Thus, the variations in sunshine and solar ra-
diation in Anlu are the same.

4. RESULTS OF POWER BALANCE 
AFTER THE IMPLEMENTATION OF 
THE PROJECT IN ANLU

With the establishment of the photovoltaic pow-
er plant, the installed grid capacity of Anlu is pro-
jected to increase significantly from 2016 to 2020. 
In 2016, the total installed PV capacity in Anlu ac-
counts for 32% of the maximum load. By 2020, it 
will account for 22% of the annual maximum load. 
Thus, the Anlu photovoltaic power generation pro-
ject can serve as a useful complement to the grid 
in Anlu. The power shortage situation in Anlu can 
then be alleviated to a certain extent. The specific 
conditions are provided in Tables 1 and 2.

5. ANALYSIS AND DISCUSSION

(1) Among renewable energy sources, photo-
voltaic power generation is an important techno-
logy that receives full governmental support, and 
thus, it demonstrates considerable prospects for 
development.

(2) The agriculture–photovoltaic hybrid ap-
proach for photovoltaic power generation can guar-
antee solar conversion efficiency and considerably 
improve land productivity and crop utilization. 
This mode is extremely efficient for developing 
photovoltaic power generation projects in moun-
tainous and hilly areas. It provides employment 
for local laborers, and has high economic and so-
cial benefits.

(3) Nearly no large-scale thermal power or hy-
dropower project has been established in Anlu, 
and thus, it mainly depends on the main grid for 
its power supply. The photovoltaic power genera-
tion project can serve as a useful complement to the 
Anlu grid to alleviate the electricity shortage in Anlu 
to a certain extent. However, with the increasing 
growth in electricity load, vacancies will continue 
to increase in the future.
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ABSTRACT

In this paper, solar concentrator mass and wind 
factor are used as objective functions. The cou-
pling effect of function factors is combined with 
the adaptive chaos optimization algorithm for 
multi-objective optimization. The multi-objective 
function of a dish solar concentrator is obtained 
using weighting factors. Flow field and quality 
are then compared before and after the optimiza-
tion of the dish solar concentrator. The optimized 
dish solar concentrator exhibits reduced quality but 
improved flow, stress, and pressure fields at vary-
ing degrees.

Keywords: dish solar concentrator, multidiscipli-
nary design, chaos optimization algorithm

1. INTRODUCTION

Solar thermal technology is promoted by envi-
ronmental policies. Dish solar thermal power sys-
tems have been widely used because of their satis-
factory performance [1]. For example, heat trans-
fer efficiency is high and the overall stability is 
good. The dish solar thermal power system easily 
becomes unstable under external loads; hence, the 
solar thermal power generation system reflects the 
surface damage that occurred [2, 3]. At high wind 
speed, the aerodynamic force of the solar thermal 
power system is high [4]. The cavity absorber is the 
main energy source of a dish Stirling solar thermal 
power generation system. Heat loss is high in the 

entire system, thus any reduction in heat loss will 
contribute to the efficiency of the power genera-
tion system. The inlet structure and shape of the 
cavity absorber is the main structure of the system. 
In the past few years, many scholars from various 
fields have proposed optimization schemes but 
failed to consider the coupling effect of the cavity 
absorber system. Thus, the there are still optimi-
zations to be made for the inner radius and con-
denser thickness.

2. MATERIALS AND METHODS

The maximum positive wind resistance of a con-
denser related to aerodynamic characteristics is 
used as the optimization goal to form a multi-objec-
tive optimization problem; the target function in-
cludes condenser weight f X Y1 ,( ) and wind factors 
f X Y2 ,( ), f X Y3 ,( ), and f X Y4 ,( ).

Structure of dish solar concentrator
The power generation efficiency of dish so-

lar thermal power is mainly affected by condenser 
concentration ratio, and the geometric characte-
ristics determine the flow field characteristics. The 
cross-sectional shape obtained with a plane-paral-
lel direction cutting is shown in Fig. 1, which is the 
maximum cross-sectional diameter.

In Fig.1, t is the concentrator thickness, and L 
is the cross-sectional diameter or the maximum di-
ameter of the cross section; for the condenser re-
flection plane, the R1 of the curvature is the inner 
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diameter, and R2 is the outer diameter. The curva-
ture affects the flow field characteristics of the con-
denser, stress, and the strain concentration ratio; 
the inner and outer diameter size, thickness, and 
material affect the condenser’s weight.

Mathematical model for design optimization of 
dish solar concentrator

Considering the factors of the aerodynamic per-
formance, quality, and size and according to the 
MDO (Multidisciplinary Design Optimization) 
design ideas, the mathematical model of the multi-
disciplinary design optimization of the dish solar 
concentrator can be described as:

min , ,f X Y( ) (1)

s t g X Y ii. . , , , ,n.( ) ≤ =0 1 2 (2)

Establishing and solving multi-objective func-
tion of dish solar concentrator

Two design goals of positive resistance and qual-
ity are selected. Assuming the blade-cross section is 
divided into n sections, the optimization variables 
are each section of inner radius R1 and thickness t.

Finite element analysis is used to calculate unit 
weight. All units are placed together to determine 
concentrator weight.

f X Y G i

i

N

1
1

, ,( ) =
=
∑ (3)

where N is the unit sum, and Gi is the weight of 
each unit N.

The forced direction of the dish solar concen-
trator can be decomposed into three directions x, y, 

and z. When the dish solar concentrator is in some 
space, the wind force from x, y, and z directions are:

F C X Y
v A

x Fx
= ( ), ,

ρ 2

2
(4)

where C X YFx
,( ) is the resistance coefficient; ρ  is 

the air density, kg/m3; v is the constant wind veloc-
ity, m/s; and A is the condenser frontal area, m2.

F C X Y
v A

y Fy
= ( ), ,

ρ 2

2
(5)

where C X YFy
,( ) is the lateral force coefficient.

F C X Y
v A

z Fz
= ( ), ,

ρ 2

2
(6)

where C X YFz
,( ) is the lift coefficient.

f X Y C X Y
v A

FF
x

x2

2

2
, , .( ) = ( ) = ρ (7)

f X Y C X Y
v A

FF
y

y3

2

2
, , .( ) = ( ) = ρ (8)

f X Y C X Y
v A

FF
z

z4

2

2
, , .( ) = ( ) = ρ (9)

For optimization of the design variables, the fol-
lowing constraint conditions are used:

R R R R R R

t t t t t t
i n

i n

1 1 1 1 1 1

1 2

1 2max min

max min

≥ ≥ ≥ ≥ ≥ ≥

≥ ≥ ≥ ≥ ≥ ≥ ≥



  

 
, (10)

Fig.1. 
The geometric 
parameters of 
condenser
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where R1
min is the least value of the optimization de-

sign of concentrator, R1
max is the highest value of 

the optimization design of concentrator, tmin is the 
least value of the thickness of the optimized con-
denser, and tmax is the highest value of thickness of 
the optimized condenser.

In the process of the unified target function f(X, 
Y), this paper uses a weighting factor method 
to make each target function close to the optimal 
values at various target points:

f X Y w f X Yi i
i

q

, , min,( ) = ( )→∑ (11)

where wi  is the weighting factor of the ith target 
function f X Yi ,( ), and wi is a real number, which is 
more than 0 and less than 1. The size of weighting 
factor depends on the number level and the impor-

tant level of each target function wi
i

q

∑ =1.

The process of seeking weighting factors 
in weighting factor method is a process of deter-
mining the optimal solution. An adaptive chaos op-
timization algorithm can be used to solve weight-
ing factors.

Adaptive chaos optimization algorithm
The value range of weighting factors, namely, 

w1, w2, w3, w4, is determined. The adaptive chaos 
optimization algorithm is used to solve global opti-
mization in Formula (2). Weights w1 and w2 are the 
minimum values of the global optimization. When 
the chaotic function in Formula (11) is used as the 
chaotic model to generate chaotic factors, the times 
of coarse and fine iterations are represented by K1 
and K2, respectively.

x x n n

x x
n n

n n

+ = ( ) =
− ≤ ≤ ≠





1 2 1 2

1 1 0

sin / , , ,
.



(12)

The steps of chaos optimization algorithm of 
adaptive mutative scale are as follows:

Step 1: Initialization. Make K1 = 1, K2 = 1, 
N1 = 1,000, and N2 = 1,000, then place the ran-
domly generated x0 in the chaos model in For-
mula (12). Finally, generate the chaos variable 
x i Mi n,

' , ,+ =( )1 1 .

Step 2: Rough conversion of chaos variables. 
Using Formula (13), change the value range of the 
ith chaos variable from −[ ]1 1,  to design the optimi-
zation of the variable range a bi i,[ ].

x a b a xi n i i i i n,
'

, .+ += + −( )1 1 (13)

Step 3: Coarse iteration research. Make 
x K xi i n1 1( ) = +,

' . Calculate the optimal solu-
tion f Ki 1( ). Then, make x xi i

* = ( )0  and f fi i
* = ( )0 .

If f K fi i1( ) < *, then f f Ki i
* = ( )1 , and x x Ki i

* ;= ( )1  
if f K fi i1( ) > *, then abandon x Ki 1( ). If K N1 1″ , en-
ter the next iteration, K K1 1 1= + ; if K N1 1> , end 
the coarse iteration.

Step 4: Shrinking the search region. Assume:

a x b a

b x b a

i i i i

i i i i

' *

' *
,

= − −( )
= + −( )







φ

φ
(14)

where φ is shrinkage factor, φ ∈( )0 0 5, . .
Ensure that the search range will not be cross 

range when it shrinks, as follows:
If a ai i

' < , then a ai i
' = ; if b bi i

' > , then b bi i
' = .

Therefore, in the new range a bi i
' ',



, do the re-

duction process for xi
*. Then, determine yi

* by for-
mula (9):

y
x a

b a
i

i i

i i

*
* '

' '
.=

−

−
(15)

Step 5: Fine conversion of chaos variables.
After Step 3, fi

* remains unchanged. Using for-
mula (15), take the linear combination of yi

* and 
xi n, +1 as new variables to search:

x y xi n i i i i n,
' *

, ,+ += −( ) +1 11 β β (16)

where βi  is adaptive control coefficient, 0 1< <βi .
For adaptive control coefficient βi  use the fol-

lowing method for adaptive control:

βi

m
K

K
= −

−







1

12

2

, (17)

where m is a non-negative integer. Here, make 
m=2.
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An adaptive control coefficient is introduced 
in the early stage of fine iteration search because 
x x xn1 2, , ,( ) changes often and needs to choose 

larger βi. In the search process, this parameter grad-
ually approaches the optimal point, and small βi  
should be selected. Then, search in a smaller range 
of x x x n

* * *, , ,1 2 ( ) becomes convenient.
Step 6:  Fine iteration search.  Make 

x K xi i n2 1( ) = +,
* , and calculate the optimum solu-

tion f Ki 2( ). If f K fi i2( ) ≤ *, then f f Ki i
* = ( )2 , and 

x x Ki i
* = ( )2 . If f K fi i2( ) > *, then abandon x Ki 2( ). 

If K N2 2″ , enter the next iteration, K K2 2 1= + ; if 
K N2 2> , end the fine iteration.

Through the above process, w1 = 0.4, w2 = 0.2, 
w3 = 0.2, and w4 = 0.2 are known. Thus, the multi-
disciplinary design objective function of dish solar 
concentrator is:

F X Y f X Y f X Y

f X Y f X Y

, . , . ,

. , . , .

( ) = ( ) + ( ) +
+ ( ) + ( )

0 4 0 2

0 2 0 2

1 2

3 4

(18)

3. RESULTS

Written programs are needed to set up the para-
metric model of a dish solar concentrator to achieve 
the optimal design of the concentrator and analyze 
flow, stress, and pressure fields.

This paper takes dish solar concentrator as the 
optimization object. The basic design parameters 
of the concentrator are shown in Table 1. A 420 
parallel is taken to the axial sectional design opti-
mization. In Formula (6), n = 420, R1min= 30 m, 
R1max= 120 m, and t = 0.027 m.

The optimization carries out flow field simula-
tion for 30° height angle and 30 m/s constant wind 
speed; the process evaluates change trends of the 
dish solar concentrator CFx, CFy, and CFz , with 
changes in azimuth before and after the optimiza-

tion. Values in Table 1 are the average value of the 
wind power coefficient of six azimuth angles.

From Table 1, the drag coefficient of the dish so-
lar concentrator is decreased by 20.3%. The later-
al force and lift coefficients increase by 19.3% and 
6.2%, respectively, whereas the mass decreases by 
3.7%. This finding proves that the resistance, lat-
eral force, and lift force of the optimized dish solar 
concentrator become smaller than the former and 
the mass is reduced in the environment of 30° con-
denser height angle and 30 m/s wind speed. Thus, 
in this paper, the concentrator implements mul-
ti-disciplinary optimization.

4. CONCLUSION

This paper establishes a multi-objective func-
tion and a multi-disciplinary optimization design 
model of a dish solar concentrator. Flow field per-
formance and quality of dish solar concentrator 
are compared before and after the optimization. 
In the environment of 30° condenser height an-
gle and 30 m/s wind speed, the dish solar concen-
trator drag coefficient and the mass decreases by 
20.3% and 3.7% respectively, whereas the lateral 
force and lift coefficients increases by 19.3% and 
6.2%, respectively. The resistance, lateral force, 
and lift force of the optimized dish solar concen-
trator become smaller than the former, and the 
mass is reduced. Multi-objective function mul-
ti-disciplinary approach is used to optimally de-
sign the dish solar concentrator. This approach 
lays the foundation for further optimization of 
dish solar concentrator design while promoting 
the development of solar photovoltaic power gene-
ration system. Although the dish solar concentra-
tor is optimally designed, it will suffer from var-
ious external load applications, including sand 
impact, in the long-term operation. Thus, dust 

Table 1. Related parameters of MDO optimization objective

Variable name Initial value Optimization results Improvement degree%

Condenser resistance system CFx 1.55 1.19 -20.3

Condenser side force system CFy -0.98 -1.17 19.3

Concentrator lift system CFz -0.84 -0.77 6.2

Concentrator M /103kg 7.4 7.6 -4.2
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impact reduction should be the focus of future 
research. In addition, this paper only considers 
the condition of condenser elevation angle at 30°; 
hence, further simulation analysis must be per-
formed under different conditions.
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ABSTRACT

This paper analyzes the development trajecto-
ry of the photovoltaic industry in the context of 
an innovation drive; it then studies the causes of 
technological talent aggregation in the photovol-
taic industry in Sichuan province, based on the 
actual situation. The paper is analyzing the pro-
motion of technological talent aggregation. The 
innovation drive is in fact a talent drive. The de-
velopment of the Sichuan photovoltaic industry 
cluster should rely on the knowledge and techno-
logy spillover effect caused by technological talents 
aggregation. To promote the technological talents 
aggregation of Sichuan photovoltaic industry, we 
should start from highlighting the dominant role 
of technological talent in photovoltaic enterpris-
es, enhancing the macro-control of the govern-
ment on technological talents management, im-
proving the coordination of photovoltaic associ-
ations in technological talent management, and 
maximizing the advantage of technological talents 
cultivated by colleges and research institutes.

Keywords: technological talents, aggregation, 
innovative drive, path

1. STATE OF THE ART

Sichuan province established China’s first poly-
silicon production project, with an output capaci-
ty of more than 1,000 tons in 2007 and 14,000 tons 
in 2009, becoming an important polysilicon pro-
duction base. In 2009, the solar cell module at-
tained capacity 100 MW. In May 2010, Chengdu 

became the “National High-tech Industry Base 
of the New Energy Industry.” In October 2012, 
Chengdu Shuangliu Economic Development Zone 
was recognized as the “Innovation Base of New En-
ergy and Reinvigorating Trade through Science and 
Technology.” The Sichuan photovoltaic industry 
has formed a complete industrial chain.

Policies driving the development of the Sichuan 
photovoltaic industry are mainly based on the na-
tional renewable energy policy system framework 
and The 12th Five-year Development Program of the 
Solar Photovoltaic Industry. Local policies of Si-
chuan province include the Development and Con-
struction Plan of Sichuan Photovoltaic Industry, ini-
tiated in 2010, and the 12th Five-year Energy Devel-
opment Plan of Sichuan Province, 2011. In addition, 
the 13th Development Plan of Sichuan Province, to be 
instigated in 2016, also stresses the need to promote 
the development of clean energy industry, and es-
tablish large-scale concentrated utilization and 
small-scale distributed utilization new energy uti-
lization system by focusing on distributed energy, 
smart micro-grid and electric car charging infra-
structure. These policies created the general envi-
ronment that supports development of the Sichuan 
solar photovoltaic industry [1, 2].

2. MECHANISM OF SICHUAN 
PHOTOVOLTAIC DEVELOPMENT 
UNDER AN INNOVATION DRIVE

Driving innovation is strategically important 
for promoting economic development and trans-
formation raised by Chinese government. The es-
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sence of an innovation drive is to use human capital 
to accumulate knowledge and improve technolo-
gy, and use knowledge and technological innova-
tions to advance productivity [3]. As a new energy 
industry, the photovoltaic industry is strategically 
important to the “12th Five-year” and “13th Five-
year” plans of Sichuan. As a large labour province 
with abundant fossil energy, Sichuan is facing an 
important issue, which is resolved would transform 
the economy and promote the great-leap-forward 
development of the photovoltaic industry. Hence, 
this part will focus on the mechanism of Sichuan 
photovoltaic development in the context of an in-
novation drive, and study its motive mechanism [4].

The Sichuan photovoltaic industry is a strate-
gic emerging industry which should be preferen-
tially developed. Currently, there are enterprises 
distributed across the production chain: upstream, 
midstream and downstream of the photovoltaic in-
dustry in Sichuan province. Sichuan has formed 
a complete industry chain. Upstream enterprises 
mainly produce polysilicon, monocrystalline si-
licon, silicon ingots and wafers, etc. Midstream 
enterprises mainly produce photovoltaic cells and 
photovoltaic components. Downstream enterpris-
es mainly produce solar photovoltaic power gene-
ration and photovoltaic application products, etc. 
All of these enterprises should use technological 
innovation to create competitive advantages. The 
basis of technological innovation is related know-
ledge innovation. Compared with technological in-
novation, the process of knowledge innovation is 
more stable, which has particular certainty. Howev-
er, technological innovation has larger uncertainty. 
In Sichuan province, many colleges and research 
institutions have high optical engineering research 
levels, including Sichuan University, University of 
Electronic Science and Technology of China, and 
Southwest Petroleum University.

According to industry cluster theory, industry 
cluster is an economic body and a knowledge com-
plex. In the Sichuan photovoltaic industry clus-
ter, knowledge flows from colleges and scientific 
research institutions to enterprises but also flows 
from individuals to enterprises, from enterprises 
to individuals, or between individuals in the indu-
stry cluster. Optimization of Sichuan photovoltaic 
industry chain is promoted by the knowledge flow 
in the cluster, which is realized through communi-
cation and sharing of information among individ-
uals, enterprises, and individuals with enterprises. 

The flow of knowledge among technological tal-
ents indirectly promotes cluster development in the 
photovoltaic industry.

The conceptual model of the mechanism of Si-
chuan photovoltaic industry development under in-
novative drive is shown in Fig. 1.

3. MOTIVES OF TECHNOLOGICAL 
TALENTS AGGREGATION OF SICHUAN 
PHOTOVOLTAIC INDUSTRY WITHIN 
THE INDUSTRY CLUSTER

Industry clusters result from market resource 
allocation, and industry clustering is the process 
of industry talent aggregation. Technological ta-
lent aggregation in the Sichuan photovoltaic in-
dustry leads to technical advancement and scale 
expansion of the industry cluster. This talent ag-
gregation is produced by the combined action of 
multiple factors.

Regional factor of marginal income difference
According to economic theory, economic fac-

tors flow from lower marginal income regions 
to higher income regions (e.g., the migration of 
the labour force from central and western regions 
to eastern regions over 30 years after the reform and 
opening policy of China). As a special economic 
factor, technological talents adhere to the flow-
ing rule of economic factors and flow from low-
er marginal income regions to higher income re-
gions. As such, the Chengdu-Chongqing economic 
zone in the southwest of China is the most active 
region in the economic development of the whole 
southwest region, which also has a complete pho-
tovoltaic industry chain. As the Chengdu-Chong-
qing economic zone has a fast urbanization process, 
high economic growth and abundant economic el-
emental resources, the marginal income of techno-
logical talents of the photovoltaic industry is high-
er than in other provinces and regions. Hence, the 
talent aggregation of the Sichuan photovoltaic in-
dustry is realistic. Of course, from the angle of the 
whole country, the marginal income of technolo-
gical talent in the Sichuan photovoltaic industry is 
lower than that in the eastern areas, but this diffe-
rence can be compensated in other aspects.

Structure of the industry cluster
The structure of the industry cluster mainly 

consists of the scale of the cluster, horizontal com-
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petition between enterprises, vertical labour and 
cohesion or division of enterprises, and the clus-
ter’s social network. Sichuan has a complete pho-
tovoltaic industry chain, with a reasonable distri-
bution of enterprises upstream, midstream, and 
downstream, a cooperative relationship among en-
terprises, colleges, and scientific research institu-
tions, and smooth contact and cooperative chan-
nels among enterprises. Technological talent can 
flow in freely and reasonably through market re-
source allocation, while enterprises and the go-
vernment create reasonable policies to attract ta-
lent, making it convenient for talent to flow from 
colleges, scientific research institutions, and other 
institutions to the Sichuan photovoltaic industry 
cluster. Hence, the gradual aggregation of tech-
nological talents in the Sichuan photovoltaic in-
dustry is formed with the expansion of the cluster. 
Talent aggregation also provides the driving force 
for innovation in the Sichuan photovoltaic indu-
stry development.

Technological talent environment
From the perspective of human resource ma-

nagement, one of the important factors influenc-
ing technological talent flow is the working and 
living environment. Working and living conditions 
within the Sichuan photovoltaic industry are more 
comfortable than those in eastern regions. First, 
in the aspect of policy environment, Sichuan has 
policies which promote development of the photo-
voltaic industry, including industry investment and 
development, as well as introduction and manage-
ment of technological talent, which create a pre-
ferred policy environment for workers. Second, 
from the aspect of the internal environment of en-
terprises, currently most enterprises in the photo-
voltaic industry chain in Sichuan are supported or 
owned by well-known enterprises in China. These 

enterprises have standard management systems and 
high profitability, and provide favourable work-
ing environments. Additionally, there are two 985 
universities, five 211 universitie s, and many oth-
er universities with majors related to photovolta-
ic in Sichuan. These universities provide training 
and promote opportunities for students, which can 
help their self-development. Finally, from the as-
pect of the living environment, the famous Cheng-
du Plain in Sichuan province is famously known as 
“The Land of Abundance.” The Chengdu–Chong-
qing economic zone has a high economic deve-
lopment level, with beautiful natural scenery and 
a comfortable climate, which are very attractive 
to talented workers from fast-paced areas.

4. A PRACTICAL PATH OF PROMOTING 
TECHNOLOGICAL TALENTS 
AGGREGATION OF SICHUAN 
PHOTOVOLTAIC INDUSTRY

Highlight the dominant role of technological tal-
ents in photovoltaic enterprises

The essence of an innovation drive is talent 
drive. Hence, we need to adhere to a people-orient-
ed policy, highlight the dominant role of technolo-
gical talents in enterprises, and further optimize the 
introduction, management, and flow of technologi-
cal talent. Specifically, enterprises should consider 
this from three aspects. First, positively introduce 
scientific and reasonable talent evaluation systems, 
promotion systems, and other incentive systems 
that conform to market rules, to attract an excel-
lent technological talent flowing into the cluster and 
provide sufficient intellectual support for the deve-
lopment of the industry cluster. Second, optimize 
the talent flow system to promote reasonable flow 
of talent inside the cluster to activate the current 
population of technological talent, and tap their 

Fig.1. Mechanism model of Sichuan photovoltaic industry development in the context of an innovation drive
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potential and establish competitive mechanisms. 
Third, create an enterprise culture, which respects 
knowledge and innovation, and further highlight 
the importance of talented workers in the develop-
ment of photovoltaic enterprises.

Enhance the macro-control of the government 
on technological talent management

The formation of the Sichuan photovoltaic in-
dustry development cluster owes to both the mar-
ket resource allocation and the policy support of 
the government. Hence, in the cluster develop-
ment of Sichuan photovoltaic industry, the pro-
motion of technological talent flowing into the 
cluster can be realized by strengthening the mac-
ro-control of the government on technological 
talent management. Related departments of the 
Sichuan government can increase macro-con-
trol through the following actions. First, improve 
the technological talent management system, in-
cluding hiring, dismissal, and resignation of ta-
lent; standardize mutual legal rights of workers 
and enterprises, including working rights, labour 
remuneration, social security, intellectual proper-
ty protection, etc. Second, use economic meth-
ods to balance the allocation of talents in each 
segment of the industry chain, avoid the central-
ization of talents, and promote the healthy deve-
lopment of the whole chain. Finally, standardize 
the behaviour of market players and market ope-
ration to assure a healthy and reasonable flow of 
talent into and out of the photovoltaic industry, 
and promote the appreciation of human capital 
in the Sichuan photovoltaic industry.

Take full advantage of college and research insti-
tution cultivation of technological talents.

Colleges and research institutions are the 
main sources of high-level technological talent, and 
are the upstream part of technology conversions. 
Positive cultivation of talent can provide abundant 
intellectual resources for the Sichuan photovoltaic 
industry cluster. While we should take advantage of 
these resources to continuously educate talents, we 
should also encourage cooperation among colleges, 
research institutions, and enterprises, in order to re-
alize the connection of technology conversions. We 
should also use these resources to enable lifetime 
learning for workers, promote appreciation of hu-
man capital, and improve the competitiveness of 
the Sichuan photovoltaic industry cluster.

5. CONCLUSION

Technological talent flow in the industry clus-
ter can not only increase the cluster’s and region’s 
human capital but also promote cluster innova-
tion because of technology and knowledge spillo-
ver during the flow and re-allocation of human ca-
pital. In the context if an innovation drive, the de-
velopment of the Sichuan photovoltaic industry is 
largely due to talent drive. In order to further im-
prove the competitiveness of the Sichuan photo-
voltaic industry, we should promote the knowledge 
and technology spillover effects brought by tech-
nological talent aggregation. To promote talent ag-
gregation in the Sichuan photovoltaic industry, we 
should highlight the dominant role of technological 
talent in photovoltaic enterprises, enhance govern-
ment macro-control of technological talent mana-
gement, improve the coordination of photovoltaic 
associations regarding technological talents mana-
gement, and take full advantage of colleges and re-
search institutions’ cultivation of talent.
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ABSTRACT

The current situation of the photovoltaic indu-
stry in China has been evaluated using the struc-
ture, conduct, and performance (SCP) analysis 
paradigm. Results show that the industry presents 
evident industrial chain differentiation characteris-
tics in its market structure, enterprise market con-
duct, and market performance. Thus, the policy 
system framework is based on SCP, and the indus-
trial chain is established. Policy advice is proposed 
to promote the development of the photovoltaic in-
dustry in China along financial, fiscal, technical, 
trade, and industry measures.

Keywords: photovoltaic industry, industrial 
chain, policy system

1. INTRODUCTION

The development trend of the energy indu-
stry is moving away from high energy consump-
tion and high pollution solutions. New renewable 
energy sources have received increased attention. 
Solar energy exhibits the highest potential, espe-
cially in China where solar energy resources are 
abundant. But the development of the photo vol-
taic (PV) industry is influenced by the inertia of the 
traditional energy industry. Since the 1990s, Chi-
nese researchers have focused on actively develop-
ing its PV industry. The decision of accelerating the 
fostering and development of strategic emerging in-
dustries proposed in 2010 incorporated the PV in-
dustry into emerging strategic industries; in 2012, 
the “Twelfth Five-Year” development plan of the so-

lar photovoltaic industry determined the national 
strategic position of the PV industry.

The PV industry in China presents excess pe-
riodic production capacity through its rapid deve-
lopment from 2010 to 2012. Yu believed that the ex-
pansion and excess production capacity of the PV 
industry in China seriously affected global PV in-
dustry policy and caused anti-dumping investiga-
tion [1]. Considering the future development of the 
PV industry, Ling-Chin carried out life cycle anal-
ysis on marine PV industry development to formu-
late an industrial technological development frame-
work [2]. Yang believed that building integrated PVs 
exhibits high potential for development and reali-
zation of long-term benefits [3]. In view of the role 
of government policy in the development of the PV 
industry, Zhao summarized the policy system of 
China’s renewable energy power generation from 
2006 to 2015 and studied the positive influence of 
the national policy on PV industry development [4].

This study posits that the development of Chi-
na’s PV industry is affected by the Chinese mar-
ket structure and the international market environ-
ment. The market and management behaviour of 
PV enterprises in China is restricted by macro po-
licy to a certain extent. Thus, the roles of autono-
my and flexibility are difficult to assume, thereby 
influencing the market performance and industri-
al development. Therefore, this study adopts the 
structure–conduct–performance (SCP) analysis 
paradigm to study the development path of China’s 
PV industry; and establish a corresponding policy 
system to promote long-term and sustainable de-
velopment of the industry.
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2. DATA AND METHODS

Based on the theoretical framework of SCP pa-
radigm and empirical analysis, this paper considers 
the topic from three aspects, namely, market struc-
ture, behaviour, and performance in every link of 
China’s PV industry chain; acquires the status and 
future development path of China’s PV industry 
in terms of SCP; and proposes policy recommen-
dations a for differentiated development of the in-
dustrial chain.

Market structure of China’s PV industry
The market structure is the comprehensive em-

bodiment of market competition and price. This 
research takes market concentration ratio (CR4) 
as the main index for measurement and carries 
out the discussion by combining industrial tech-
nical barriers.

According to the Bain classification method, 
when CR4 is not less than 30%, the industry be-
longs to the definition of an oligopoly industry. This 
study classifies the PV industry chain and records 
market CR of four production processes, includ-
ing silicon material, silicon wafer, PV cells, and 
PV components (Fig. 1; missing data are estima-
ted through power function).

1. The market concentration of each produc-
tion link of PV industry is considerably high. This 
finding is related to the surge in demand for the PV 
industry in 2010 and the installed capacity expan-
sion of the PV power station worldwide. Influenced 
by the international PV industry development, Chi-
na’s small- and medium-sized PV enterprises have 
expanded their production, reducing the market 
share of leading enterprises in the industry.

2. The market concentration degree of each pro-
duction link of the PV industry shows a clear down-
ward trend. The installed capacity of the global PV 
market has reached 18.2 GW with a year-on-year 
growth of 139%. Market demand has stimulated 
investment in the PV industry; thus, a large num-
ber of investors and businesses enter into the PV 
market, reducing the market concentration degree.

3. The market concentration degree and de-
creasing trend of each production link of the PV 
industry have great differences. PV battery pro-
duction process has the lowest market concentra-
tion degree with the most obvious decreasing trend 
before; and now it has decreased below 30%, which 
is close to the competitive market, showing that 

PV battery market in the link is the fiercest com-
petition. This is related to technical requirements 
and barriers of different production processes. Si
licon refining is a typical technology intensive pro-
duction process; while PV cell production has low 
technical requirements, being a labour intensive 
production process.

4. Technical barriers and policies have a great 
impact on industry concentration. In the sili-
con material production link, core technologies, 
which are special raw silicon material and high-pu-
rity silicon, is mainly imported; independent re-
search and development is difficult; and purchase 
of patent technology needs a large amount of mon-
ey. All of which makes it difficult for new enterpris-
es to develop in PV industry upstream. The deve-
lopment advantage of China’s PV industry mainly 
lies in the middle stream manufacturing sector be-
cause of low-technical threshold and cheap labour.

Market conduct of the China’s PV industry
China’s PV industry installed capacity during 

2006 to 2015 has surged from 80 MW to 16,600 
MW. The entire industry shows a momentum of 
capacity expansion and is faced with upstream and 
downstream imbalances of the industrial chain. 
The main raw material of PV power generation – ​
polycrystalline silicon relies on imports; and PV 
industry terminals with extremely low utiliza-
tion rate are mainly responsible for high-ener-
gy consumption, high-pollution manufacturing. 
Therefore, installed capacity surge leads to obvi-
ous capacity surplus and excessive expansion of 
domestic markets.

PV price shows a slow downward trend. PV 
cells and main components in China are exported 
through processing trade; so export is influenced 
more by PV cell price and their components. In ge-
neral, PV product price falls considerably fast, and 
PV products rely on main competitiveness of price 
advantage, leading to lower profits for the indu-
stry overall.

Market performance of China’s PV industry
Gross profit and capacity utilization are used 

to measure market performance of China’s PV 
industry.

The PV industry does not follow a U-curve 
form. Instead, it shows a decreasing trend along 
the industrial chain. The market structure of dif-
ferent links in the industry chain determines prof-
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itability. In terms of gross profit margin, the gross 
margin of production and packaging of PV cells 
and PV components is less than 10%. With all in-
dustries gradually transferring from monopolies 
to competition structures, and with import and ex-
port prices of polycrystalline silicon declining, price 
war at downstream production enterprises is exac-
erbated, leading to further decline in gross margin. 
The economic performance of enterprise decreases 
with industrial chain extension.

With regard to capacity utilization, China’s PV 
industry has been falling behind the global avera-
ge level in various aspects for a long time. Capacity 
utilization is directly related to social performance 
by measuring the efficiency of the whole industry 
and social resources. In the silicon material pro-
duction process, global profit margins for average 
capacity are about 70%, whilst in China it is about 
50% with an upward trend.

3. RESULTS ANALYSIS

Based on SCP analysis paradigm and frame-
work, we have obtained the development status of 
China’s PV industry.

1. The market structure gradually transforms 
from a monopoly to competition structure, with 
the industrial chain from top to bottom, but it is 
influenced by macroeconomic policy, internatio-
nal market, and technical barriers.

2. Installed capacity is increasing annually, and 
the industry demonstrates overcapacity. Also, PV 
product price falls rapidly, and industry profit is 
low.

3. Capacity utilization is catching up with the 
global average level, but the industrial chain is 
mainly concentrated in the middle and lower sec-
tions with low margins, leading to low-economic 
performance of enterprises.

4. Industrial chains of China’s PV industry have 
obvious difference in market SCP, which shows 
obvious link characteristics with different indu-
stry chains. Thus, industrial development poli-
cy should be differentiated according to different 
production processes. Main policy framework is 
shown in Fig. 2.

Industry chain and development policy
Setting installed capacity target should not only 

be aimed at the middle stream manufacturing link, 
but also at PV power network and terminals (num-
ber and proportion of power network; quantity and 
proportion of electricity consumption), taking ad-
vantage of the PV industry products to alleviate 
contradiction between supply and demand of en-
ergy, reduce environmental pollution, adjust en-
ergy structure, and transform economic develop-
ment mode.

Specific development measures are as follows:
1. Financial measures: At industry upstream, 

preferential policies, including financial support, 
financing convenience, and low tax, should be 
provided. In the downstream, networking and use 
of PV electricity should be promoted by stimulat-
ing terminal demand mainly through market me-
chanism, including subsidies on price and energy 
consumption.

Fig.1. Market concentration of the China’s PV industry chain in 2007–2014
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2. Fiscal measures: Financial subsidies and tax 
incentives can be used in the upstream industry; 
and market mechanism is used in the downstream 
to stimulate demand, which can refer to subsidies 
for new energy automobile by directly giving sub-
sidies to sales links of PV power generation system 
or products.

3. Technical measures: Grants for research and 
development and technology introduction can be 
carried out in the upstream industry to encourage 
technological innovation, cut upstream technical 
barriers, and eliminate dependence on internatio-
nal market and international large-scale PV enter-
prises. At the middle and downstream, technology 
update and conduct technological improvements 
should be emphasized to reduce costs based on ex-
isting power grid and power consumption mode.

4. Trade measures: It is necessary for govern-
ment restriction by taking measures of environ-
mental taxes or special tariff. Preferential tariff po-
licy can be used to adjust import and export. For 
international market development, excessive de-
pendence on overseas market should be discour-
aged. Instead, domestic consumer market should 
be encouraged, and technological innovation of do-
mestic enterprises in upstream production should 
be promoted.

5. Industrial measures: Industry upstream and 
midstream encourage market opening, so the 
main role of the government is to establish a mar-
ket environment for fair competition, clear indus-
trial planning, and strict market access condi-
tions. Mandatory measures can be taken to for-
mulate power network policies, forcing some large 

and state-owned enterprises to use PV power 
resources.

Market conduct and excess capacity
The China PV industry presents significant ex-

cess capacity, but it should be critically viewed 
in the context of global economic downturn. Pro-
duction decisions and the overcapacity phenome-
non are largely influenced by installed capacity tar-
get stipulated in PV industry development goals, 
which are results of government’s macroecono-
mic regulation and control. Therefore, periodical 
excess capacity is the process of industry trans-
formation from monopoly to competition modes, 
but it cannot spontaneously achieve equilibrium; 
thus, industry competition should be further pro-
moted and market and price mechanisms should 
be assumed.

4. CONCLUSIONS

The PV industry chain is integral, complex, and 
hierarchical, and the competition environment 
of the upper, middle, and lower reaches transits 
from monopoly to competition with value distri-
bution showing a descending trend. The develop-
ment of the PV industry in China is concentrated 
in the low-end part of the industry value chain, so 
the industrial base is weak; an enterprise innova-
tion system is absent; enterprise financing is diffi-
cult; industry development lacks planning and ma-
nagement; and structural imbalances exist, such as 
capacity imbalance between supply and demand, 
technical bottlenecks, financing chain deficiency 

Fig. 2 Development policy framework of China’s PV industry
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and development disorders. China’s PV industry 
has been in a periodic dilemma.

Due to obvious industry chain characteristics of 
market SCP of the China’s PV industry, the poli-
cy system framework should be established based 
on SCP and industrial chain in the process of po-
licy making; and policies according to sequence 
of industry chain, including measures of finan-
cial, fiscal, technical, trade, and industry, should 
be formulated.
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ABSTRACT

This study analyzes the dilemma of the develop-
ment of the photovoltaic industry in China and its 
consequent pollution. It mainly aims to determine 
how environmental regulations can be implement-
ed while simultaneously developing the photovolta-
ic industry. The paper is written based on a review 
of two literatures. First, the literature on the effect 
of environmental regulations for photovoltaic in-
dustry pollution is classified into five categories, as 
follows: intensity, threshold, time, spatial hetero-
geneity, and contagion effects. Second, the litera-
ture on solutions for environmental regulations of 
pollution caused by the photovoltaic industry pol-
lution is classified into environmental regulation, 
regulation effect, regulation area difference, and 
foreign investment. Finally, lessons learned from 
environmental regulations for photovoltaic indu-
stry pollution in China are presented.

Keywords: environmental regulation, photovol-
taic industry pollution, economic growth

1. INTRODUCTION

The development and use of new energy sources 
is becoming a key issue in the long-term planning 
of the energy revolution in China, considering the 
anticipated energy shortage in the future [1]. Solar 
energy is the cleanest, most reliable, and most se-
cure energy source for the future. The photovolta-
ic industry generates clean and green solar energy. 
However, the development of this industry is con-

troversial because of the possible pollution problem 
that can result from it. The problem lies in whether 
the byproduct polycrystalline silicon production, 
i.e., silicon tetrachloride, can be properly treated 
and recycled. The current production technolo-
gy for polycrystalline silicon is called the modi-
fied Siemens process. In this process, 10 to 20 tons 
of silicon tetrachloride is generated to produce 
a ton of polycrystalline silicon. If a production en-
terprise has a low levels of control, then harmful 
substances such as silicon tetrachloride, hydrogen 
chloride, and chlorine are likely to spill, thereby 
leading to high potential danger and high recycling 
cost [2]. However, controlling pollution requires 
considerable investment, which poses a challenge 
to certain enterprises. International market com-
petition is fierce, and thus, the key is to upgrade 
the technology of production. However, most en-
terprises lack the motivation to do so considering 
the high cost of such an upgrade; hence, external 
pressure can push enterprises to include technolo-
gical improvement in their strategy. Consequent-
ly, enterprises should search for technologies and 
methods that can improve the resource utiliza-
tion rate to reduce waste or find means to turn 
waste into useable products to reduce produc-
tion cost [3]. To achieve such technology, enter-
prises must be guided to innovate under appropri-
ate environmental regulations. Thus, the key to the 
development of the photovoltaic industry is enter-
prise cost and external regulation, which also drive 
healthy industrial development [4].
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2. LITERATURE REVIEW ON THE 
EFFECT OF ENVIRONMENTAL 
REGULATIONS ON POLLUTION IN THE 
PHOTOVOLTAIC INDUSTRY

Intensity effect: The effect of regulations varies for 
different intensities of pollution by producers

A Kuznets U-type curve is formed for the rela-
tionship between the intensity of environmental re-
gulation and technological innovation. The Porter 
hypothesis can only be realized when the former 
reaches a certain threshold. Enterprises can be clas-
sified according to their scale of pollution into se-
riously, moderately, and mildly polluting. The key 
is to determine whether these enterprises break the 
inflection point of the U-type curve under different 
intensities of environmental regulations [5]. When 
the intensity of an environmental regulation is rea-
sonable, the rate of green total factor productivity, 
technological innovation, and efficiency improve-
ment of the industry can be promoted.

Threshold effect: The threshold of economies of 
scale must be suited to small enterprises

The level of economic development remains the 
main factor that influences technological innova-
tion. Testing through the threshold effect indicates 
that strict environmental regulation is effective only 
when a country or a region reaches a certain eco-
nomic level. Such a scenario is the necessary con-
dition for the Porter hypothesis. Certain econo-
mic scales cannot be realized through inefficient 
economic growth. Instead, they should be realized 
via technological innovation and a new type of in-
dustrial development when considering the degree 
of economic development.

Period effect: Environmental regulation has short- 
and long-term effects

Research on production efficiency indicates that 
environmental regulation will increase produc-
tion costs and exert a crowding-out effect on pro-
ductive investment. In the short term, enterprises 
fulfill their environmental obligation under environ-
mental regulations, turn external cost into internal 
cost, and increase their production costs. Howev-
er, faced with uncertainty about the effectiveness 
of reform, environmental regulations influence the 
technological innovation of enterprises and indi-
rectly affect their production efficiency. By con-
trast, other studies have shown that environmental 

regulations have a hysteretic quality toward econo-
mic development and technological advancement. 
These studies demonstrate that production rate will 
increase gradually over time when environmen-
tal regulations adjust to technological innovation.

Spatial heterogeneity effect: Enterprises can 
choose spatial transference for different environ-
mental regulations

The adverse effect of environmental regula-
tions on the competitiveness of enterprises may 
cause them to lose market share; the effect may 
also prompt enterprises to invest in countries and 
regions with relaxed environmental regulations. If 
certain countries or regions implement strict en-
vironmental regulation standards, then producers 
must reduce environmental pollution, internalize 
pollution cost, and increase relevant investment. 
Such changes increase production cost in that 
country or region, which may also comprise the 
funds of other projects with potential revenues. 
Compared with countries and regions with relaxed 
environmental regulations, those with strict envi-
ronmental regulations will influence the produc-
tion efficiency and competitiveness of similar in-
dustries, thereby decreasing the competitiveness of 
enterprises in the international market.

Contagion effect: Technological innovations and 
structural changes in an industrial development mo-
del are enforced by environmental regulations

Individual enterprises encounter increasing 
difficulties in realizing mutually beneficial results 
between environment protection and competitive-
ness as environmental treatment cost increase. The 
government forces enterprises to implement envi-
ronmentally responsible strategies through envi-
ronmental regulations. To obtain maximum pro-
fit, enterprises adopt technological innovations 
to improve their competitiveness. Environmental 
regulations exert a contagion effect, which leads 
to structural changes in an industrial develop-
ment model.

3. LITERATURE REVIEW 
OF ENVIRONMENTAL REGULATIONS 
FOR PHOTOVOLTAIC INDUSTRY 
POLLUTION

Environmental regulations aim to force technolo-
gical advancement once enterprises cross the threshold
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Can environmental regulations promote tech-
nological advances? The relationship between en-
vironmental regulation and technological advances 
in China can be described by a U-type curve, which 
indicates that when the intensity of an environmen-
tal regulation increases, technological advance-
ment will initially decrease, and then increase. The 
strength of environmental regulations in China is 
located in the declining part of the U-type curve, 
which is far below the inflection point. Environ-
mental regulations have an inhibiting effect on tech-
nological innovation, thereby indicating that the 
intensity of environmental regulations remains at 
a low level. Increasing the intensity of government 
environmental regulations for enterprises can pro-
mote the sustainable development of technologi-
cal innovation. Simultaneously, different forms of 
environmental regulations influence the amplitude 
of variation and the inflection point of the U-type-
curve relationship between environmental regula-
tion and technological advancement. The spatial 
heterogeneity effect of different regions demon-
strates that the influence of the intensity of envi-
ronmental regulations on technology lies in geog-
raphy. The relationship between the intensity of 
environmental regulation and technological in-
novation in eastern and central China conforms 
to a U-type curve, whereas the U-type curve rela-
tionship in western China is insignificant. The in-
tensity of environmental regulations in all the re-
gions is below the inflection point. However, the 
intensity of environmental regulations in eastern 
China is higher than the national average level, 
whereas that in central China is lower.

Effect of environmental regulation transmis-
sion mechanism: Innovation compensation and tech-
nology overflow

Does the indirect technological advancement of 
an environmental regulation have an evident effect 
on technological overflow? The effect of overall en-
vironmental regulation on technological advance-
ment in China cannot fully benefit from technolo-
gical overflow because of the uncertainty in the cost 
effect and the Porter hypothesis that follow techno-
logical advancement. In terms of the structural ef-
fect, the consumption structure cross item is nega-
tive, which indicates that environmental regulations 
in China cannot enforce the upgrade of industri-
al structures at present. Instead, the industrial re-
verse elimination effect occurs because of industri-

al transference. The capital-intensive characteristic 
of the photovoltaic industry leads to an unapparent 
effect of element investment structure on the en-
ergy-saving effect from environmental regulations. 
The future trend of energy consumption structures 
is oriented toward energy conservation. When the 
energy consumption structure is adjusted, envi-
ronmental regulations produce an apparent ener-
gy-saving effect and huge potential for more sus-
tainable development.

Regional regulation strategies vary at different de-
velopment stages in various regions

Do evident differences exist in regional econo-
mic development models? The economic develop-
ment model for coastal areas is transforming, dri-
ven by the total productivity factor. By contrast, no 
improvement occurs from relying on considerable 
element investment in inland areas, and thus, the 
development model for inland areas is inefficient. 
The relatively strict environmental regulations 
in coastal provinces lead to the innovation com-
pensation effect. However, inland provinces are 
more likely to encounter the paradox of resources 
because of their rich resources and unique indus-
trial structures. By contrast, photovoltaic industry 
regulation in coastal provinces strongly promotes 
an increase in total green productivity factor. More-
over, interaction already occurs between environ-
mental regulation and technological advancement. 
In regional relationships, different regions can con-
nect with one another via the environmental me-
dium, which results in the issue of environmental 
decisions in certain regions influencing the econo-
mic decisions of another region.

Environmental regulations require comprehen-
sive design and implementation given a combina-
tion of environmental policy tools that consider the 
optimization of differences in the environmental 
regulations in various regions and their feedback in-
teraction. Simultaneously, we should also consider 
the coordination between the interaction and bene-
fit of environmental regulations in different regions.

Environmental regulations and foreign investment: 
Environmental access regulation and environmental 
technological overflow regulation

Do different combinations of environmental ac-
cess regulation and technological overflow regu-
lation have the same effect? Research shows that 
when environmental access regulation is lacking, 
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foreign investment can lead to environmental pol-
lution. Similarly, when technological overflow re-
gulation is lacking, foreign investment will find it 
difficult to realize technological overflow. When en-
vironmental access regulations increase foreign in-
vestment cost, foreign investors can either conduct 
green innovation activities to decrease cost and in-
crease revenue or transfer to areas with less environ-
mental access regulations. However, if all the re-
gions implement environmental access regulations, 
then foreign investors can only conduct green in-
novation activities. Similarly, when technological 
overflow regulations increase foreign investment 
cost, foreign investors can either promote techno-
logical overflow to reduce cost and increase revenue 
or transfer to areas with less technological overflow 
regulation. Evidently, the effect of a regulation will 
vary considerably with different intensities.

4. CONCLUSION

The literature review on environmental regu-
lations for photovoltaic industry pollution in Chi-
na indicates that such regulations have an intensi-
ty effect. For the photovoltaic industry, which has 
varying pollution intensities, the issue of match-
ing intensity with environmental regulations ari-
ses. Only when environmental regulation intensity 
reaches a certain threshold level can environmental 
regulations promote technological innovation in the 
photovoltaic industry. The period effect is observed, 
which indicates that environmental regulations for 
photovoltaic industry pollution can reduce the pro-

duction efficiency of an enterprise in the short term. 
The spatial heterogeneity effect also occurs, which 
refers to the negative effect of environmental regu-
lations on the competitiveness of photovoltaic en-
terprises, thereby prompting enterprises to invest 
in countries and regions with relaxed environmen-
tal regulations. The contagion effect, which leads 
to structural changes in industrial development 
models, also exists.
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ABSTRACT

To build proper photovoltaic (PV) and Li-
ion cells models are essential in predicting beha-
viors under various operating conditions, avoiding 
unsafe operations, and developing proper control 
algorithms and maintenance strategies. This paper 
analyzes the equivalent circuit and kinematic the-
ory for extracting parameters, along with their re-
spective advantages and limitations, for modeling 
PV cells. In addition, this paper presents a com-
prehensive review and discussion of Li-ion cell 
modeling methods, mechanisms, and characteris-
tics. Partnership for a New Generation of Vehicles 
(PNGV) model can easily be obtained and is most 
widely used in cell management systems.

Keywords: PV cell, Li-ion cell, model

1. INTRODUCTION

With widespread applications of proper photo-
voltaic (PV) power generation and micro-grid sys-
tems, PV cell and Li-ion cell models have been the 
topic of much research [1]. Studies have shown that 
the nonlinear features of the PV cells output are in-
fluenced by light intensity, ambient temperature, 
and workloads. Under certain light intensities and 
ambient temperatures, PV cells operate at different 
output voltages. However, only at a certain value of 
output voltage, the output power can reach its ma-
ximum value. The real output power-generation de-
vices vary with changes in light intensity; during the 

daytime, when light intensity is the strongest, the 
power-generation devices output the highest pow-
er, whereas, during the nighttime, in the absence 
of light, power output is nearly zero. Thus, apart 
from equipment failure, power output is affected by 
natural factors such as sunlight, weather, seasons, 
and temperature. Therefore, it is highly necessary 
to study the characteristics of PV cells, particular-
ly output characteristics [1–3].

Most studies on Li-ion cell models analyze us-
age and management rather than design and pro-
duction. As such, the equivalent circuit model is 
generally studied through the application of circuit 
and mathematical methods and, therefore, has be-
come the most widely adopted Li-ion cell model. 
Reference [4] introduces several typical equivalent 
circuit models and presents a universal cell model. 
Reference [5] develops a modified equivalent cir-
cuit model based on the typical ones.

In this review, numerous PV and Li-ion cell 
equivalent circuit models are introduced in de-
tail along with their advantages and disadvantages.

2. MODELS UNDER ANALYSIS

2.1. models of PV cells

At present, the models of PV cell are main-
ly classified into two categories, namely, the ex-
ternal characteristic model and the flat parabolic 
motion model. The external characteristic model 
obtains an equivalent model circuit on the basis of 
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operation output characteristics. A diode and a cur-
rent source are used to build a primitive model of 
a PV cell, as shown in Fig.1(a). The main parame-
ters in this model are Iph, the photo-current; ID, 
the dark current; IL, the load current of the PV cell; 
Uoc, the open circuit voltage of the PV cell; and RL, 
the load. When current flows through PV panels, 
it causes series loss inside the PV panels, which is 
represented by series resistance, Rs. A parallel re-
sistance, Rsh, represents the leakage current effect. 
Thus, as shown in Fig.1 (b), a more accurate equi-
valent circuit model of PV cells is evolved.

According to the PV cell model shown 
in Fig.1(b), the mathematical model of the cur-
rent and voltage of the equivalent circuit can be 
established directly,

I I qU AkTD D= ( )− 0 1exp / . (1)

I I I qU kT

U R

L ph D

D sh

= − ( )−  −

−
0 1exp /

/ .
(2)

U U I RD OC L S= + . (3)

I I qU AKTSC OC= ( )− 0 1exp / . (4)

U AkT I I qOC SC= +( )ln / / ,0 1 (5)

where, I0 is the reverse saturation current of the 
internal equivalent diode of the PV cell and is re-
garded as a constant; ISC is the internal short-cir-
cuit current of the PV cell and is defined as the 
current flowing through the output terminal under 
the condition of output short circuit (RL=0) when 
the PV cell is subjected to irradiation of a standard 
light source.

Some studies note that Iph equals ISC in the 
equivalent circuit model, which is an approxima-
tion that ignores the reverse-leakage current that 
flows through the diode at the time of the out-
put short circuit of the equivalent circuit; q is the 
electron charge, and q = 1.6 × 10–19C; k is the 
Boltzmann constant; T is the ambient temperature 
for the PV cell; and A is the internal P–N junc-
tion curve of PV cell. RS decreases to 0 under the 
ideal condition, whereas Rsh increases to infinity.

A PV cell can be depicted as a nonlinear DC 
source and is regarded as a constant current source 
approximately before it reaches the maximum pow-
er point and as a constant voltage source after the 
maximum power point. The characteristic curve 
of a PV cell is greatly similar to that of the trajec-
tory curve of flat parabolic motion of particles [6]. 
As shown in Fig. 2, the V–I characteristic curve of 
a PV cell and the trajectory curve of flat parabo-
lic motion of particles are plotted in the same co-
ordinate system and can be divided into three sec-
tions on an abscissa, with each section in a differ-
ent gravity field. The assumption that the particle 
is thrown horizontally from the short circuit cur-
rent point (0, Isc), and then this action can induce 
a curve similar to that of a real characteristic curve.

On the basis of kinematic theory, it can be de-
duced, see Eqn. 6-7.

Where, V is the output voltage; Io is the output 
current in the interval 0 < V ≤ λVm; I1 is the output 
current in the interval λVm < V ≤ Vm; and I2 is the 
output current of a PV cell in the interval Vm < V ≤ 
Voc. Even when environmental conditions change, 
the location points through g0 and g1 adjust auto-
matically. Therefore, these conditions could also 
ensure that the curves are well fitted for the dyna-
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mic model and the theoretical model near the ma-
ximum power point.

2.2. Models of Li-ion cells

Li-ion cell equivalent circuit models are used 
to describe the working characteristics of a Li-
ion cell through a circuit based on cell working 
principles. This review focuses on the RC, Thev-
enin, and Partnership for a New Generation of Ve-
hicles (PNGV) models [7].

An RC model consists of two capacitances and 
three resistances, as shown in Fig. 3(a) [8]. Large 
capacitance, Cb, describes the ability of a Li-ion cell 
to store electric charges; capacitance Cs represents 
the surface capacity and diffusion effect of the Li-
ion cell; Rt is the terminal resistance; Rs is the sur-
face resistance; and Re is the end resistance. Volt-
ages, VCb and VCs, at both ends of the two capac-

itances are the status variables; terminal current, 
IL, is the input variable; and terminal voltage, VL, 
is the output variable. The RC model state-space 
equation is deduced based on Kirchhoff’s law as 
follows, see Eqn. 8.

The Thevenin model, depicted in Fig. 3(b), is 
a commonly used model [9]. This model describes 
the Li-ion cell open-circuit voltage (OCV) through 
an ideal voltage source and uses a series resistance 
Ro and an RC parallel network to predict the re-
sponse of the Li-ion cell to the instantaneous load 
at a certain state of charge (SOC). Voltage VCp at 
both ends of capacitance Cp is the state variable, 
terminal current IL is the input variable, and ter-
minal voltage VL is the output variable. According 
to Kirchhoff’s law, the Thevenin model state-space 
equation is deduced.

V
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1 1
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The PNGV model is obtained by adding a ca-
pacitor Co to the Thevenin model as depicted 
in Fig. 3(c) [10]. This model is of distinct physi-
cal significance in which the ideal voltage source 
OCV indicates the Li-ion cell’s OCV, resistance 
Ro is the cell’s ohmic internal resistance, resist-
ance Rp is the polarization internal resistance, ca-
pacitance Cp is the polarization capacity, IL is the 

Fig. 2. Dynamic model of a PV cell

Fig.1. (a) Simple model of a PV cell; (b) an equivalent circuit model of a PV cell
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load current, Ip is the polarization current, VL is 
the terminal voltage, and capacitance Co refers 
to the changes in OCV caused by the timely inte-
gration of load current IL. When the Li-ion cell 
is at a charging or discharging state, the accumu-
lation of its current with time changes the SOC, 
which in turn further changes the cell’s OCV 
shown as voltage changes on capacitor Co. In this 
model, capacitance Co represents not only the ca-
pacity of the Li-ion cell but also its direct current 
response, thereby compensating for the deficien-
cies of the Thevenin model.

Voltage, VCo, at both ends of capacitance Co 
and voltage VCp at both ends of capacitance Cp, are 
the state variables; terminal current, IL, is the in-
put variable; and terminal voltage, VL, is the out-
put variable. The PNGV model state-space equa-
tion is deduced on the basis of Kirchhoff’s law. 
The PNGV model is the Li-ion cell model intro-
duced by USA PNGV and Freedom CAR hybrid 
electric vehicles, which has a number of signifi-
cant influences.
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3. RESULTS

A comparison of the various models of PV and 
Li-ion cells shows the following results. In the equi-
valent circuit model of a PV cell, each parameter 
has a clear physical meaning. However, the para-
meters and equations include so many multiple log-

arithmic and exponential operations that computa-
tions for CPUs can be challenging. Compared with 
the circuit model of a PV cell, the dynamic model 
requires only the relevant cell data from the cell 
manufacturer and provides a universal formula for 
the calculation for a more convenient method for 
reproducing the output characteristic curve under 
different conditions. With the help of the dynamic 
model, computation time is cut by half, which can 
facilitate the controlling devices to speed up the re-
al-time response during the calculation. Whereas, 
the Li-ion cell RC model fails to describe the rela-
tionship between the OCV and SOC of the cell, it 
can be used to establish an extended Kalman filter 
and develop a sliding mode controller for the Li-
ion cell SOC estimation [11]. The Thevenin model 
is simple and extensively used. However, if the OCV 
does not change with the SOC, then the model can 
only be used to describe the temporary responses 
of the Li-ion cell at a certain SOC. Therefore, it 
cannot be used to predict operation duration and 
charge and discharge management. Compared with 
the RC and Thevenin models, the PNGV model 
clearly describes the physical significance of the 
cell, and parameter identification experiments can 
be performed easily with high accuracy. As such, 
this model is among the most popular.

4. CONCLUSIONS

Proper models of PV and Li-ion cells are essen-
tial for simulating their behaviours and characte-
ristics. This review collects equivalent circuit mo-
dels of PV and Li-ion cells. In particular, the mo-
dels are thoroughly described and their respective 
advantages and disadvantages are analyzed. The 
main results are as follows:

– In the equivalent circuit model of a PV cell, 
the physical meaning of each parameter is clear; 
however, its parameters and equations include loga-

Fig. 3. (a) RC Model; (b) Thevenin Model; and (c) PNGV Model
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rithmic and exponential operations. Therefore, this 
model is not suitable for computation.

– The parameters of a dynamic model for a PV 
cell are easily obtained, and its equations are simple. 
Therefore, this model is suitable for computation.

– In the Li-ion cell model, the PNGV model 
clearly describes physical significance of cell and 
parameter identification experiments and can be 
performed easily with high accuracy. Therefore, 
this model is one of the most popular.
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ABSTRACT

The photovoltaic industry in China has exhi-
bited remarkable growth in recent years, ranking 
first in production volume, yet its production effi-
ciency remains low. We analyzed 34 listed photo-
voltaic firms in China and found that their R&D 
investment efficiencies are significantly below the 
efficient frontier. Shortage of R&D staff and in-
sufficient R&D expenditure are the key issues re-
sponsible for this phenomenon. We posit that the 
efficiency of Chinese photovoltaic firms can be im-
proved by innovation the existing technology, de-
veloping downstream business, and introducing 
new products.

Keywords: Photovoltaic Industry, Photovoltaic 
Firm, Innovation Efficiency

1. INTRODUCTION

The photovoltaic industry in China began 
to flourish in the 1970s, and its productivity has 
been demonstrating unprecedented growth since 
2007. Since then, the annual total production of 
Chinese photovoltaic enterprises has constantly 
ranked first worldwide. However, these photovol-
taic firms are facing problems relating to heavy en-
ergy-consumption, heavy pollution, and high pro-
duction cost. Moreover, many of these enterprises 
focused more on innovation investments, such as 
expanding the R&D investment scale, consequent-
ly neglecting their innovation efficiency, which is 
essential for the sustainable growth of such firms. 
Numerous scholars have focused on solar energy 

conversion efficiency and photovoltaic technology 
innovation, financing efficiency, financial and busi-
ness performances, and competitiveness of pho-
tovoltaic enterprises [1–3]. However, few studies 
have been conducted on the innovation efficien-
cy of photovoltaic firms. Therefore, in view of the 
lack of resources for innovation, the study of inno-
vation efficiency is important for enhancing the de-
velopment of China’s photovoltaic industry.

In this paper, we focus on the photovoltaic firms 
listed in the Chinese Stock Market and analyze 
their innovation efficiencies by constructing an in-
novation efficiency index based on Data Envelop-
ment Analysis (DEA). Our empirical results reveal 
that the majority of these companies show poor 
innovation efficiencies. To determine the causes 
of this, we evaluate the firms’ efficiencies and use 
return to scale analysis and projection analysis. 
We then offer several conclusions and suggestions 
on how to improve firm efficiency.

2.	 EVALUATION INDEX AND RESEARCH 
METHODOLOGY

2.1. Evaluation index

Many innovation efficiency evaluation index 
systems have been established. For innovation in-
put indices, most scholars choose R&D staff quan-
tity and R&D expenditure. However, scholars 
tend to choose different output indexes. Some 
consider quantity of patents granted as part of the 
output, whereas others use the number of patent 
applications.
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We believe that the number of patent applica-
tions outweighs the number of patent granted, be-
cause patents granted indicate the firm’s past in-
novation capability, whereas patent applications 
verify the present innovation potential of a compa-
ny. New product revenue is another output index 
used by scholars [4]. However, in the real produc-
tion scheduling process, a time lag is present be-
tween the current R&D investment input and new 
product output. For example, if a new product cre-
ation process lasts for many years, the current year’s 
investment and the new product output may not be 
in the same fiscal year. Therefore, we choose total 
product revenue as our innovation output index.

Table 1. Innovation efficiency evaluation index

Primary 
index Secondary index Tertiary index

Innovation 
input

Labour force 
input R&D staff

Funding input R&D cost

Innovation 
output

Product output Product revenue

Patent output No. of Patent 
application

We construct an innovation efficiency evalua-
tion index based on characteristics of photovolta-
ic firms, as shown in Table 1. This innovation effi-
ciency evaluation index includes innovation input 
and output variables. The innovation input index 
is composed of labour force input and funding in-
put, which are represented by R&D staff and R&D 
cost, respectively. Product revenue and number of 
patent applications indicate a firm’s product and 
patent output, which consist of innovation output.

2.2. Research methodology

Efficiency is measured by parametric and 
non-parametric methods, represented by Stochas-
tic Frontier Analysis (SFA) and DEA, respectively. 
Compared with parametric method, DEA is more 
flexible for handling models containing multiple 
output and input variables, and this technique does 
not impose an explicit function form on the effi-
cient frontier. Thus, DEA is more appropriate for 
evaluating photovoltaic firm innovation efficiency 
in China. C2R and BC2 are two widely used mo-
dels in DEA. For n to be evaluated decision-mak-

ing units each has m input and n output variables. 
The equation for final results is as follows:
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The Charnes-Cooper (1978) [5] conversion is 
used to convert Equation (1). Then, by introduc-
ing a slack variable s+ and a residual variable s-, the 
inequality constraint can be transformed into the 
following equality constraint:
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The efficiency status can be evaluated by using 
the optimal solutions of Equation (2), namely, θ0, 
λ0, s0+, s0-.

First, given the uncertainty of the marginal rev-
enue of innovation in photovoltaic firms, the C2R 
model is used to calculate photovoltaic firm inno-
vation efficiency. Then, Σλj=1 is plugged into the 
C2R model to derive the B2C model, which mea-
sures innovation technical efficiency. After which, 
innovation efficiency is decomposed into pure tech-
nical efficiency and scale efficiency. On the basis of 
the results, return to scale can be constant, increa-
sing, or decreasing.
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3. EMPIRICAL ANALYSIS

3.1. Data source

Eighty photovoltaic enterprises are listed in the 
Chinese Stock Market in 2015. After their annual 
reports and daily announcements are examined, 
only 34 companies are considered appropriate for 
the empirical study, because 12 firms had only been 
involved in the photovoltaic business that year, 
and the other 34 firms did not report any informa-
tion on patent applications.

Table 2 shows the input and output data for the 
period of study used to derive efficiency scores. 
The minimum value of R&D personnel is 93, 
and the maximum can be 20 times as large as the 
minimum. The minimum of R&D expenditure is 
CNY11.8 million, and the maximum is approxi-
mately CNY1.3 billion. The minimum of product 
revenue is CNY31.79 million, and the maximum is 
CNY22.52 billion. The minimum of patent applica-
tions is 1, the maximum is 177. All of these figures 
illustrate that the listed photovoltaic firms in Chi-
na have tremendously diverse input/output range.

3.2. Efficiency evaluation

The input-oriented C2R and BC2 models are 
used to derive the innovation efficiency, technical 
efficiency, and scale efficiency values through the 
DEAP 2.1 software. The average efficiency values 
of the sample firms are shown in Table 3.

The innovation efficiency value is equal to the 
technical efficiency value multiplied by the scale 
efficiency value. In Table 3, the mean value of in-
novation efficiency (0.513), innovation technical 

efficiency (0.685), and innovation scale efficiency 
(0.724) is less than 1, indicating that the innova-
tion activities of these firms proceed inefficiently. 
The relatively low result of innovation efficiency 
comes from the small value of innovation techni-
cal efficiency, and the innovation scale efficien-
cy is closer to the efficient frontier. These findings 
reflect that Chinese photovoltaic firms are depen-
ding on large-scale investment, rather than techni-
cal breakthroughs, to facilitate innovation progress. 

Table 2. Chinese photovoltic enterprise  
innovation output and input data descriptive 

Statistics in 2015

Index Min. Max. Mean

R&D staff 93 1956 511

R&D cost 1180 129443 17632

Product revenue 3179 2251813 353525

No. of Patent 
application 1 177 54

Note: R&D cost unit and product revenue unit are 
CNY10 thousand. Staff unit is person, and No. of patent 
applications is piece.

Table 3. China’s photovoltic enterprise innovation 
efficiency evaluation in 2015

Efficiency Name Mean Firms

Innovation efficiency 0.513 16

Technical efficiency 0.685 18

Scale efficiency 0.724 20

Note: “Firms” represent the number of firms whose 
efficiency value is larger than the mean.

Table 4. Enterprise innovation efficiency classification

Efficiency 1 0.8–1 0.4–0.8 0.2–0.4 >0.2

Innovation 
efficiency

Firms 6 2 11 7 8

Pro.(%) 17.7 5.9 32.4 20.6 23.5

Technical 
efficiency

Firms 12 3 12 6 1

Pro.(%) 35.3 8.8 35.3 17.7 3.0

Scale efficiency
Firms 6 11 10 5 2

Pro.(%) 17.7 32.4 29.4 14.7 5.9

Note: Valuation of efficiency value being 1 is “Good”, the valuation for 0.8–1is “Fair”, the valuation 
for 0.4–0.8 is “Average”, the valuation for 0.2–0.4 is “Poor”, and the valuation for value below 0.2 is 
“Bad”.
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In Table 3, the last column indicates that around 
half of the total firms’ innovation efficiency values 
are less than the mean.

Table 4 illustrates that the innovation efficien-
cy of six firms are on the efficient frontier and the 
value is 1, but more than 80% of the firms are in-
novation inefficient. Approximately one-third of 
photovoltaic enterprises have technical efficiency 
values of 1, and the rest are technical inefficient. 
Nearly half of the firms’ scale efficiency values are 
approximately close to the scale efficient frontier.

3.3. Return to scale analysis

Table 5 show that among 34 photovoltaic com-
panies, six firms have constant return to scale; that 
is, 18% of total companies can be found at the point 
of optimum scale efficiency.

Twenty-three companies exhibited an increa-
sing return to scale, indicating that firms are un-
der investing in innovation, thereby keeping scale 
efficiency low. Expanding the scale of investment 
is the only solution to this problem.

3.4. Projection analysis

By scanning and comparing the redundancy 
rate of each variable, the factors causing companies 
to be non-DEA-efficient can be identified through 
projection analysis. Moreover, solutions to these is-
sues can be posited based on the analysis.

Table 6 illustrates the redundancy rate of the 
sample firms. As shown, 21 and 20 firms current-
ly suffer from redundancy of R&D staff and R&D 
cost, respectively. The main factor causing DEA in-
efficiency is redundancy in both R&D staff and 
R&D cost. Inefficiency in scale efficiency value 
is caused by the same reason found in the return 
to scale analysis. As for the technical efficiency va-
lue, the redundancy indicates the insufficient quan-
tity of R&D personnel.

4. CONCLUSION

In the photovoltaic industry, nearly all compa-
nies are boosting their investments in the photo-
voltaic business, but not everyone is reaching the 
efficiency frontier. As discussed, although most 
photovoltaic companies have difficulty realizing 
efficiency in the innovation technical aspect, they 
remain focused on manufacturing products instead 

of technology breakthroughs. Although the increa-
sing demand is promising for the future of the pho-
tovoltaic industry, a negative influence is begin-
ning to emerge from the decreasing return to scale 
because of the mismatch between the unceasingly 
expanding production size and the corresponding 
market demand. In addition, photovoltaic compa-
nies in China mainly are centred on the upstream, 
such as photovoltaic device components and photo-
voltaic battery manufacturing. However, the down-
stream is more profitable, where companies can 
transmit the power gathered by photovoltaic devices 
to households, factories, etc. As a result, compa-
nies should consider moving their resources to the 
downstream and expand their size there to enjoy 
profits from increasing return to scale.

The study can be summarized with some con-
clusions and suggestions. Chinese photovoltaic 
firms should exert more effort on developing tech-
nological breakthroughs. At present, prices of pho-
tovoltaic products have become low. Without fur-
ther improvements and technology innovation, 
companies may no longer profit from the photo-
voltaic business. The photovoltaic core technology 
and material for Chinese firms are imported from 
European and US markets, and the main consu-
mers of photovoltaic products are from Europe and 
the US. Firms in China can readjust the size of up-
stream development and add resources to support 
downstream growth, i.e., “create internal demand”. 
They can also consider introducing new technolo-
gies, and they can vary photovoltaic product types 
and introduce wider selections.

Table 5. Innovation return to scale analysis

Return to scale Firms Pro.

Constant 6 18%

Increasing 23 68%

Decreasing 5 14%

Table 6. Projection analysis

Projection distribution Firms Pro.

Input surplus
R&D staff 21 62%

R&D cost 20 59%

Output 
scarcity

Product revenue 9 26%

No. of patent 
application 0 0%
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ABSTRACT

Existing literature has not yet reached a con-
sensus on whether or not government policies can 
promote industrial development. In this study, 
we combed the government’s industrial policies 
in the light-emitting diode (LED) industry of ma-
jor countries and regions, and then analyzed their 
positive and negative effects on the development 
of this industry. Government support of the LED 
industry is not conducive to its healthy develop-
ment. The influence should be divided between 
the government and the market in accordance with 
their comparative advantages. The government 
should comply with and assist the market as well 
as aim toward a dynamic division of the industri-
al chain between regions based on their compara-
tive advantages.

Keywords: light source, LED, industrial policies, 
government failure, market mechanism

1. INTRODUCTION

Light-emitting diodes (LEDs) were introduced 
in the 1960s. Given the potential market value of 
the LED industry, it is not only favoured by inves-
tors but also identified as a strategic high-tech in-
dustry by governments in many countries. This in-
dustry has also received substantial support in forms 
of technology research, patent protection, market 
development, and tax incentives.

This paper is organized as follows. Section 1 
briefly describes LED and presents the research 

questions. Section 2 discusses LED industrial poli-
cies in major countries and regions. Section 3 ana-
lyzes the functions of these policies. Section 4 de-
fines the role of the government based on the com-
parative advantages and dynamic division of the 
industrial chain of the LED industry. Section 5 
concludes the paper.

2. LED INDUSTRY POLICIES IN MAJOR 
COUNTRIES AND REGIONS

The LED industry is mainly concentrated in the 
US, Japan, the European Union (EU), South Ko-
rea, and China [1].

2.1. LED industry policy in the US
The US Department of Energy (DOE) launched 

The National Research Program on Semicon-
ductor Lighting with a budget of $500 million as 
early as 2000. Afterward, the DOE introduced 
a Five Year Solid-State Lighting Commerciali-
zation Support Plan in 2007 to promote the mar-
ket development of LED. The US government 
also launched an energy-saving appliances subsidy 
program worth up to $300 million in early 2009. 
In 2014, the US government implemented a new 
scheme that prohibits the production and import 
of incandescent lamps.

2.2. LED industry policy in Japan
In 1998, the Japanese government launched 

the 21st Century Light Plan with a budget of 6 bil-
lion yen. Japan also revised its Energy Conserva-
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tion Law and launched the “leader” program. From 
2004 to 2009, the Japanese government launched 
a white LED treatments and application program. 
The Japanese government also shouldered half of 
the R&D costs for the program installing LED 
technology in railway signal lights.

2.3. LED industry policy in South Korea
The South Korean government implemented 

the Photonics Industry Development Plan as ear-
ly as 2000, which aimed to promote its photonics 
industry into one of the top five photonic indus-
tries in the world by 2008. The South Korean go-
vernment then allocated an additional $100 mil-
lion to support its LED industry from 2004 to 2008. 
In 2006, the South Korean government aimed 
to use LED in 30% of the country’s overall light-
ing by 2015. In 2011, the South Korean govern-
ment introduced the Green LED Lighting Popu-
larization and Development Program and the LED 
Lighting 2060 Plan.

2.4. LED industry policy in the EU
Between 2000 and 2003, the EU implemented 

the Rainbow Project, establishing a manufacturing 
base for certain types of LED. In 2005, the EU is-
sued a directive on formulating the framework of 
the eco-design requirements of energy-using pro-
ducts. In 2007, the UK launched the Novel Effi-
cient LED Lighting Solution Program. After the 
completion of the OLLA project, the EU launched 
the special OLED100.eu program.

2.5. LED industry policy in China
The LED industry policy of China is divided 

into two levels, namely, central and local govern-
ments. In the late 20th century, the central go-
vernment launched the 863 Program, which aims 
to fund the research and development of LED tech-
nology. In 2006, semiconductor lighting was expli-
citly defined as an “industrial energy saving” theme 
and was prioritized for development. In 2009, the 
Chinese government launched the “10 cities 10,000 
lights” semiconductor lighting pilot demonstra-
tion project. In 2011, the Chinese government is-
sued plans to phase out incandescent lamps. Similar 
policies have been adopted by local governments. 
The LED industry policies of China are characte
rized by their complexity and formulation by dif-
ferent departments.

3. THE ROLE OF LED INDUSTRIAL 
POLICY

The rapid development of the LED industry has 
been significantly and positively correlated with 
the aforementioned industrial policies. However, 
does a causal relationship exist behind such cor-
relation? Are these supportive policies economi-
cally efficient?

3.1. Positive effects of the LED industrial policy
3.1.1. Support for basic research
Given that basic research has more uncertain-

ties than application research, market participants 
are generally uninterested in basic research. How-
ever, basic research activities may have a ground-
breaking role in technological innovation and revo-
lution, which may be a result of the government’s 
support for scientific research as a part of their LED 
industrial policies.

3.1.2. Offset of negative factors
The market mechanism may be disturbed by 

many unfavourable factors. For example, the mini-
mum wage system has effectively increased the ope-
rating costs of enterprises. Government measures, 
such as subsidies, tax breaks, and financial support 
to LED manufacturers, can help companies reduce 
their operating costs.

3.1.3. Reduced transaction costs
The government can help the market reduce 

information costs and help market participants 
in their decision-making through continuous mo-
nitoring of the LED market. The government also 
establishes alliances with different agencies, such 
as enterprises, research institutes, and universities, 
to promote mutual cooperation. The government 
may also represent a country or region by encour-
aging collaboration or forming industry links with 
other countries and regions.

3.2. Negative effects of LED industrial policies
3.2.1. Blindness in selecting a funded object
Current typical LED enterprises are mostly es-

tablished before the government started to pro-
vide supportive policies. For example, Nichia was 
founded in 1956, the US-based Cree was founded 
in 1987 [2], Toyoda Gosei was founded in 1949, 
Lumileds was established in 1999, and its prede-
cessor, the Optoelectronics Division of Hewlett–
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Packard, was established 40 years before that. These 
firms remained in the market by surviving competi-
tion instead of relying on government subsidies or 
support. This suggests that the government may be 
blindly funding LED businesses.

3.2.2. Possible disruption to the market 
mechanism

When competition among companies results 
in bankruptcy, the market may consolidate its re-
sources through mergers. If the government pro-
vides subsidies to a losing enterprise, but the enter-
prise cannot restore its vitality, the large amount of 
subsidies provided by the government is rendered 
useless. Government subsidies may also lessen the 
dedication of market players to searching for novel 
technologies or reducing their costs.

Government support for research in LED tech-
nology may not increase the value of a patent. This 
situation happened to China. Many R&D organi-
zations in this country do not directly participate 
in market competition and are not sensitive to the 
market value of technology because they are owned 
by the state. This situation is the reason the patent 
has poor conversion rate in the Chinese market [3].

Some governments formulate standards of pro-
duct quality in the LED industry. Improving pro-
duct quality will increase the costs of enterprises. 
Faced with competitive pressures in the market, 
companies naturally strive to improve their pro-
duct quality.

3.2.3. Difficulty in deciding on the best support
The government provides a handsome amount 

of funding in its policies as shown in the determi-
nation of the amount of government funding sum-
marized previously. Determining such amount 
does not follow any criteria, calculation methods, 
or research procedures. The Chinese government 
particularly shows these characteristics. The po
licies in the Chinese LED industry are formulat-
ed by multiple organizations and cannot be easily 
optimized as a whole. Difficulties also exist in de-
termining how long the government’s support for 
the LED industry should last.

3.2.4. Social cost of the LED industrial policy
If the government delivers its resources to the 

LED industry through administrative means, then 
the resources that the other industries can ob-
tain will be reduced. Although the development 

of the LED industry may be very visible, Other 
industries are forced to reduce the development 
opportunities.

4. THE DYNAMIC DIVISION OF 
THE INDUSTRIAL CHAIN AND THE 
GOVERNMENT’S ROLE BASED ON 
COMPARATIVE ADVANTAGES

Given the integration of several economies, 
the market must be understood from a global per-
spective. The LED industry chain can be divi-
ded into three links. The upstream and midstream 
sectors account for more than 70% of the profits 
in the whole industry chain. Geographically, Cree 
and Lumileds in the US, Nichia and Toyoda Go-
sei in Japan, and Osram in Germany monopo-
lized the high-end product market [4]. Despite this 
progress, no company has dared relax its pace of 
technological R&D. The reduced patent concen-
tration in the LED industry shows that competi-
tion in the market remains very intense [5]. The ac-
cumulation of technologies is most advantageous 
for leading LED manufacturers. Given that new-
comers will have to pay a huge amount for tech-
nology research, they focus instead on the down-
stream sectors of the LED industry.

The division of the industrial chain should pro-
ceed from a comparative advantage. If the govern-
ment ambitiously promotes its enterprises to be-
come global leaders in the LED industry, this ambi-
tion probably goes against the choice of the market.

This situation raises the following question: If all 
governments are indifferent to the LED industry, 
will newcomers have the opportunities to develop 
the LED industry? The answer to this question is 
yes. Different levels will evolve from the same in-
dustry, and these levels set different requirements 
for the nature of resources of the country or region. 
This may help expand the concept of division of la-
bour within the industry to a global context. The 
competitive ability of different countries and LED 
enterprises continues to change with their labour 
costs and research abilities. Transfer within the 
LED industry embodies the inherent requirements 
of these factors.

5. CONCLUSIONS

The paper has analyzed the positive and nega-
tive effects of LED industrial policies by compar-
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ing the government LED industrial policies of ma-
jor countries and regions. Given the lack of infor-
mation, the government cannot function as well as 
the market mechanisms in efficiently solving prob-
lems related to labour division, distribution of the 
industrial chain, industrial upgrading, technologi-
cal development, and promotion of product quali-
ty. The government’s intervention or support to the 
LED industry is not conducive to the healthy deve-
lopment of this industry. The government should 
respect, safeguard, and assist the market, improve 
the patent system, and protect property rights.
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ABSTRACT

The development of an Internet economy pro-
vides an opportunity for many medical laser enter-
prises to grow rapidly. However, unbalanced deve-
lopment could lead to devastating consequences for 
the companies. Thus, this article analyzes several 
efficiency growth methods of medical laser enter-
prises in the Internet economy, and proposes rea-
sonable suggestions for financial planning in the 
development process of large LED enterprises. Re-
search results show that internal growth rate and 
sustainable growth rate are important forecasting 
tools for the financial planning of medical laser en-
terprises as well as LED enterprises within the con-
text of an Internet economy.

Keywords: internet, medical laser enterprises, 
financial planning

1. INTRODUCTION

Today’s science and technology are changing 
rapidly. The development and spread of the Inter-
net and the appearance of interactive Web applica-
tions result in the surging tide of e-commerce. In-
ternet technology is rapidly changing the tradition-
al form of the industrial economy, resulting in the 
gradual formation of a new economic form, the 
Internet economy [1]. Internet economy is a type 
of economic activity that can accomplish the cir-
culation of production, circulation, exchange, and 
distribution by means of network and digital tech-
nology [2]. The traditional concept of wealth and 
value, and the environment of financial planning 

and management have changed along with the 
emergence of the Internet economy [3]. The ma-
turity of related technologies has promoted the de-
velopment of laser medicine, and the development 
of laser medicine promoted the rise of medical la-
ser manufacturing companies. The emergence of 
the Internet economy has enabled numerous me-
dical laser enterprises to grow rapidly. However, 
rapid growth consumes a large amount of resour
ces. Foreign research data show that the number 
of bankrupt enterprises has increased due to rapid 
growth or growth recession. Therefore, compa-
nies require rational financial planning and must 
maintain reasonable growth rates by taking appro-
priate measures to achieve a balanced and sustain-
able growth [4].

2. MEDICAL LASERS

The development of medical laser technology 
and equipment complements the development of 
laser medicine [5]. With the advent of the ruby la-
ser in 1960, the laser used for retinal detachment 
surgery created in 1962 [6]. Such laser technolo-
gy gave rise to the development of laser medicine, 
thereby promoting the gradual improvement of 
medical laser equipment [7]. The strategic impor-
tance of the area of medical equipment has been 
widely recognized by countries around the world, 
and has become one of the most important signs of 
the modernization of national economies and the 
modernization of health services [8].

Financial planning is the concrete embodiment 
of corporate strategic planning. Financial planning 
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is not only a series of compiled budget tables, but 
also rather a scheme that requires detailed business 
initiatives and plans to guide business activities of 
enterprises, achieve business objectives at differ-
ent stages, and prevent companies from deviating 
from the strategic direction [9]. Financial planning 
includes scheme of operations and financial bud
gets, and involves every aspect of business activities 
from market sales, production management to cost 
control, cash flow management and control, and 
from brand management to human resources con-
figuration. Each link is interrelated within an or-
ganic system [10].

3. METHODOLOGIES FOR FINANCIAL 
PLANNING

Growth mode of medical laser enterprises in the 
Internet economy

The growth mode of medical laser enterprises 
has three types. The first type promotes the enter-
prises’ growth, mainly by relying on issuing shares 
to absorb equity investment or obtaining exter-
nal funds by external loans. However, depending 
on this method of achieving growth, it is gene
rally difficult to maintain. The second type relies 
solely on internal funds. The difficulties in bor-
rowing money or when some enterprises do not 
want to borrow, can cause laser enterprises to fos-
ter growth through the use of internal funds. In-
ternal growth rate (IGR) means that enterprises 
achieve the maximum growth rate that is not de-
pendent on external financing and reflects the po-
tential growth of the enterprise that relies on inter-
nal funds under the condition of IGR without any 
new debts and all assets related to sales. The third 
type is balanced growth, which is also known as 
balanced growth or sustainable growth. To main-
tain balanced development, enterprises use the 
growth of internal retained earnings to access exter-
nal debt growth according to a certain proportion. 
In addition, enterprises cannot only maintain the 
company sales growth, but also the synchroniza-
tion of financial resources growth.

Financial planning advice to medical laser com-
panies within the Internet economy

We assume that financial planning uses the same 
operational efficiency and financial policy with that 
of last year on the premise of enterprises’ successful 
sales of new products, and the actual growth rate of 

the current year is the same as that of the IGR or 
SGR of the previous year. Under the Internet eco-
nomy, the medical laser enterprises’ development 
status requires the growth state, which is a balanced 
growth that can be sustained development conti-
nuously through money.

If the statistics on the number of financial ratios 
have one or more numerical rise, the real growth 
would have been more than that of the IGR or 
SGR of the previous year. Furthermore, this ex-
traordinary growth is not because the maintenance 
of operational efficiency and financial policy in the 
past, but a result of changes in financial ratios. 
On the basis of its status, the enterprise can choose 
different financial planning management measures 
by themselves and want to increase the equity ca-
pital or secondary offerings, LED enterprises can 
make the secondary offerings as specific financial 
planning management measures and utilize new-
ly raised funds to fill the funding gap through ra-
pid sales growth. Laser enterprises can also raise 
money by improving the liabilities ratio and increa-
sing the debt, which is used to fill the funding gap 
through rapid sales growth. Laser companies can 
also improve the retention ratio and reduce cor-
porate dividend bills, which will not only fill the 
funding gap of the LED enterprise, but also en-
hance the anti-risk ability of enterprises and make 
the next step in laying down a foundation. How-
ever, when we find the enterprise sales growth rate 
is actually greater than sustainable growth rates 
(SGRs); laser enterprises can seek for internal po-
tential to improve the funding gap because of ope-
rating efficiency. In addition, to improve the asset 
turnover ratio and consequently improve the SGR, 
laser enterprises can outsource the production of 
laser products to other companies, which will re-
lease homemade funds.

Typically, after supernormal growth, a lower 
development period would be inevitable. If the fi-
nancial ratios under more than one decrease, the 
actual growth rate will be lower than the number 
of the IGR or SGR of the previous year. If laser 
enterprises even exceed the extended cash surplus 
in a period, then the laser can consider these finan-
cial planning management measures. First, the en-
terprise can fully utilize surplus cash for new pro-
duct research and development or upgrade the old 
products or adjust product structure, which stimu-
lates the sales growth in the period, and can search 
for new sales growth points. Second, when the la-
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ser enterprises have a large number of surplus cash 
but are unable to find investment projects with 
high returns, enterprises can increase the returns 
to shareholders through dividends and compen-
sate for losses sustained during the growth period, 
which is a type of rational practicing. High debt ra-
tios cause an increase in financial risk for compa-
nies. At this point, the enterprises can decide to re-
duce the debt proportion after reaching the matu-
rity period. The enterprises can also pay off some 
debts to achieve debt structure adjustment and con-
trol the financial risk.

4. RESULT ANALYSIS AND DISCUSSION

In the present paper, we use two medical laser 
enterprises as instances and elaborate further on the 
main points of the medical laser enterprises’ finan-
cial planning under Internet economy. The LED 
companies actual growth rate and SGR data are in-
vestigated. Results are shown in the following table.

The chart shows that the company’s actual 
growth rate is significantly greater than the SGR. 
Thus, the laser companies need to obtain external 
funding to support operation. The table also shows 
that the companies fill the gap by borrowing. This 
method is not the optimal choice. The company 
should improve its price and control cost to adjust 
the sales’ net interest rates. The method can also 
increase its profit retention rates by reducing di
vidend spending.

5. CONCLUSION

The rapid development of the Internet econo-
my has enabled numerous medical laser companies 
to grow rapidly. Based on the analysis of growth 
modes of medical laser enterprises in the era of 
Internet economy, the paper proposes reasonable 
suggestions for financial planning. The IGR and 

SGR are important prediction tools for financial 
planning of LED enterprises under the Internet 
economy too. These rates embody a concentrat-
ed reflection of the comprehensive strength of the 
medical laser companies and the ability to use fi-
nancial policy to weigh the benefits and risks in the 
context of an Internet economy. LED business 
should be based on its own strengths as well as its 
own risk management ability and the ability to ac-
cess to external resources. These companies should 
also have dynamic plans for development speed. 
In addition, real-time analysis of the difference 
and the causes of differences with real growth and 
IGR or SGR should be conducted. Guidance for 
the next step of enterprise management planning 
should be provided. However, the present article 
only proposes some suggestions for medical laser 
enterprises under the Internet economy, which 
can be used in LED industry. Nevertheless, more 
research is necessary, especially on the enterprise 
management process.
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ABSTRACT

The traditional pricing system of light-emit-
ting diode (LED) components can no longer sati-
sfy the requirements of diverse customer beha
viours. In this regard, we propose a dynamic pric-
ing game model for two vendors to sell LED devices 
by considering different customer choices, in which 
potential customers are divided into three types. 
From a case study on the pricing of multi-cycle 
LED components, we draw the conclusion that 
the probability of purchase is higher for customers 
with high loyalty to the seller, which increases the 
corresponding price with the expected revenue of 
the seller.

Keywords: optical LED devices, dynamic pric-
ing, customer strategic behaviour, competitive 
environment

1. INTRODUCTION

When purchasing goods, some customers refer 
to the prices provided by several retailers to have 
a reasonable expectation for the products to be 
purchased, and then choose the appropriate time 
to purchase the commodity in its dynamic changes 
to achieve maximum benefits. Such customers are 
known as strategic customers. Strategic customers 
exist because the price of optical components fluc-
tuates heavily over time and the dynamic pricing 
strategy of retailers will directly affect the utility of 
the purchase during different periods [1]. Any in-

struments or devices that form an optical path or 
are related to optics are optical light-emitting diode 
(LED) components, such as lenses, optical fibers, 
plane mirrors, gratings, optical isolators, and beam 
splitters. Optical LED devices significantly change 
over time. When dealing with strategic customers, 
retailers should consider the effect of their pricing 
on the market demand for optical LED devices and 
the effect of the waiting period of customers on the 
existing price. A unilateral consideration of one 
factor will adversely influence the marketing effect 
of optical LED devices [2]. Therefore, we should 
consider the relationship between retailers and the 
purchase behaviour of strategic customers in build-
ing a decision model, which can make the pricing 
of manufacturers reasonable, and thus, improve 
their income [3]. Therefore, studying how dynamic 
pricing can be implemented in the case of strategic 
customer behavior is significant. This paper discus
ses the dynamic pricing of LED components based 
on strategic customer behaviour within a compe-
titive environment. A dynamic pricing game mo-
del for alternative products by two sellers that con-
siders different customer choice behaviours is then 
proposed.

2. BACKGROUND

A dynamic pricing mechanism is one of the im-
portant factors that influences enterprise income. 
The current literature on dynamic pricing of opti-
cal components shows that optical components are 
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priced by large monopolized enterprises according 
to their high precision requirements. Thus, research 
on the pricing system of optical components is re-
lated to a monopoly environment. However, in-
creasingly fierce competition in the product market 
poses considerable challenges for the application of 
a dynamic pricing technology within a traditional 
monopoly environment. A dynamic pricing me-
chanism can guide the decision-making process 
of enterprises, and decisions that disregard mar-
ket environment and strategic customer behaviour 
are unsuccessful [4]. Price determines the compe-
titive capability of a product in a fiercely compe-
titive business market. The popularity of informa-
tion dissemination tools in modern society leads 
to the complexity of factors that affect the purchase 
intention of consumers. Consequently, enterprises 
cannot consider the competitive conditions of the 
market alone when pricing products.

Researchers have found that both competi-
tion among enterprises and consumer evalua-
tion of a product significantly influence the pric-
ing of a product; however, previous studies have re-
searched on these two factors individually instead 
of combining them. The pricing of optical LED 
components is dynamic, and pricing enterprises 
mostly have a monopoly position. The pricing mo-
del should be based on the transmission behaviour 
of customers in a competitive business communi-
ty. Studies on multi-cycle dynamic pricing based 
on customer behaviour under a competitive envi-
ronment are rare because of the complexity of com-
putation and the two-week cycle of both factors.

3. METHODOLOGY

Building the model
The model simulates the process in which two 

dealers distribute LED components within N weeks 
when the stock is certain and the number of con-
sumers satisfies the predetermination. We sup-
pose that only one strategic customer participates 
in every period, and the probability of customer 
participation in cycle t t N=( )1 2, , ,  is represented 
by λt. When the strategic customer appears, his/her 
purchasing power is limited to one unit of the pro-
duct or possibly nothing.

Customer classification and their choice behaviour
Purchasers in a commercial market are divi-

ded into three categories. The first group com-

prises product-oriented customers who are likely 
to choose both sellers 1 and 2. The second group 
consists of customers who are satisfied only with 
the products of seller 1, and thus, the products of 
seller 1 will be bought as long as these customers 
intend to make purchases. The third group is com-
posed of customers who are satisfied only with the 
products of seller 2, and thus, the products of seller 
2 will be bought as long as these customers intend 
to make purchases. λit i =( )1 2 3, ,  is used to represent 
the probability of ith customer in cycle T, and thus, 

λ λt it
i

=
=
∑

1

3

. P p t p t jj t t1 2 0 1 2( ) ( )( ) =( ), , ,  represents the 

probability for the third type of customers buying 
product j when the prices of dealers 1 and 2 are 
p t1  and p t2 , respectively. P p pt t0 1 2,( ) represents the 
probability for the third type of customers to give 
up purchasing.

U p ii i i i= − + =α β ε , , .1 2 (1)

The unity with no purchase behaviour is U 0 0= ε , 
α0 0 0= =p . p p p0 1 2,( ) is recorded. When seller i 
sets the price of the product as pi , the customer 
gain maximum utility to buy the product. That is, 
if customers buy the product of seller i only when 
they can gain maximum utility, then the probabili-
ty for each potential customer to buy the product is
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The probability that a customer will not buy 
any product is

q p e j jp
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where p p p q p p jj t t j t t1 2 1 2 0 1 2, , , , ,( ) = ( ) =( ).
The dynamic pricing game model for alterna-

tive products is described as follows.
Single cycle model: At this point, N is equal to 1 

and the product is in the final sales cycle. The pay-
off function is

π i i ip p d p( ) = ( ). (4)
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The objective is to find p1 and p2 that si-
m u l ta n eo u s ly  s a t i s f y  ∂ ( ) ∂ =π i ip p/ 0  a n d 
∂ ( ) ∂ = = ≠( )π i jp p i j i j/ , , ,0 1 2 .

Multi-cycle model
x x1 2,( ) represents the stock level of sellers 1 

and 2. When purchase behaviour is absent, 
x t x ti i( ) = −( )1  (seeEqn. 6-7).

The boundary conditions are V xi,0 0( ) =  and 
V x V xt t1 2 2 10 0 0, ,( ) = ( ) = . optimal price pit

*  is selected 
to maximize the expected return.

Nash equilibrium price
Nash equilibrium price assumptions: a Nash 

equilibrium strategy occurs in each cycle of the 
game process of the multiple-cycle pricing me-
chanism of sellers when the payoff function is 
determined from the price of a seller and that of 
the competition. A Nash equilibrium price as-
sumption has been proven to exist in the dyna-
mic pricing of LED components based on stra-
tegic customer behaviour within a competitive 
environment.

Equilibrium price is an optimized ref lec-
tion formed by the response of each customer 
within a certain period. The realization of this type 
of equilibrium price does not indicate that the pri-
ces of the two parties are fixed because an equilib-
rium state is produced through the competition be-
tween two parties and the influence of the compe-
tition. The equilibrium price does not indicate the 

optimal state that can be achieved by the two sides. 
However, only the best response can produce an 
equilibrium environment. Therefore, a slight com-
petition difference instead of an excessively large 
response gap can realize this equilibrium environ-
ment. One or more equilibrium environments will 
exist during the competition of two parties, but only 
one will exist during prisoner’s dilemma (A special 
game between two prisoners, which explains why it 
is difficult to maintain cooperation even when co-
operation is beneficial to both parties.).

4. RESULT ANALYSIS AND DISCUSSION

We suppose that sellers 1 and 2 are selling LED 
components. The customers arrive with probability 
λ λt = = 0 6. . loyal to sellers 1 and 2 arrive with the re-
spective probabilities λ1t  and λ2t. general customers 
arrive with probability λ3t . Provided α1 = 8, α2 = 5, 
β  = 1, t = 10, λ λ1 1 0 1t = = . , and λ λ2 2 0 2t = = . , when 
x1 5=  is given, the corresponding equilibrium prices 
of different values of x2 are p1

*: x2 = 1, p1
* = 23.40; 

x2 = 2, p1
* = 23.60; x2 = 3, p1

* = 25.25; x2 = 4, p1
* = 

26.70; x2 = 5, p1
* = 24.50; x2 = 6, p1

* = 23.80; x2 = 7, 
p1

* = 23.80; x2 = 8, p1
*= 24.45; and x2 = 9, p1

*= 24.45.
The preceding data shows that when x2 con-

stantly increases, the value of p1
* also continues 

to increase. Thus, x x1 2> , which indicates that sell-
er 2 is a greenhand newcomer when he/she enters 
the component market. However, when X2 be-
comes greater than X1, the value of p1

* begins to de-
crease. Subsequently, we examine the influence of 
the probability λ1t  of customers who are highly loy-
al to seller 1 on equilibrium price and the expected 
return of the two retailers by assuming λ λt = = 0 6. , 
λ λ3 3 0 4t = = . , and x2 5= , t = 10.
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Table 1 shows that p1
* and V1 10 3 5, ,( ) increase with 

λ1t, whereas p2
* and V2 10 3 5, ,( ) decrease with the in-

crease in λ1t. When λ1 = λ2 = 0.1, p1
* and p2

* are close 
to each other, and the expected returns are appro
ximately equal. Evidently, achieving the probabil-
ity equilibrium price and the expected revenue are 
extremely significant to loyal customers. We further 
investigate the relationship between the equilibri-
um price and the remaining time t of the two sel-
lers (Table 2). Given x = ( )3 5,  and x = ( )5 9,  for sel-
lers 1 and 2, respectively; λ λt = = 0 6. , λ λ1 1 0 1t = = . , 
and λ λ2 2 0 2t = = . .

Table 2 shows that the equilibrium price of the 
two sellers fluctuates over time. However, the equi-
librium price is found to be generally higher when 
x = ( )3 5,  than when x = ( )5 9,  after comparing the 
initial inventory.

5. CONCLUSION

The pricing mechanism of optical LED devi-
ces is extremely important to the profits of enter-
prises, which apply adjustments according to mar-
ket supply relationship to obtain optimal income. 
In this study, we establish a dynamic pricing mo-
del for LED components based on different cus-
tomer purchasing behaviours in a competitive en-
vironment. The following conclusions are drawn 
through research on the multi-cycle pricing of opti-
cal LED devices. Customers with high loyalty have 
high purchasing probability, and the correspon
ding price will be higher, along which, the expect-
ed revenue of the seller will increase. The equilib-
rium price of the LED components of retailers is 
positively correlated to the inventory level of their 
rivals to a certain extent, and the relationship be-

Table 2. The equilibrium prices of both sellers with different remaining time

x t p1
* p2

* t p1
* p2

*

(3,5)

1 27.21 24.56 6 27.56 26.47

2 21.24 23.45 7 23.15 21.57

3 24.56 27.54 8 29.54 23.62

4 23.45 24.57 9 23.48 27.89

5 24.5 19.34 10 27.31 27.54

(5,9)

1 25.68 24.57 6 24.56 24.57

2 21.54 28.21 7 23.45 19.34

3 28.26 19.48 8 24.5 24.10

4 21.57 16.54 9 25.68 25.32

5 23.54 23.47 10 24.56 26.24

Table 1. The equilibrium prices and expected revenues of sellers with different x2

λ1 λ2 p1
* p2

* V1 10 3 5, ,( ) V2 10 3 5, ,( )

0.00 0.16 17.3000 27.5000 16.3216 56.2315

0.04 0.12 12.2000 29.000 19.2654 40.2536

0.08 0.08 413.200 21.4300 31.5623 27.2457

0.12 0.04 33.1000 30.1000 21.2365 13.4569

0.16 0.00 27.1000 20.3000 64.3214 10.6752
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tween equilibrium price and remaining time exhi-
bits significant fluctuations. The dynamic pricing 
strategy of LED components based on customer 
behaviour within a competitive environment can 
guide sellers in setting a reasonable price to ensure 
optimal income. In real life, the theoretical dyna-
mic pricing of optoelectronic devices may encoun-
ter problems because of information asymmetry, 
which will be the focus of future research.
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ABSTRACT

With the emergence of network platforms in re-
cent years, the competition between large-scale 
LED enterprises has become increasingly fierce. 
Taking four commercial banks in China as ex-
amples, this paper analyzes the marketing situa-
tion and micro-blog contents of large-scale LED 
enterprises. Results indicated that the micro-blog 
marketing method of commercial banks has a sim-
ple structure, a rigid pattern, less micro-blog in-
teraction, but cater more to zombie fans, defi-
cient in communication with branches, and absent 
in a complete marketing system. Therefore, coun-
termeasures are proposed in this paper with respect 
to micro-blog marketing for commercial banks.

Keywords: Commercial bank, micro-blog mar-
keting, large-scale LED enterprises

1. INTRODUCTION

After nearly 20 years of vigorous development, 
large-scale LED enterprises in China have made 
great progress in the LED business. However, in re-
cent years, the number of domestic and foreign 
producers has increased and a brutal price war was 
immediately launched, resulting in fierce market 
competition. Hence, promoting large-scale LED 
enterprises with the help of online platform be-
came necessary to enhance sales. Meanwhile, the 
micro-blog is a platform for information sharing 
and communication with many impressive advan-
tages [1]. Today, many companies have established 

their own micro-blog certified public accounts 
to improve marketing effectiveness through inter-
action with users or fans via micro-blog [2]. En-
terprises achieve the purpose of promoting them-
selves through sharing the image and dynamics of 
the company with fans on the micro-blog platform 
[3]. In recent years, micro-blog marketing has be-
come a new marketing tool for commercial banks 
[4]. This study uses commercial banks that have 
opened official micro-blogs on Sina, for example, 
to explore the micro-blog marketing model of Chi-
na’s commercial banks and the promotion of large-
scale LED enterprises. The study puts forward cor-
responding suggestions as well.

2. MATERIALS AND METHODS

Marketing status
We surveyed the application status of the mi-

cro-blog of Bank of Beijing, Bank of Chongqing, 
Chengdu Bank, and China Minsheng Bank. The 
following are their application situation on the 
Sina micro-blog platform. Bank of Beijing has 
14832 micro-blogs with 6423000 fans and 838 con-
cerned; Bank of Chongqing has 838 micro-blogs 
with 3866000 fans and 87 concerned; Bank of 
Chengdu has 7649 micro-blogs with 2027000 fans 
and 57 concerned; and China Minsheng Bank 
has 6323 micro-blogs with 2748000 fans and 74 
concerned.

To study the effectiveness of the micro-blog 
marketing of the four commercial banks based 
on the promotion of large LED enterprises this 
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paper presents the statistics on micro-blogs on the 
promotion of large LED enterprises released by the 
four banks during March 1, 2016 and April 1, 2016. 
The results are as shown in Table 1.

Table 1 show that Minsheng Bank has the most 
micro-blogs related to large LED companies, and 
the number of the other three banks is almost sim-
ilar. As for the number of fans, the Bank of Beijing 
has the most fans, but its micro-blogs are forwar
ded less in number, which indicates a large num-
ber of fans are zombie fans [5].

Analysis of the micro-blog contents of the bank
To analyze the micro-blog content on the pro-

motion of large LED enterprises, we categorized 
the content into LED life information, LED bank 
advisory, LED public information, and LED news-
letters. LED life information is related to entries 
about LED usage and application. LED bank 
advisory includes the series of LED promotions 
launched by banks with the cooperation large LED 
enterprises, such as preferential credit and the ser-
vice publication of LED. LED public informa-
tion presents public welfare activities and events 
jointly launched by large LED enterprises and 
commercial banks, such as the free LED network 
upgrade in a community. LED newsletters mainly 
involve investment information and national poli-
cy changes in LED strategy.

Table 2 shows that the most popular type of 
micro-blog among the released data of the Bank 
of Beijing is LED life information followed by 
LED bank information. Meanwhile, micro-blogs 
on LED newsletters and LED public information, 
especially the latter, are few in number. There-
fore, the Bank of Beijing needs to pay more atten-
tion to such information on its micro-blog.

The micro-blogs on LED bank information by 
Bank of Chongqing are more popular with fans. 
Therefore, the Bank of Chongqing could increase 
publicity in these areas or integrate other business 

into this type of information to win the attention of 
fans. This step would achieve successful promo-
tion of LED to followers.

All types of micro-blogs of Chengdu Bank 
in March in 2016 enjoyed interaction with the 
fans, among which the LED bank advisory boasts 
the most significant response from the fans. Hence, 
fans pay most attention to LED bank information, 
and thus, Chengdu Bank should enhance the pro-
motion in this aspect.

The LED bank information of Minsheng Bank 
has the best interactive effect, but has fewer types of 
information including LED life information, news-
letters, and public information. Therefore, Min-
sheng Bank should enhance the marketing of LED 
bank information on the micro-blog and serve for 
the profits of large LED enterprises.

Analysis of micro-blog marketing by commer-
cial banks

Through analyzing the micro-blog marketing 
situation of the four commercial banks aiming at 
the promotion of large-scale LED enterprises, we 
found the following problems.

The micro-blog is simple in structure and rig-
id in mode. The micro-blog contents of the four 
commercial banks are the same and mainly in-
volve the promotion of LED for credit card users, 
promotion and delivery of LED network, gifts for 
business, and a series of activities held to pay back 
the community. These activities are not integrat-
ed with the characteristics of the large LED enter-
prises, leading to low influence of the micro-blog 
marketing.

The micro-blogs of the banks lack interac-
tion with more zombie fans. The acceptance of 
micro-blog fans determines its marketing effec-
tiveness. Therefore, for the micro-blog of commer-
cial banks aiming to promote large-scale LED en-
terprises, the purpose is to interact with the pub-
lic through micro-blogs, thereby promoting the 

Table 1. Micro-blog’s basic situation of banks

Bank name Total monthly 
micro-blog

Total forward-
ing times

Total re-
view times

Point of 
praise

Bank of Beijing. 114 3249 1953 2948

Bank of Chong Qing 163 13723 2486 1702

Bank of Chengdu 123 1832 643 183

Minsheng Bank 127 9274 7024 684
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large-scale LED enterprises. Most followers be-
gin to follow the micro-blog during LED promo-
tions. However, the praise, forwarding, and com-
ments are small in number because the followers 
have no desire to learn about large LED enterprises. 
If the bank fails to respond to the comments on the 
official micro-blog in a timely manner, developing 
loyalty among users to the enterprises is difficult.

The branches of the banks lack communica-
tion on the micro-blog and a complete marketing 
system. Nowadays, the branches of most banks will 
register the official micro-blog and the credit card 
centre. However, their public accounts do not have 
good mutual interaction, which would reduce the 
effects of publicity of the large LED enterprise and 
thereby minimizing the effects of LED marketing.

3. RESULTS

Establish micro-blog marketing awareness
The micro-blog is a major change in the Inter-

net communication platform in recent years. Us-

age of the micro-blog presents an opportunity and 
a challenge for commercial banks and large LED 
companies. Micro-blogs could also lead large LED 
enterprises to gain advantages of network market-
ing, and commercial banks could earn mutual be-
nefits. Hence, commercial banks should first estab-
lish a sense of micro-blog marketing, comprehend 
the development trend of micro-blog marketing, 
and promote the products of large LED enterpri
ses on the micro-blog platform. These steps could 
then promote their own development as well.

Encourage the management department of mi-
cro-blog to form a micro-blog marketing system

Commercial banks can establish a network mar-
keting department, utilize the existing micro-blog 
resources by overall planning, and make up defi-
ciencies to form a complete micro-blog market-
ing system. In the process of micro-blog build-
ing, the micro-blog contents should be integrated 
with the large LED enterprises, involving infor-
mation on LED bank products, services, and ac-

Table 2. Micro-blog content analysis of commercial banks

Bank of Beijing. Bank of Chong Qing

Total 
number of 

praise

Total 
review 
times

Total 
forwarding 

times

Total 
number of 

praise

Total 
review 
times

Total 
forwarding 

times

Optical bank 
information 2424 2099 998 937 724 493

Fiber optic life 
information 6824 4720 3824 424 307 204

Optical fiber 
information 1825 1640 608 320 153 100

Fiber optic 
information 592 352 149 425 228 175

Bank of Chengdu Minsheng Bank

Total 
number of 

praise

Total 
review 
times

Total 
forwarding 

times

Total 
number of 

praise

Total 
review 
times

Total 
forwarding 

times

Optical bank 
information 1038 702 592 1572 836 472

Fiber optic life 
information 777 592 309 1148 592 320

Optical fiber 
information 304 210 149 620 432 274

Fiber optic 
information 264 164 85 492 391 263
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tivities. The significant preferential information of 
large LED enterprises should be appropriately 
disclosed to attract people’s attention. Therefore, 
commercial banks should establish a long-term mi-
cro-blog marketing plan through analysis and plan-
ning to form a sound marketing system.

Increase communication with the fans and achieve 
mutual benefit and win-win situations

Managers of banks using micro-blog should 
properly guide the topic of the micro-blog, issue 
topics that address the interest of users, and include 
timely updates on such interests. These strategies 
could enhance user enthusiasm. Using micro-blog 
marketing for promotion of large LED enterprises, 
requires the bank to reply promptly to user ques-
tions on the micro-blog. Promptness in reply-
ing could establish a good responsible image. For 
negative feedback, commercial banks should cla
rify the message on time to prevent the loss of trust 
of the users.

4. CONCLUSION

Enterprises adopt micro-blog marketing mo-
del for individual release or provide informa-
tion through the micro-blog platform to meet 
people’s needs. Using micro-blogs promote en-
terprises. This paper analyzes a micro-blog mar-
keting model of four Chinese commercial banks 
based on the promotion of large LED enterprises. 
We conclude that LED bank data are topics that 
concern the fans of the four commercial banks. 
LED life information of the Bank of Beijing en-
joyed the highest interaction with fans, and the 
interactions of the remaining three commercial 
banks enjoyed relatively less attention. LED news-
letters and public information had low degrees of 
interaction among the four commercial banks. 
In view of the problems above, this paper propo
ses corresponding suggestions to enhance the pro-
motion of large-scale LED enterprises. The pa-
per conducted the study only on four kinds of mi-
cro-blog topics, and thus, future research could 
be conducted on a variety of topics to improve 
comprehensiveness.
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ABSTRACT

The rapid development of China’s economy has 
increased the demand for lighting quality. A serious 
conflict exists between this demand and the rela-
tively stable energy supply. This paper reviewed the 
government subsidies for LED lighting busines
ses in several major countries. In accordance with 
Vroom’s expectancy theory, this paper proposed 
corresponding suggestions toward three relation-
ships in the government subsidies, namely, efforts 
and performance, performance and rewards, and 
rewards and satisfaction of the demand, with the 
aim to identify an effective method that the govern-
ment can use to stimulate technological innova-
tion in the LED lighting industry.

Keywords: government subsidies, led lighting 
businesses, technological innovation, effective 
incentive

1. INTRODUCTION

The accelerated urbanization process in Chi-
na has constantly increased the demand of resi-
dents for lighting quality. The demand for light-
ing in public facilities and services has strength-
ened with economic development [1]. However, 
a serious conflict exists between this growing de-
mand and the relatively stable energy supply. If the 
government continuously and extensively increa
ses the energy supply in response to such demand, 
then environmental pollution and ecological dam-
age will be aggravated, which will seriously affect 
the sustainable development of China’s economy 
[2]. Considering such conflict combined with the 

overall background of global energy, which is en-
ergy conservation and environmental protection, 
the Chinese government began to increase finan-
cial subsidies for energy efficient LED products [3]. 
However, people who are familiar with economic 
principles are aware that tax and financial subsi-
dies from the government will result in the loss of 
social welfare. Moreover, the “publicity” and “ex-
ternalization” of some products may lead to market 
failure, which may further lead to a greater loss of 
social welfare and even the collapse of the market 
system. If negative effects are inevitable, then pur-
suing the lesser option is recommended; if the be-
nefits are discretionary, then the greater option is 
chosen. Taxes and subsidies were chosen as the 
optimal approach for the government to prevent 
market failure. On the basis of these objectives, 
this paper focuses on the influences of different 
forms of government subsidies on the technologi-
cal innovation of LED lighting industry. This pa-
per theoretically attempts to find a desirable mode 
of government subsidy through financial subsidies 
to accelerate the technological innovation of LED 
lighting businesses, thereby helping the LED light-
ing companies to return to compete in the market 
as soon as possible.

2. LITERATURE REVIEW  
OF GOVERNMENT SUBSIDIES  
OF LED LIGHTING BUSINESSES

Review and analysis of overseas government sub-
sidies of LED lighting businesses

The LED lighting industry subsidy policy is 
implemented in the United States and Canada, 
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where consumers directly enjoy the subsidy price 
as long as they purchase LED products that are 
consistent with the standard defined by the subsi-
dy policy. This process is a direct subsidy to con-
sumers. From the perspective of economics, al-
though the total loss of social welfare remains the 
same with subsidies to enterprises or to consumers, 
direct subsidies to consumers can convince them 
that the government is willing to encourage such 
consumption.

The Japanese government uses incentives, such 
as tax breaks, to encourage enterprises and the pub-
lic to buy and use LED lighting products. However, 
large energy consuming enterprises are forced to use 
energy-saving products because of punitive taxa-
tion and even administrative punishment. In Japan, 
many local governments provide subsidies to busi-
nesses and people who use LED lighting products 
and other local energy-saving products according 
to their circumstances. The government specifically 
merges the LED product subsidies in other ener-
gy-saving products. They make the products share 
the same subsidy program and fail to delineate the 
subsidies for LED products and other energy-sav-
ing products. This finding shows that the Japa-
nese government’s market intervention is relatively 
small. The government is only concerned with the 
energy saving levels of businesses and people rath-
er than with what “energy saving” means. If the 
LED lighting businesses want to survive and pros-
per, they have to exert all effort to cater to the de-
mand from energy-saving markets and continuous-
ly pursue technological innovation to reduce costs 
or to conduct industrial restructuring to meet the 
consumer demand.

Review and analysis of Chinese government sub-
sidies to LED lighting businesses

In 2012, the National Development and Re-
form Commission Office, the Office of the Min-
istry of Finance, and the Office of the Ministry of 
Science and Technology of China jointly issued 
a notice on Organizing and Carrying Out the 2012 
Annual Subsidies for the Promotion of Semicon-
ductor Lighting Products. Since then, many local 
governments have also introduced local subsidies 
for the LED lighting industry. Undoubtedly, the fi-
nancial subsidies have stimulated the research, de-
velopment, and manufacture of LED lighting pro-
ducts, as well as promoted the development of the 
LED industry. To achieve the goal of semiconduc-

tor lighting in the 12th Five-Year Plan, the govern-
ment proposed two subsidy policies in 2012. One 
is the 2012 Semiconductor Lighting Products Fi-
nancial Subsidies Promotion Project. In this subsi-
dy, the government initially selects several enterpri
ses and their LED lighting products through bids. 
Then, financial subsidies to the selected enterprises 
are provided, and they are asked to sell LED light-
ing products to hospitals, schools, commercial of-
fice buildings, village committees, and other institu-
tions at a price equal to the bid price minus subsidy 
price. Essentially, such process indirectly provides 
financial subsidies to the abovementioned institu-
tions for purchasing LED lighting products. The 
other policy is the Energy-Saving Products Subsi-
dy Policy, in which the State Council set a budget 
of RMB36.3 billion for subsidies to four types of 
energy-saving products.

The Chinese government’s approach in sub-
sidizing LED products indicates that the govern-
ment not only wants to promote energy consump-
tion among consumers but also to encourage LED 
lighting enterprises to improve technological in-
novation to reduce costs and compete in the mar-
ket again. Therefore, in the process of subsidizing 
LED products, the government chooses the dou-
ble subsidy mode. In other words, the government 
offers subsidies for both the LED lighting busi-
nesses and the consumers. This mode introduces 
an obvious subsidy incentive effect, and the subsi-
dy is larger than those of other countries and go-
vernment intervention in the LED product market. 
The direct result of such intervention is the produc-
tion of a framework of supply and consumption of 
LED products in the shortest time. Furthermore, 
the cost of trial and error is reduced to shorten the 
time in forming the market framework.

3. ANALYZING THE ACTS OF 
GOVERNMENT ON THE EFFECTIVE 
INCENTIVE OF LED LIGHTING 
BUSINESS TECHNOLOGICAL 
INNOVATION

As reflected by the subsidies for LED products 
by different governments, two goals mainly ex-
ist to gain incentives. First, the government offers 
subsidies to the consumers to encourage the market 
to adopt energy-saving practices. Second, the go-
vernment offers subsidies to the LED manufacturer 
to encourage the technological innovation of LED 
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lighting businesses to decrease the cost and return 
to the market. When the LED lighting enterpri
ses improve the technological level and reduce the 
production cost, the traditional lighting products 
will be forced out of the market, and LED light-
ing will have absolute advantage. Eventually, the 
government will no longer need to offer subsidies 
to guide the market. Hence, the logic behind the 
government offering subsidies to the LED lighting 
businesses is that they are “offering subsidies today 
to remove subsidies tomorrow.” The foundation of 
realizing such an objective does not encourage en-
ergy-saving consumption. Instead, its aim is to en-
courage businesses to constantly pursue technolo-
gical innovation. The issue then becomes simple. 
The government can achieve its goal by effective-
ly stimulating the LED lighting businesses’ tech-
nological innovation through financial subsidies. 
According to Vroom’s expectancy theory [4], ef-
fective encouragement requires agreeable handling 
of three relationships, namely, efforts and perfor-
mance, performance and rewards, and rewards and 
satisfaction of the demand. An effective stimula-
tion must deal with the three relationships.

Government’s behaviour regarding the relation-
ship between businesses effort and performance

A study of the relationship between LED light-
ing businesses’ effort and performance should be 
the primary criterion for the government to choose 
the object of incentive. According to Vroom’s ex-
pectancy theory, the object of the organization’s 
motivation must be the members who attain their 
performance through their own efforts. This aim 
is the universal requirement of organizational va-
lue, because only such value is helpful in acquir-
ing a sustainable performance among the members 
of the organization. The government should also 
comply with the principles above in offering incen-
tives to LED lighting enterprises. The government 
should focus more on offering subsidies or incen-
tives to the companies that pursue independent in-
novation and make commendable technological 
achievements. Specifically, the government can 
deduct the cost of technological innovation of the 
enterprises from the taxation, and the magnitude 
of deduction can be based on the total amount of 
sales of the LED lighting companies. The calcu-
lation method is similar to the progressive ladder 
for personal income tax calculation. The cost de-
duction of technological innovation of the enter-

prise reflects the government’s positive attitude and 
recognition of the companies’ efforts in technical-
ly developing the LED lighting industry. The pro-
gressive deduction approach based on the amount 
of sales of the LED lighting business reflects the 
relationship between the efforts of the enterprises 
and the performances. Such approach also indi-
cates that the government is more willing to moti-
vate enterprises that work hard and achieve good 
performance.

Government’s behaviour regarding the relation-
ship between businesses performance and govern-
ment subsidies

In the previous sections, this paper discussed 
that the object of the government incentives should 
be the companies who make significant efforts 
in technological innovations. However, hard work 
does not necessarily or sufficiently result in good 
performance. Different performance levels will con-
stantly exist among hardworking companies. The 
government’s limited subsidies or incentives should 
first be allocated to the companies with the best 
performance in terms of technological innovations. 
Accordingly, the government conforms to the prin-
ciple of optimal resource allocation. Nevertheless, 
this procedure does not mean that subsidies should 
be offered only to the companies with the best per-
formance because doing so is unfair and does not 
maximize the efficiency. Thus, how to deal with 
the companies who make the same efforts but per-
form differently is a problem for the government, 
which requires scientific and cautious treatment. 
This paper argues that the government should fol-
low a scientific and quantitative principle in deal-
ing with the problem, that is, the principle of equal 
marginal benefit of the government subsidies. This 
simply means that the government should seek an 
equal effect between the subsidies on technological 
innovation toward different companies with differ-
ent performance levels. In other words, the financial 
subsidies on the last unit of the companies’ techno-
logical innovation from the government should be 
equal regardless of the performance of the compa-
nies. On the basis of this finding, the government 
should initially establish an evaluation system for 
the technological innovation performance of the 
LED lighting businesses. On the basis of this eva
luation system, the government should form a pro-
gressive calculation standard of subsidies according 
to the principle of equal marginal benefit.
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Government’s behaviour regarding the relation-
ship between government subsidies and achievement 
of businesses demands

According to Vroom’s expectancy theory, the 
organization’s reward to the members comes 
into force only when it achieves the demands of 
the members. During the process of rewarding the 
individual members of the organization, consi
dering that their most urgent demands vary accord-
ing to different educational backgrounds, income 
levels, and positions (although the members share 
the same time node), the organization should use 
different inventive means for each individual. For-
tunately, the government faces a much less com-
plex situation in offering incentives to LED lighting 
businesses to reward their technological innovations 
compared with the organization toward their mem-
bers. This condition occurs because LED lighting 
businesses have a relatively concrete and clear tar-
get and objective, which is to maximize their profit. 
The difference lies mainly in whether it is a long-
term or a short-term profit. The LED lighting in-
dustry has a natural demand for capital recovery 
and a desire to quickly grab market share. Fur-
thermore, decreasing the cost is required (includ-
ing the internal management cost and the external 
cost, such as tax and the cost of administrative ap-
proval). Accordingly, the government should con-
sider the demands of different LED lighting busi-
nesses and adopt the suggestions from this paper 
to address the differentiation of demands in differ-
ent means of subsidies. Such a move tends to en-
sure that the incentives have the best effects on the 
LED lighting industry. To improve understand-
ing of the different demands of the companies, the 
government should allow and invite LED lighting 
businesses with excellent technological innova-
tion performance to set standards for products. The 
government should also offer corresponding sub-
sidies to the enterprises that participate in the pro-
motion activities in line with the standard.

4. CONCLUSION

This paper reviewed and analyzed the means 
of government subsidies for LED lighting busi-
nesses in different countries. In the analysis, two 
main purposes of the government subsidies are 
identified: (1) to gradually develop energy-saving 
habits among consumers by guiding them in light-
ing consumption; and (2) to encourage additional 

LED lighting businesses to strengthen technologi-
cal innovation and decrease the cost of the man-
ufacturing to help LED businesses return to the 
market. A relationship exists between energy-saving 
consumption and the LED market supply. On the 
one hand, the energy-saving consumption stimu-
lates the market supply of related products. On the 
other hand, constant technological innovation sig-
nificantly decreases the manufacturing cost, which 
significantly lessens the market share of high ener-
gy-consuming products and further consolidates 
the energy-saving consuming habits in the mar-
ket. To determine the best use of such limited go-
vernment subsidies and identify how the best effect 
on the LED lighting industry can be achieved, the 
government should deal with three groups of re-
lations, namely, efforts and performance, perfor-
mance and rewards, and rewards and satisfaction of 
the demand. Under this principle, an effective in-
centive for the technological innovation of the LED 
lighting industry will be achieved with the introduc-
tion of differentiated subsidy programs.
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ABSTRACT

General developments in the LED lighting in-
dustry in China are described in this paper. The in-
dustry is analyzed by evaluating in detail the scale 
and status of industry chain, from the upstream 
epitaxial chip, through midstream packaging, and 
to downstream application of the LED lighting. 
Based on an analysis of the entire situation and the 
advantages of this industry, a development trend is 
predicted. Results show that as LED product pri-
ces decrease, the product sales of the LED lighting 
industry continue to increase and thus have good 
prospects in China

Keywords: LED lighting industry, epitaxial chip, 
packaging, application

1. INTRODUCTION

Light-emitting diode (LED) lighting, uses a so
lid semiconductor chip as its luminescent materi-
al, promotes composition that occurs via carrier 
in a semiconductor, provides excess energy, causes 
photonic emission, and directs red, yellow, blue, 
green, bluish-green, orange, purple, and white 
lights. As a fourth-generation lighting source, LED 
has many merits, such as energy efficiency, long life, 
large luminous efficacy, rich colours, anti-earth-
quake stability, safety and reliability, fast response, 
and intelligent control. These advantages mean that 
LED is widely used in indicator light, signal light, 
display screen, landscape lighting, and other areas. 
With the continuous development of the research 

on semiconductor luminescence materials in recent 
years, the continuous advancement of the LED 
manufacturing process and development, and the 
application of new materials, multicoloured LED 
with ultra-high brightness have made a significant 
breakthrough. The most important part is the intro-
duction of ultra-high brightness white LED, which 
makes the application of the LED to high-efficien-
cy light-source market possible.

Given the advantages of an LED source com-
pared with a traditional lighting source and the ex-
tensive application of LED, many studies have been 
conducted on it, such as the future development of 
the LED industry of China [1], the development 
course of the LED lighting technology and the 
principles and features of LED luminescence, the 
key technology of LED lighting, and the develop-
ment tendencies of LED lighting technology [2].

Based on the scale analysis of the upstream epi-
taxial chip, midstream packaging, and downstream 
application of the LED lighting industry chain, this 
study predicts the future development trend of the 
LED lighting industry.

2. CURRENT STATUS

The LED lighting industry chain can be classi-
fied into three sectors, namely, chip manufacturing, 
packaging, and application. After a merger and the 
acquisition boom of the entire industry in 2014, 
LED lighting industry agglomeration is occurring, 
which also promotes technology advancement, re-
duces costs, and accelerates the LED lighting in-
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dustry permeation. The scale of the LED lighting 
industry of China is expanding rapidly, and the 
overall growth in 2014 was higher than that in 2013. 
In 2014, the overall scale of the LED lighting in-
dustry of China reached 346.2 billion Yuan, which 
is a 33% increase compared to 258.6 billion Yuan 
in 2013. The development of the three sectors of 
the LED lighting industry chain in 2009–2014 is 
shown in Fig. 1.

In 2014, the LED lighting industry kept going 
forward, the industrial chain structure relative-
ly matured, large enterprises steadily developed, 
and the external attentiveness of the industry ob-
viously decreased compared with the previous two 
years. Corporate profitability is beginning to stabi-
lize along with light efficacy improvements, price 
decline for LED lighting products, rapid growth 
in sales, and price and cost decline in downstream 
products.

Current situation of the upstream epitaxial chip 
stage of the LED lighting industry

In 2014, the scale of upstream epitaxial chip sec-
tor was up to 13.1 billion Yuan, which increased by 
33% compared with the 9.6 billion Yuan in 2013. 
From 2009 to 2014, influenced by the rapid growth 
in demand for chips, the upstream epitaxial chip 
sector was expanding. An increase of 4.7 times was 
observed, that is, from 2.3 billion Yuan in 2009 
to 13.1 billion Yuan in 2014. Owing to the signi-
ficant improvement in the capacity utilization of 
most enterprises, production of the epitaxial chip 
increased by 69%, which is far greater than the 
output growth. The production of GaN chip ac-
counts for 60%, that of InGaAIP-dominated qua-
ternary system chip accounts for nearly 28%, and 

that of other chips, such as GaAs, accounts for ap-
proximately 12%.

Some leading companies producing LED up-
stream epitaxial chips in China include Sanan Op-
toelectronics, Hangzhou Silan Azure, Shanghai 
Epilight, China Fangda Group, Shanghai Rain-
bow, Shandong Inspur Huaguang Optoelectronics, 
Dalian Lumei, Jiangxi Lianchuang Optoelectro
nic, Shenzhen Century Epitech Photonics, Pooium 
Photonics, and Yangzhou Dare Win Chip. In 2014, 
some chip makers, such as HC SemiTek, Nanojoin, 
Kaistar Lighting, and Aucksun, amplified metal 
organic chemical vapour deposition (MOCVD) 
equipment, and the MOCVD equipment owner-
ship in China had more than 1290 sets, which in-
dicated an increase of approximately 200 sets com-
pared with the 1090 sets in 2013. MOCVD equip-
ment has been centralized to large enterprises, of 
which 11% of enterprises installed more than 50 
sets, 45% between 10 and 50 sets, and 44% less 
than 10 sets. Enterprises with less equipment are 
at a disadvantage in terms of scale.

Current situation of the midstream packaging 
stage of the LED lighting industry

In 2014, the output value of the midstream 
packaging of the LED lighting industry of Chi-
na reached 53.6 billion Yuan, which increased by 
27% compared with the 42 billion Yuan in 2013, 
accounting for 54.4% of the global output value of 
LED packaging. The LED packaging market is di-
vided into two parts. The first part is the private en-
terprises for LED packaging in the mainland, and 
the market mainly focuses on mainland China. The 
second part is the enterprises in Taiwan and some 
foreign enterprises for LED packaging in the main-
land, and the market is mainly for export.

Major packaging enterprises include Foshan 
Nation Star Optoelectronics, Xiamen Hualian 
Electronics, Ningbo Aimida, and Jiangxi Lian-
chuang Optoelectronic. In product specification, 
mid-power (0.2–1 W) device becomes a main-
stream application on the market. More than 70% 
of light sources for medium- and small-power light-
ing fixtures, such as lamp, bulb, panel lights, ceiling 
lamp, and ceiling lights, comes from mid-power 
packaging devices. The packaging enterprises have 
been shifting from keeping up with high-power de-
vices to enlarging the proportion of mid-power de-
vices. In 2014, the production of mid-power devices 
accounted for more, than 55% that of high-pow-

Fig.1. Output of the three sectors of the LED lighting indu-
stry chain in 2009–2014
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er devices accounted for less than 15%, and the re-
maining was for small-power (less than 0.2 W) de-
vices. Mid-power device became the mainstream.

Present situation of the downstream applica-
tion scale of the LED lighting industry

In 2014, the scale of the downstream applica-
tion of the LED lighting industry of China reached 
279.5 billion Yuan, which increased by 35% com-
pared with the 207 billion Yuan in 2013. From 2009 
to 2014, the scale had been obviously increased by 
3.66 times, that is, from 60 billion Yuan in 2009 
to 279.5 billion Yuan in 2014. The downstream 
enterprises of the LED lighting industry mainly 
include Shanghai Sansi, QSTECH, and Leyard 
Optoelectronic.

The gap between the key technology of the LED 
lighting industry of China and that of international 
levels is constantly narrowing. In 2014, the industri-
al lighting efficiency of power white LED reached 
1401 m/W, and the industrial lighting efficiency of 
silicon-based power LED chips with independent 
intellectual property rights reached 1401 m/W. Na-
nosphere-patterned sapphire, epitaxial high-quality 
AlN, and deep-UV LEDs are the first breakthrough 
in the world. The wavelength of deep-UV LED is 
293 nm, and its output power is over 4 mW under 
20 mA current. The lighting efficiency of LED de-
vices reaches 97 lm/W and the life-time is more 
than 10,000 h.

LED is currently mainly used for backlight, 
colour screen, and indoor lighting. Among these, 
backlight applications occupy an important posi-
tion. However, under the influence of a new round 
of bans on the sale of incandescent lamps across the 
globe, indoor lighting will replace backlight and be-
come the fast growing area of LED in the future.

3. DEVELOPMENT TREND OF THE LED 
LIGHTING INDUSTRY

The development of the LED lighting industry 
of China has many advantages, which can be ob-
served from three aspects: resources, technology, 
and market environment. In terms of resources, 
China is great nations that are rich in resources, 
with an enormous variety of non-ferrous metals, 
which will make the development of LED occu-
py obvious advantages in resources. From the per-
spective of technology, the LED lighting industry 
of China has a good research foundation because 

many units are involved in research, including the 
Institute of Semiconductor of the Chinese Aca
demy of Sciences (CAS), the Institute of Physics 
of the (CAS), the Tsinghua University, the Peking 
University, and other famous universities and en-
terprises. From the market environment, China will 
become the main driving force of the global LED 
lighting market development and is gradually be-
coming the global LED lighting industry base, and 
its market is large at home.

In all LED fields of application, the LED light-
ing market has always been considered the most 
important and the most promising one. The mac-
ro environment is generally beneficial to the de-
velopment of LED lighting applications, which is 
mainly represented as follows: (1) energy saving 
and emission reduction have become a hotspot of 
global concern and been promoted actively; (2) 
traditional light sources develop slowly in techno-
logy and meet bottlenecks in their development; 
(3) with the advancement of technology and the 
increasing reduction in cost, the developmental 
problems of the LED lighting market are decrea
sing slowly in the long term.

The scales of upstream epitaxial chips, mid-
stream packaging, and downstream applications 
are all showing a growing trend in recent years. 
LED lighting is expected to maintain a high growth 
trend, and it will provide considerable opportuni-
ties for commercial lighting. The output value of 
each part of the LED lighting industry chain will 
keep growing in the future. The downstream LED 
lighting market will start rapidly. LED lighting 
products have a high technical content and a long 
service life, and its economic benefits are reflected 
in the energy-saving effect. Leading enterprises of 
upstream epitaxial chips and midstream packag-
ing, as well as domestic suppliers of core materi-
als, also will accelerate the localization process of 
key materials and improve the cost performance 
of products.

China generally has a number of benefits for 
the development of the LED lighting industry, and 
the LED lighting industry has good prospects. Al-
though some differences remain between China and 
developed countries in terms of advanced technolo-
gy and production scale, the LED industry in Chi-
na will have an excellent developing trend along 
with the greater importance attached to the LED 
industry from the government and the continuous 
breakthrough of technology.
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4. CONCLUSIONS

The characteristics of LED lighting were de-
scribed. The development status of the LED light-
ing industry has been analyzed in general. The 
current situation of the LED lighting industry was 
described in three aspects, namely, the upstream 
epitaxial chip, midstream packaging, and down-
stream application of the industry chain. Based 
on the analyses of its development situation, the 
development trend of the LED lighting industry 
of China in the future is predicted. The conclu-
sion is that the LED lighting industry has a good 
prospect in China. Those studies predict the de-
velopment trend of the LED lighting industry by 
merely observing data, and do not use profession-
al statistical method to carry out a deeper analysis. 
Some improvement needs to be conducted in fu-
ture studies.
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ABSTRACT

LED optical fibre communication enterprises 
in China have ushered in a new round of opportu-
nities for development. At the same time, the pro-
duction cost rapidly increases, mainly affecting the 
business of optical fibre communication enterpri
ses. Therefore, these enterprises should develop ap-
propriate competitive strategies to gain advantage. 
This study extends previous research on the rela-
tionship of competitive strategy and performance. 
Results show a significant difference in the perfor-
mance of different strategies of LED optical fibre 
communication enterprises and demonstrate that 
a hybrid strategy is the best one to implement.

Keywords: LED optical fibre communication en-
terprise, competitive strategy, variance analysis

1. INTRODUCTION

With the intense promotion of “Broadband Chi-
na” and “Internet Plus” as both a national strategy 
and a top design idea in the industry, LED opti-
cal fibre communication enterprises in China have 
ushered in a new round of opportunities for deve-
lopment. China’s market has become an important 
force in promoting the development of the global 
LED optical communication industry. According 
to the Competitiveness Report for Optical Com-
munication Enterprises 2015[1], LED optical fi-
bre communication enterprises have maintained 
a good state of development. From 2007 to 2015, 

the overall competitiveness of the LED optical fi-
bre communication enterprises in China exhibited 
an upward trend. The development was rapid and 
led to gratifying achievements, especially in the 
past two years. At the same time, the report high-
lights that production costs have increased equal-
ly fast, which has become the main factor affect-
ing the business of LED optical fibre communica-
tion enterprises. Shortage of high-level talent has 
also become one of the bottlenecks for the deve-
lopment of the industry.

In this situation, LED optical fibre communi-
cation enterprises should develop an appropriate 
competitive strategy to gain advantage in the in-
ternational market.

Porter’s generic business level strategies, over-
all cost leadership, differentiation, and focus have 
become a dominant paradigm in the business poli-
cy literature [2]. According to Porter, each of these 
models represents “a fundamentally different ap-
proach to creating and sustaining a competitive 
advantage. Usually, a firm must make a choice be-
tween them or it will become stuck in the middle.” 
Moreover, Porter stressed that “achieving cost lea
dership and differentiation are usually inconsistent 
because differentiation is usually costly.”

Several researchers have found empirical sup-
port for Porter’s assertion that overall cost leader-
ship and differentiation cannot be simultaneously 
pursued successfully. However, others have argued 
that cost leadership and differentiation strategies 
are not mutually exclusive and that they can be 
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pursued simultaneously [3]. Nevertheless, few em-
pirical studies have specifically compared the effect 
of simultaneous pursuit of generic strategies (i.e., 
hybrid strategy) and pure generic competitive strat-
egy on firm performance.

In the LED optical fibre communication in-
dustry, San’an Optoelectronics Co. Ltd. adopted 
a hybrid strategy and gained advantage. However, 
a number of LED optical fibre communication en-
terprises applied a pure strategy and gained relative 
advantage. This study intends to make a careful dis-
tinction and examine the performance of a hybrid 
competitive strategy over a single generic strate-
gy using data from a transition economy in China. 
The Chinese economy is in transition and indu-
stry characteristics differ in many aspects, which 
affect the competitive strategy and performance 
of LED optical fibre communication enterprises. 
This study contributes to the debate on the com-
petitive strategy–performance relationship based 
on data from the LED optical fibre communica-
tion industry in China.

2. HYPOTHESES

According to Porter (1985), each of the three 
generic competitive strategies is a completely dif-
ferent approach to create a sustainable competitive 
advantage. A firm must select between cost leader-
ship and differentiation strategies or it will become 
stuck in the middle.

Empirical evidence on the subject is incon-
clusive. For instance, Hambrick did not find any 
firms that followed hybrid strategies within the 
mature industries he examined [4]. The find-
ings of Dess and Davis were generally consistent 
with Porter’s contention that commitment to at 
least one generic strategy results in higher per-
formance compared with being stuck in the mid-
dle [5]. Others, however, found that firms com-
bining low cost with differentiation were among 
the highest, if not the highest performers [6–7]. 
Mas clearly indicated that the cost leadership, 
differentiation, and hybrid strategies have been 
implemented successfully worldwide. The suc-
cessful implementation of cost leadership and 
differentiation strategies has been proven on oc-
casion. However, the hybrid strategy, which has 
only been recently implemented successfully, is 
a new trend for a company to compete in the in-
dustry [8]. Mika examined the achievability and 

performance of a hybrid strategy compared with 
a single strategy as firms internationalize in the 
high-technology market; hybrid strategies medi-
ate these contextual factors and thus contribute 
to superior financial performance [9].

A hybrid competitive strategy simultaneously in-
volving high levels of emphasis on both cost lead-
ership and differentiation strategies should be dis-
tinguished from a “stuck in the middle” strategy 
in which an LED optical fibre communication en-
terprise fails to successfully pursue both cost lead-
ership and differentiation strategies. Thus, we posit 
that LED optical fibre communication enterprises 
emphasizing the hybrid strategy will experience an 
increase in performance. However, those that pur-
sue the hybrid strategy can achieve a significantly 
higher level of performance than those that pursue 
a single strategy. Moreover, LED optical fibre com-
munication enterprises that pursue either the sin-
gle strategy or the hybrid strategy will experience 
a significant performance benefit over those that 
are “stuck in the middle.”

Therefore, the study presents the following 
hypotheses:

Hypothesis 1: LED optical fibre communi-
cation enterprise performance differs according 
to strategy types.

Hypothesis 2: LED optical fibre communica-
tion enterprises that implement a hybrid strategy 
outperform enterprises that adopt a pure cost lea
dership strategy.

Hypothesis 3: LED optical fibre communica-
tion enterprises that implement a hybrid strategy 
outperform enterprises that adopt a pure differen-
tiation strategy.

Hypothesis 4: LED optical fibre communica-
tion enterprises that implement a hybrid strategy 
outperform enterprises that are stuck in the middle.

3. METHODS

Sample and data
The data for this study were collected from 260 

respondents who are high-level managers in LED 
optical fibre communication enterprises and their 
branches. After several visits and communica-
tion with the companies, we received a total of 206 
responses. However, only 156 of the survey instru-
ments presented complete data on all questions, 
yielding a usable response rate of 75.73%.
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Firm performance
Return on assets (ROA) has been used in many 

studies to examine the performance effects of cor-
porate strategies. This measure is appropriate. 
ROA reflects the primary objective of most LED 
optical fibre communication enterprises in a rapid-
ly growing industry. Furthermore, financial indica-
tors are the most useful measures of organizational 
performance at the macro organizational level. Re-
spondents were asked to indicate the performance 
of their company relative to that of competitors over 
the past three years in terms of the variables. They 
used scales ranging from 1 (“much worse’”) to 7 
(“much better”). Furthermore, the three-year pe-
riod minimizes the influence of short-term varia-
tions on the reported LED optical fibre communi-
cation enterprise performance.

Identifying a competitive strategy
The 19 strategy variables used in this study 

to identify strategic groups reflect the multiface
ted nature of the strategy construct. They include 
variables related to product development, manu-
facturing, and marketing. We chose variables that 
appeared frequently in the literature and seemed 
theoretically appropriate. Each item uses a scale 
ranging from 1 (“much less”) to 7 (“much more”). 
To ensure that the items measuring competitive 
strategy represented the underlying constructs, we 
conducted factor analysis.

We reduced the 19 variables to two factors that 
reflect Porter’s generic strategies: cost leadership 
and differentiation. We named them as cost lead-
ership and differentiation factor. The composite 
scores of the LED optical fibre communication en-
terprise on the two factors can then be calculated.

If the composite scores of an LED optical fi-
bre communication enterprise only on factor 1 
are greater than the sample mean of the respective 
competitive strategies, then the enterprise imple-
ments a differentiation strategy. If the composite 
scores of the LED optical fibre communication en-
terprise only on factor 2 are greater than the sam-
ple mean value, then the enterprise implements 
cost leadership strategy. If the composite scores of 
the LED optical fibre communication enterprise 
on both factors 1 and 2 are greater than the sample 
mean value, then the enterprise implements a hy-
brid strategy. If the composite scores of the LED 
optical fibre communication enterprise on both 
factors 1 and 2 are equal to or less than the sample 

mean value, then the enterprise implements the 
stuck-in-the-middle strategy.

Method of analysis
Analysis of variance is conducted to test for 

performance differences resulting from the strate-
gic orientations of LED optical fibre communica-
tion enterprises.

4. RESULTS

We reduced the 19 variables to two factors that 
accounted for 81.2 percent of the total variance. The 
two factors reflect Porter’s generic strategies: cost 
leadership and differentiation. Factor 1 consists of 
13 variables with factor loadings that are higher than 
0.40. This factor is called cost leadership factor be-
cause it mainly reflects the characteristics of cost 
leadership strategy that Porter proposed. Factor 2 
consists of 9 variables with factor loadings above 
0.40. A special feature of this factor is that it empha-
sizes high quality, new product development, and 
innovation; thus, it is called differentiation factor. 
We subsequently use the factor scores of these two 
factors rather than the 19 strategy variables to de-
velop the taxonomy of strategic groups.

Table 1 shows the results of analysis of variance. 
These results indicate significant differences in the 
performance of optical fibre communication enter-
prises that pursue different strategic types. There-
fore, Hypothesis 1 is supported.

From the second line of Table 1, the F-test for 
significant differences among the groups on the 
performance measure shows that the mean value 
for the hybrid strategy group is significantly great-
er than that for the cost leadership strategy group 
(p=0.062). Although the significant level is high-
er than 0.05, it remains lower than 0.10. Thus, Hy-
pothesis 2 is supported. Similarly, the third and 
fourth lines imply that LED optical fibre commu-
nication enterprises that adopt the hybrid strategy 
significantly outperform those that adopt the dif-
ferentiation and stuck-in-the-middle strategies. 
Thus, Hypotheses 3 and 4 are supported. LED 
optical fibre communication enterprises pursu-
ing the successful hybrid strategy enjoyed superior 
performance in terms of ROA, whereas enterprises 
stuck in the middle ranked at the bottom. These re-
sults suggest that a coherent strategy is beneficial 
for LED optical fibre communication enterprises 
to achieve superior performance.
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5. CONCLUSIONS

This study empirically investigates the rela-
tionship of competitive strategy and performance 
with the data from LED optical fibre communica-
tion enterprises in China. The results demonstrate 
that a hybrid strategy is the best one for LED opti-
cal fibre communication enterprises to implement, 
as San’an Optoelectronics Co. Ltd. has shown. 
When these firms develop a competitive strategy, 
they must consider technology innovation to ob-
tain differentiation advantage. Simultaneously, 
they should explore other means to achieve low 
cost advantage.
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Table 1. Analysis of variance results of performance
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freedom

Sum of
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Mean
squares F-statistic P-value

H1 3 16.9 5.6 152 226.9 1.5 3.8 0.012

H2 1 5.3 5.3 92 137.1 1.5 3.7 0.062

H3 1 4.7 4.7 78 66.2 0.9 5.5 0.021

H4 1 5.9 5.9 56 27.3 0.5 12.0 0.001

(Note: column 2, 3, and 4 are from treatments; column 5, 6, and 7 are from error.) 
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ABSTRACT

China is the world’s production base of equip-
ment for LED optical fibre illumination (LED il-
lumination hereinafter). The country is also the 
technology development centre of the industry and 
has the largest market and consumption of LED il-
lumination lamps. In recent years, Chinese LED 
illumination enterprises have obtained substantial 
development in scale and performance. Expan
ding their markets has been suggested by market-
ing strategists to enhance the shares of these enter-
prises in the competitive international environment. 
In this study, the following aspects of the Chinese 
LED illumination enterprises were analyzed: their 
current development status in domestic and over-
seas markets, the realistic and potential local and 
international demand for the enterprises, and the 
related marketing theories. Accordingly, new mar-
keting strategies were proposed for the LED illumi-
nation enterprises in the country. Analysis results 
show that the investigated enterprises have a large 
market development scale, the optical network of 
the industry is gradually completed, and the num-
ber of LED illumination enterprises in the country 
increases rapidly. Moreover, Chinese LED illumi-
nation enterprises face large market demand, which 
is increased further by technological advancement 
and reduced prices. These enterprises can effective-

ly improve their core competitiveness by marketing 
means of intensifying market planning, cultivating 
an export market, and enhancing R&D innovation. 
The study provides full understanding of the cur-
rent development status of Chinese LED illumi-
nation enterprises, and proposes these enterpris-
es to investigate the demand of optical fibre mar-
ket and effectively elevate their global competitive 
strength and status.

Keywords: LED optical fibre illumination, opti-
cal fibre enterprise, marketing strategy

1. INTRODUCTION

The application of LED optical fibre illumina-
tion (LED illumination hereinafter) in commu-
nication systems has been fundamentally studied 
in China since the 1970s. Technological progress 
and increasing market demand have increased the 
reliance of modern society on communication sys-
tems, and emphasized the importance of the relia-
bility of networks. Developments in communica-
tion and changes in operating environments have 
also imposed high requirements for optical fibre 
communications. Current pump priming policies 
in China constantly consider the light industry and 
optics illumination technology as key development 
industries.
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2. MARKETING CAPACITY ANALYSIS 
OF THE CHINESE LED ILLUMINATION 
MARKET

(1) Market Development Capacity
Although an annual 20% increasing momentum 

is maintained by the Chinese LED illumination in-
dustry, the momentum is highly distributed. Given 
that a conventional routine has been pursued, the 
LED illumination industry has low entry barriers 
with low technological content and thousands of en-
terprises flock together and join in tangled warfare 
in a low-end product market. Meanwhile, few en-
terprises can truly integrate LED illumination and 
drive brand promotion. The growth of LED illu-
mination enterprises is marked by their proactivity 
in studying and creating new market demands for 
the industry and meeting consumption psychology. 
LED illumination enterprises should initiate in ana-
lyzing their advantages and opportunities to form 
a commensally and self-enhanced organization, 
and take a leading role in new market competition. 
Society has entirely entered the information tech-
nology age, thereby increasing the market compe-
tition faced by LED illumination enterprises while 
minimizing commercial opportunities. Hence, these 
enterprises should not only meet the business re-
quirements of existing customers, but also initiate 
in investigating the market demand of potential cus-
tomers and creating industry demands.

(2) Technological Innovation and Product R&D 
Capabilities

Technological innovation is important 
to gain a competitive advantage. This concept facili-
tates sustainable enterprise growth and is an impor-
tant means for products to achieve sound marketing 
practices. The histories of economic development 
in developed countries and regions, such as Amer-
ica, Europe, Japan, and Korea, have demonstrated 
that rapid economic development and improved 
survival and development capability of enterprises 
are impossible without technological innovation. 
Currently, nearly all Fortune 500 enterprises have 
been grown from small-sized enterprises by relying 
on technological innovation. Technological innova-
tion of enterprises has shifted from passive innova-
tion toward initiative innovation. Chinese LED illu-
mination enterprises of small and medium sizes are 
still centred on imitating and plagiarizing the pro-
ducts of others. This practice has caused adverse ef-

fects on marketing campaigns and the development 
of the entire industry. Faced with competition from 
international LED illumination giants such as OS-
RAM, GE, and Philips, continued adoption of 
such practices to catch up with rivals, placing less 
emphasis on technological innovation will sooner 
or later result in the dismissal of Chinese LED il-
lumination enterprises from the market. The inno-
vation capability of successful foreign enterprises is 
significantly higher than that of the investigated en-
terprises. Therefore, technological innovation capa-
bility can guarantee the development of enterprises.

(3) Financial Management Capability
Growth histories of enterprises in various coun-

tries demonstrate that steady and prudent finan-
cial system can drive enterprises to conduct opera-
tion management continuously and evade various 
risks effectively, thereby facilitating unrestrained 
development. Chinese LED illumination enterpris-
es at present are generally small in scale with in-
complete financial system, and many of them only 
depend on interim financial personnel in summa-
rizing their financial analysis. Financial manage-
ment in the industry faces various problems, such 
as frequent occurrence of financial loopholes and 
capital loss. Thus, LED illumination enterprises 
should build sound financial system to obtain defi-
nite requirements and methods for reference, which 
can provide system guarantee for enhancing finan-
cial management. The organizational structure of 
an enterprise is concretely manifested when setting 
various functional departments, information trans-
fer, department leader, and cooperating mode. 
Highly efficient organizational structure of LED il-
lumination enterprises can result in steady financial 
system and scientific and democratic decision mak-
ing. Accordingly, the internal innovation and tech-
nological reform of the enterprise can be facilitat-
ed and maintained and pace of growth can be ac-
celerated. Therefore, LED illumination enterprises 
should also establish a highly efficient organization-
al structure [1].

3. MARKETING STRATEGY OF CHINESE 
LED ILLUMINATION ENTERPRISES

(1) Enhance Planning in the LED illumina-
tion Industry

The full advantages of market mechanism 
should be considered to enhance the guiding de-
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velopment of LED illumination industry, and the 
low-level and disorderly competition among them 
at the national level should be avoided. Several 
LED illumination enterprises resolve into blind 
mass action when shortage of optical fibre and ca-
ble occurs. These enterprises are small-sized ones 
and have insufficient capital and difficulty in pro-
ducing high-end products. China imports a large 
number of performs every year in such a case, 
thereby increasing the production cost and faci
litating external control of LED illumination en-
terprises. The associated branches of the govern-
ment should combine the basis to develop Chinese 
LED illumination enterprises. They should pro-
pose the development of the national LED illumi-
nation industry, accurately master technology ori-
entation and product strategies of the enterprises 
in this industry, and integrate various resources 
on the basis of the development direction of LED 
illumination technology and orientation of na-
tional industrial policies. The government should 
organize specialized forces to formulate and is-
sue development programs for the LED illumi-
nation industry, and to guide healthy and order-
ly development of the enterprises in this industry 
in the national level.

(2) Emphasize Cultivation of an Export Market 
of LED illumination Products

Apart from considering the domestic demand, 
Chinese LED illumination enterprises should also 
emphasize the cultivation of an export market of 
their products. At present, the market demand 
potential of LED illumination is large on a glob-
al scale. Specifically, countries and regions, such 
as India, Russia, Brazil, and Central Asia, prior-
itize the development of the information industry. 
China has only around 5% LED illumination pro-
ducts that can be exported currently because of 
high cost and backward technology. Becoming 
a member of the WTO has provided China with 
broad market prospect for the export products of 
the LED illumination enterprises in the country. 
Hence, related enterprises should be actively gui
ded to steadily and proactively develop all kinds 
of LED illumination products in accordance with 
the features of international market and its de-
mand. Accordingly, LED illumination products 
could be the important backbone of the country’s 
national export [2].

(3) Cultivate the Core Competitiveness of LED il-
lumination Enterprises

In the current phase, a large gap exists between 
national LED illumination enterprises and multi-
national corporations. Multinational corporations, 
such as Corning and Alcatraz-Lucent, have been 
in the LED illumination industry for more than 30 
years. In their 30 years of development, they have 
acquired an abundant economic and technologi-
cal base, rich management experience, and mature 
marketing channels. These corporations enjoy an 
excellent reputation on the international market, 
and their global sales volumes reach tens of billions 
of dollars. Some Chinese LED illumination enter-
prises have been on the scene for 10 years or even 
less. These enterprises have the following charac-
teristics: their brand and reputations have not been 
fully established, their scales are still small with 
weak technological strength, their sales scope is 
usually restricted to the domestic market, and their 
market shares in the domestic market are relative-
ly small with annual sales volumes generally being 
from tens of millions of yuan to billions of yuan. 
To catch up with multinational corporations in such 
a competitive environment, Chinese LED illumi-
nation enterprises should form their core competi-
tiveness as soon as possible to obtain more rapid de-
velopment than that of the international communi-
cation giants. They should also introduce advanced 
technologies to provide more and better products 
that those of their competitors, and establish pow-
erful marketing network to occupy a wider range of 
markets, unlike their multinational counterparts.

(4) Intensity Cultivation and Introduction of Ta
lents Specialized in LED illumination

Human resources are the most important pro-
duction factor that decides the survival and suc-
cess of enterprises. Talent competition is the final 
analysis is the common form of competition among 
enterprises. Talent is an important wealth for en-
terprises, and an excellent enterprise has an as-
sembly of outstanding talent. Employing many 
talents means owning important resources for an 
enterprise. Given that LED illumination industry 
is a technology-intensive industry, technological 
talents are criticize, especially those specialized 
in R&D and test of LED illumination equipment 
and product development. Whether LED illumi-
nation enterprises can own first-rate professional 
and technical personnel is directly related to their 



Light & Engineering 	 Vol. 24, No. 3

160

success in fierce market competition. The intro-
duction of professionals in LED illumination in-
dustry should be increased, especially those who 
have studied abroad and have rich experience in the 
prime of their life from overseas markets. A fa-
vourable environment for work, study, and living 
for these professionals should be provided, as well 
as support in human resources for the LED illu-
mination enterprises in China. Carrying out var-
ious academic exchange activities and cultivating 
the existing professional and technical talents by 
means of the concept of “go abroad and introduce 
in” should be pursued.

4. CONCLUSION

With the development of strategic emerging in-
dustry, Chinese LED illumination enterprises have 
also rapidly developed and the chain of the indu-
stry has formed. Faced with increasingly fierce in-
ternational competition, the overall strength of 
Chinese LED illumination enterprises still needs 
further elevation. In this study, the current mar-
ket development status of Chinese LED illumina-
tion enterprises was investigated and new marketing 
strategies for these enterprises were proposed. This 

study proposes how Chinese LED illumination en-
terprises can improve their global competitiveness.
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ABSTRACT

As one of the important emerging national stra-
tegic industries in China, the LED lighting indu-
stry promotes the rapid development of other in-
dustries. The paper selects 20 listed companies 
in the LED lighting industry in China as examples, 
chooses fixed assets, operating costs, intangible as-
sets, administrative expenses and government sub-
sidies as input indicators, with revenue and net pro-
fit as output indicators, and uses the DEA model 
to evaluate their operational efficiency. The result 
shows that operational efficiency in 60% of sam-
ples is DEA efficient. For non-DEA efficient sam-
ples, the paper suggests relevant strategies to im-
prove operational efficiency.

Keywords: operational efficiency, LED lighting 
industry of China, DEA

1. INTRODUCTION

LED (Light Emitting Diode) is a semiconduc-
tor consisting of Ga, As, P, N and other chemical 
compounds, which is able to convert electric en-
ergy to light energy. It does not rely on heating by 
filaments and phosphor to glow, but it can use the 
energy produced during recombination process 
to launch a cold light source from LED through the 
recombination between electron and electron hole. 
Compared with traditional filament lamps, fluo-
rescent lamps, HID lamps, the LED is more en-

ergy efficient, environmentally friendly, durable 
and safe. The innovation of LED is regarded as the 
third revolution in the industry after filament lamps 
and fluorescent lamps, which has historic meaning. 
As one of the important emerging national strate-
gic industries in China, LED lighting industry has 
strong industrial linkage.

Although there is much strong research on in-
put-output efficiency in many other fields, the re-
search about the LED lighting industry is quite lim-
ited. Chia et al. (2014) have researched the evalu-
ation system of the current LED lighting industry 
in Taiwan. They estimate the performance of 10 lis-
ted enterprises and production efficiency in the in-
dustry between 2003 and 2009 by DEA and malm-
quist index [1–2]. Meanwhile. Wu et al. (2014) also 
take the DEA method to examine domestic listed 
companies’ scale efficiency in the industry, and the 
result indicates the scale efficiency of domestic lis-
ted LED firms has a better performance than their 
pure technology efficiency [3].

Research on LED lighting is quite mature 
in China and abroad. But from the perspective of 
efficiency, few studies have evaluated the input-out-
put efficiency of listed companies in the LED light-
ing industry in China. Referring to evaluations of 
input-output efficiency in other fields, this study 
attempts to evaluate operational efficiency of lis
ted companies in the LED lighting industry in Chi-
na using a quantitate method, which has practical 
and theoretic value.
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2. EVALUATION MODEL DESIGN

Sample selection and indicator design
According to the industry classification by the 

China Securities Regulatory Commission, the 
study considered following factors when selecting 
suitable listed companies from LED lighting indu-
stry in China:

1) Listed companies which have no net pro-
fit, negatively impacting the assessment results, 
and have no comparability, are excluded; 2) Based 
on the requirements of DEA model, the study tried 
to consider twice as many companies as input and 
output indicators. Finally, 20 listed companies were 
selected from the LED lighting industry in Chi-
na, which are modeling of decision making units 
(DMU).

Referring to relevant scholars, five input indica-
tors were selected: fixed assets (x1), operating costs 
(x2), intangible assets (x3), administrative expenses 
(x4) and government subsidies (x5). Among these, 
fixed assets and operating costs reflect the situa-
tion of fixed capital and working capital in the sam-
ple companies. Intangible assets and government 
subsidies reflect the characteristics of the LED 
lighting industry as a high-tech and strategic emerg-
ing industry. Intangible assets reflect the company’s 
R&D expenditure. Administrative expenses reflect 
employee compensation. The enormous economic 
and social benefits which the LED lighting indu-
stry can bring, not only prompt national and local 
governments to formulate development plans, but 
also promote regional R&D investment and contin-
ue to strengthen efforts to promote the rapid deve-
lopment of the LED lighting industry. Revenue(y1) 
and net profit(y2) are selected as output indicators. 
A good level of revenue, is the foundation of enter-
prise survival and sustainable growth, reflecting the 
company’s profitability. Under the circumstances 
of the certain cost in companies, until the compa-
nies ensure good revenue, it is impossible to achieve 
improved levels of corporate profits.

The indicator data are from the Wind database. 
Data of fixed assets, intangible assets come from 
the corresponding subjects in the balance sheet of 
sample companies in 2015. Data of operating costs, 
administrative expenses, revenue and net profit 
come from the corresponding account in the in-
come statement. Government subsidies are from 
the non-operating revenue account in the income 
statement.

DEA model
Since 1978, Charnes, Cooper, and Rhodes put 

forward the method of data envelopment analysis 
(DEA, Data Envelopment Analysis), the DEA me-
thod has been widely used in many fields like objec-
tive decision making, efficiency analysis, theoretical 
system and application levels. The first DEA mo-
del, called the C2R model, mainly used to analyze 
and evaluate the relative effectiveness of the deci-
sion-making unit. The second model is called BC2 

DEA model, proposed by Banker, Charnes and 
Cooper in 1984, is primarily used to determine the 
corresponding point in the decision-making unit 
of the production function image [4].

The method hypothesizes that if there is 
a decision-making unit (DMU), each DMU 
in value creation has m  kinds of input and s  
types of output. The value creation input vec-
tor of the jth decision-making unit (DMUj) is
x x x xj j j mj

T= >( , , , )1 2 0 . The value creation out-
put vector of the jth decision-making unit (DMUj) 
is y y y yj j j sj

T= >( , , , ) .1 2 0  And their weight 
vectors respectively are v v v vm

T= ( , , , )1 2   and 
u u u us

T= ( , , , )1 2  .The efficiency rating index of 
the jth decision-making units (DMUj) is:
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Having a non-Archimedean infinitesimal ε BC2 
model of the dual form (variable returns to scale) is
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3. OPERATIONAL EFFICIENCY 
EVALUATION

The raw data of input and output indices of the 
20 samples were entered into the DEAP2.1 soft-
ware and the parameter of the boot file were set 
up: with the DMUs set at 20 and the interval set 
at 1 year, the input-leading mode chosen with 2 
output indicators and 5 input indicators, 0=IN-
PUT ORIENTATED, 1=VRS, 0=DEA (MUL-
TI-STAGE). Table 1 shows the evaluation out-
come of the operational efficiency of listed com-
panies in the LED lighting industry in China based 
on the BCC model.

From Table 1, it can be seen that the mean tech-
nical efficiency of 20 listed companies in the LED 
lighting industry in China is 0.94, the mean pure 
technical efficiency is 0.98, and the mean scale ef-
ficiency is 0.96. The operational efficiency of 12 lis-
ted companies is DEA efficient.

The specific explanations are as follow:
1) The operational efficiency of 12 listed com-

panies is DEA efficient, which means that with 
fixed amounts of input and proper output, ope-
rational efficiency reaches optimization. Besides, 
DEA efficient companies account for 60% of the 
total while the rests account for 40%, which means 
most LED companies in the sample have good ope-
rational efficiency.

2) From the eight non-DEA efficient compa-
nies, Kingsun, Ledman, and Elec-Tech Interna-
tional have a pure technical efficiency of 1.00, while 
scale efficiencies are 0.91, 0.88 and 0.73 respec-
tively; the rest of the companies have pure tech-
nical efficiencies and scale efficiencies below 1.00, 
which shows Kingsun, Ledman, and Elec-Tech are 
in need of expanding scale to improve operating 

efficiency, while the rest need to not only expand 
scale but also improve pure technical efficiency.

3) Four listed companies are both in increasing 
returns to scale and in decreasing returns to scale, 
and 12 companies are in constant returns to scale. 
This shows the reason that some companies’ re-
turns to scale remain unchanged or decreasing 
because of increasing input and expanding scale 
caused by upgrading of technology, widespread 
of application and expanding market. For the re-
maining four amongst increasing returns to scale 
companies, it may be caused by fierce competi-
tion in the market.

The input and output slack values of operatio-
nal efficiency of the listed companies in LED light-
ing industry in China are shown in Table 1. Taking 
Country Star Power as an example, its operatio-
nal efficiency of the production frontier projected 
point is (87422.34, 122119.50, 9894.27, 15430.6, 
73676.39) and (24764.73, 183851.56). Therefore, 
when improving its operational efficiency, it is 
recommended to respectively reduce 657.43 mil-
lion yuan of fixed assets (x1), 201.43 million yuan 
of operating costs (x2), 23.17 million yuan of intan-
gible assets (x3), 25.45 million yuan of administra-
tion expenses (x4), and 25.45 million yuan of go-
vernment subsidy (x5). In this case, operating in-
come (y1) can be increased by 93.52 million yuan. 
Input and output efficiency adjustment of other lis-
ted companies follows that revelation. The enlight-
enment is that although the greater output listed 
companies in LED lighting industry of China in-
vest, the greater output they gain, still have more 
to optimize its input indicators. Reasonable invest-
ment can ensure effective output, focusing on fixed 
assets, terms of operating costs, administrative ex-
penses and other adjustments to achieve a reaso
nable goals of inputs and outputs based on the cor-
responding improvement strategies.

3. CONCLUSIONS

The global economy has brought many opportu-
nities to the development of the Chinese economy, 
and promoted the development of China’s various 
industries. With the growing levels of consumption, 
LEDs are applied more and more widely. Follow-
ing this, the number of listed companies in the 
LED lighting industry in China becomes greater, 
but the current economic situation seriously affects 
the development of listed companies in the LED 
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lighting industry, its operational efficiency has be-
come the focus of attention. This study adopts the 
DEA model to evaluate the operational efficiency 
of listed companies in the LED lighting industry 
and the results show that operational efficiency of 
the majority of listed companies in the LED light-
ing industry is DEA efficient. Some listed compa-
nies suffer reducing operating costs due to fixed as-
sets, intangible assets, excessive operating costs and 
other reasons. It is suggested that operating costs 
and administrative expenses should be controlled, 
fixed assets and intangible assets managed, as well 
as other steps taken to effectively enhance the ope-

rational efficiency of listed companies in the LED 
lighting industry of China.
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ABSTRACT

To identify the impact of counterfeit light-emit-
ting diode (LED) lighting on the supply chain, 
a decision game model of the supply chain is con-
structed consisting of an LED lighting brand com-
pany, a LED lighting counterfeiter, and a retailer. 
The pricing decision of the decision game model 
is discussed. Afterwards, the impacts of the quality 
improvement of the authentic LED lighting pro-
ducts and the non-deceptive LED lighting coun-
terfeits on the wholesale price, retail price, market 
share, and profit of the supply chain is analyzed 
through comparative static analysis. The conclu-
sion is verified by numerical examples.

Keywords: supply chain, counterfeit, game

1. INTRODUCTION

China is in the reformative acceleration period 
of the social economic structure, and enterprise 
systems, industrial structures, and business pat-
terns are frequently changing. At the same time, 
counterfeits have quietly formed the scale in Chi-
na and have gained a wider influence on normal 
socio-economic development.

Counterfeits are also prevalent in the light-emit-
ting diode (LED) lighting industry. Some well-
known domestic and foreign LED lighting compa-
nies have suffered from counterfeiting. For exam-
ple, in April 2015, OPPLE lighting found up to 5672 

counterfeit products in the northern region, more 
than 700 counterfeit bath heaters and flat lamps 
in the western region, 1900 counterfeit integrated 
ceilings and flat lamps in the eastern region, and 
337 counterfeit bath heaters and flat lamps in the 
southern region [1].

Several scholars have studied counterfeiting. 
For instance, Grossman et al. divided counter-
feits into non-deceptive and deceptive counter-
feits. A non-deceptive counterfeit is a product that 
consumers know with certainty to be a counter-
feit at the time of purchase, whereas a deceptive 
counterfeit is a product that is unknowingly coun-
terfeit and purchased by consumers [2]. Zhang 
et al. used the distinction between deceptive and 
non-deceptive counterfeits as a basis, determined 
the condition behind the general channel support 
for counterfeits, and analyzed the optimal supply 
chain structure, the attitude of consumers to the 
risk of counterfeits, and the loyalty of consumers 
on certification shops [3]. Soo-Haeng et al. com-
pared two types of counterfeiters: deceptive and 
non-deceptive. Their analysis reveals that the ef-
fectiveness of these strategies critically depends 
on whether a brand company faces a non-deceptive 
or deceptive counterfeiter [4]. Peggy et al. investi-
gated recent counterfeiting trends in the internatio-
nal marketplace and discussed the various labeling 
techniques that have been developed to distinguish 
between “real” and “fake” products [5]. Martin et 
al. reviewed a number of existing studies on the 
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determinants of the consumers’ intention to pur-
chase counterfeit products [6]. Existing studies have 
only considered deceptive counterfeits and not the 
non-deceptive counterfeits. This paper will study 
decision game problem of supply chain considering 
non-deceptive LED lighting counterfeits.

The rest of this paper is arranged as follows: Sec-
tion 1 provides the basic model; Section 2 studies 
the game model of the supply chain, which con-
sists of a LED lighting brand company, a LED 
lighting counterfeiter, and a retailer; Section 3 il-
lustrates numerical examples; and Section 4 pro-
vides the conclusion.

2. BASIC MODEL

The model considers two companies produc-
ing similar LED lighting products in the market: 
a brand LED lighting company and a LED lighting 
counterfeiter. The retailer buys from both compa-
nies and then sells the authentic LED lighting pro-
ducts and the non-deceptive LED lighting counter-
feits to consumers, assuming that the retailer sells 
without cheating. Consumers can decide whether 
to purchase the authentic LED lighting products 
(choice a, authentic) or the LED lighting counter-
feits (choice f, counterfeits) from the retailer. Here, 
pi is the price of product i, which the retailer sells 
to consumers ( )pi > 0 .

We assume that qi > 0 is the quality level of the 
LED lighting product ( , )i a f= , wi > 0 is the whole 
sale price of the product that the retailer buys, ci > 0 
is the cost of product i  c k qi i i= 2, and ki > 0 is the 
cost coefficient. Given that the cost of the authentic 
LED lighting products includes production cost, 
design cost, advertising cost, and so on, and the 
cost of the counterfeits on design and advertis-
ing, among others, are almost zero, the cost of the 
authentic products is greater than the cost of the 
counterfeits, that is, k ka f> . In addition, φi a fp p( , ) 
is the market share of i  product. A market share is 
similar to that reported by Zhang et al [3]. For any 
( , )p pa f , the market share of the authentic LED 

lighting products is φa a f
a f

a f

p p
p p

q q
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The profit of the retailer is expressed as

π φ

φ
r a a a a f

f f f a f

p w p p

p w p p

= − ⋅ +

+ − ⋅

( ) ( , )

( ) ( , ).
(1)

Assuming that the probability found by the rele-
vant department about the LED lighting counter-
feiter selling the counterfeit is u, u∈( , )0 1 , and as-
suming that the damage award is r  times as its cost, 
then rc rk qf f f= 2, where r  is the penalty coefficient.

Thus, the profit of the brand name company is 
given by

π φa a a a f aw p p c= ⋅ −( , ) . (2)

The expected profit of the LED lighting coun-
terfeiter is expressed as

π φf f f a f f fu w p p c urc= − ⋅ − −( )( ( , ) ) .1 (3)

3. SUPPLY CHAIN GAME

From Equation (1)-(3), we can we can ob-
tain the wholesale price of the authentic LED light-
ing products can be expressed as

w
q q q

q qa
a a f

a f

∗ =
−

−

2

4

( )
. (4)

The wholesale price of the retailer buying the 
LED lighting counterfeits can be obtained through 
the following equation:

w
q q q

q qf
f a f

a f

∗ =
−

−

( )
.

4
(5)

The price of the authentic LED lighting pro-
ducts, which the retailer sells to consumers, through 
the equation

p
q q q

q qa
a a f

a f

∗∗ =
−

−

6 3

8 2

2

. (6)

The price of the LED lighting counterfeits sold 
by the retailer to consumers can be obtained by us-
ing the equation below
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p
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The profit of the LED lighting brand company, 
the LED lighting counterfeiter and the retailer are
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respectively.
From Equations (4)-(10), we can obtain the fol-

lowing correlative conclusions:
Conclusion 1: The higher the quality of the 

authentic LED lighting products qa, the greater the 
wholesale price of the retailer buying the authentic 
LED lighting products wa

∗. The higher the quality of 
the LED lighting counterfeits q f , the lower the wa

∗. 
The higher the value of qa, the greater the whole-
sale price of the retailer buying the LED lighting 
counterfeits w f

∗ .
Conclusion 2: The higher the quality of the 

authentic LED lighting products qa, the greater the 
price of the retailer selling the authentic LED light-
ing products to customers pa

∗∗. The higher the qua
lity of the LED lighting counterfeits q f , the lower 
the pa

∗∗. Finally, the higher the values of qa and q f , 
the greater the price of the retailer selling the LED 
lighting counterfeits to customers p f

∗∗.

Conclusion 3: The higher the value of qa, the 
smaller the market share of the authentic LED 
lighting products pa and the LED lighting coun-
terfeits p f . Furthermore, the higher the value of 
q f , the greater the values of pa and p f .

Conclusion 4: The higher the value of q f , the 
lower the profit of the LED lighting brand com-
pany πa

∗∗. Meanwhile, the higher the value of qa, 
the greater the expected profit of the LED lighting 
counterfeiter π f

∗∗.

4. NUMERICAL EXAMPLES

Assuming that the cost coefficient of the 
authentic LED lighting products is ka = 0 03.  and 
the cost coefficient of the LED lighting counter-
feits is k f = 0 003. .Assuming that u = 0 3.  and r = 2, 
the impacts of the quality improvement of the LED 
lighting counterfeits and the authentic LED light-
ing products on the LED lighting brand company, 
the LED lighting counterfeiter, and the retailer are 
respectively analyzed.

Assuming that the quality of the authentic LED 
lighting products qa = 3, the figure below shows the 
profit changes of the LED lighting brand compa-
ny, the LED lighting counterfeiter, and the retail-
er, when the quality of the counterfeit LED light-
ing improves.

Fig. 1 shows that the higher the quality of the 
LED lighting counterfeit, the lower the profit of the 
LED lighting brand company becomes. The pro-
fit of the LED lighting counterfeiter shows a trend 
from an increase to a decline along with the quality 
improvement of the LED lighting counterfeits. The 
higher the quality of the LED lighting counterfeit, 
the greater the retailer’s profit would be.

The quality of the LED lighting counterfeits is 
q f =1, when the quality of the authentic LED light-
ing products improves. Fig. 2 shows the changing 
conditions of the LED lighting brand company, the 
LED lighting counterfeiter, and the retailer.

As shown in Fig. 2, the profit of the authentic 
LED lighting products shows a trend from an in-
crease to a decline along with the quality improve-
ment of the LED lighting counterfeits. The high-
er the quality of the authentic LED lighting pro-
ducts is, the greater the profit of the LED lighting 
counterfeits would become. The profit of the re-
tailer shows a trend from decline to rise along with 
the quality improvement of the LED lighting brand 
company.

Fig.1. Impacts of the quality improvement of the LED 
lighting counterfeits on the LED lighting brand company, 

the LED lighting counterfeiter, and the retailer
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5. CONCLUSIONS

In this paper, we consider two LED lighting 
companies producing similar products in the mar-
ket: a LED lighting brand company and a LED 
lighting counterfeiter. Assuming that the retailer 
sells without cheating, the retailer buys from them 
and then sells the authentic LED lighting products 
and the non-deceptive LED lighting counterfeits 
to consumers. The game model is established for 
the optimal solution. Afterwards, the situation of 
the LED lighting counterfeiter discovered by rele-
vant parties is analyzed, resulting in the identifica-
tion of the optimal wholesale price of the retailer 
buying productions.

In terms of its limitation, this paper only con-
sidered the impacts of quality improvement on the 
wholesale price of the retailer buying productions, 
price of the retailer selling to consumers, market 
share, and company profit under the market cir-
cumstance, which includes a single LED lighting 
brand company and a single LED lighting counter-
feiter. However, this paper has not considered the 
condition of the retailer selling deceptive counter-
feits. Thus, the multi-stage LED lighting supply 
chain that sells deceptive counterfeits is also wor-
thy of further discussion.

ACKNOWLEDGEMENT:

The authors are grateful for the support pro-
vided by the National Science & Technology 
Supporting Program of China (2014BAH23F01, 
2014BAK01B01) and Scientific Research Pro-
ject  of  Beij ing Educational  Committee 
(SQKM201610016016).

REFERENCES:

1.  http://www.optochina.net/html/zx/scfx/44714.
html.

2.  Grossman, G., Shapiro, C. Counterfeit-Prod-
uct Trade. American Economic Review, 1988. V78, 
#1, pp.59–75.

3.  Zhang, J., Zhang, R. Supply chain structure 
in a market with deceptive counterfeits. European 
Journal of Operations Research, 2014. V240, #2015, 
pp.84–97.

4.  Soo-Haeng, C., Xin, F., Sridhar, T. Combating 
strategic counterfeiters in licit and illicit supply chains. 
Manufacturing & Service Operations Management, 
2015. V17, #3, pp.273–289.

5.  Peggy, C., Michael, W. An assessment of the 
impact of counterfeiting in international markets: the 
piracy paradox persists. Columbia Journal of World 
Business, 1996. V31, pp.34–48.

6.  Martin, E., Pakize, S. Explaining counterfeit 
purchases: a review and preview. Academy of Mar-
keting Science Review, 2006. V2006, #12, pp.1–22.

Chuantao WANG, 
Doctor of System 
Engineering, Assistant 
Professor. Graduated from 
Beijing Jiaotong University

Xiaofei CAI, 
Bachelor of Human 
resource management, 
Master candidate 
of Beijing University 
of Civil Engineering and 
Architecture

Hua QIN, 
Doctor of Industrial 
Engineering, Associate 
Professor. Graduated from 
Tsinghua University

Fig.2. Impacts of the quality improvement of the authentic 
LED lighting products on the LED lighting brand compa-

ny, the LED lighting counterfeiter, and the retailer



170

Light & Engineering	 Svetotekhnika
Vol. 24, No. 3, pp. 170-173, 2016 	 No. 5, 2016

PSYCHOLOGICAL TRAINING PROGRAMMES FOR YOUNG EMPLOYEES 
IN CHINA’S NEW ENERGY INDUSTRIES: A PHOTOVOLTAIC  

INDUSTRY CASE STUDY

Qiaoxia SUN

Baotou Light Industry Vocational Technical College, Inner Mongolia, China 
E-mail: sunqiaoxia664@163.com

ABSTRACT

This study determines the current psychologi-
cal state of young employees in new energy indus-
tries by obtaining real data, which provide impor-
tant bases for analyzing problems and exploring 
solutions, through a questionnaire, interviews, and 
informal discussions that focus on the photovol-
taic industry. Young employees are generally fac-
ing considerable pressure, depression, loneliness, 
and other psychological problems because of work 
factors, such as safe production, working environ-
ment, and labour intensity, as well as family fac-
tors, such as burden from family and difficulties 
in finding a spouse. Companies should place im-
portance on the psychological status of employees, 
establish a comprehensive psychological archive, 
provide employees with regular psychological ex-
ercises, and develop a five-in-one mental health 
awareness mechanism.

Keywords: new energy industry, psychological 
training, young employees, photovoltaic industry

1. INTRODUCTION

The World Health Organization Charter defines 
a “healthy state” as a state that is not only free from 
diseases or physical disabilities, but also characte
rized by good mental condition. In modern socie-
ty, both work and life rhythms are fast-paced. In-
dividuals are facing fierce competition in the la-
bour market, which increases pressure in life. The 
information age is gradually accelerating along with 

the modernization of power grid enterprises. Work 
pace, standards, duties, and pressures are gradually 
increasing, which significantly influences the em-
ployees of power generating enterprises. Employ-
ees become more prone to anxiety, irritability, and 
other negative emotions, which considerably affect 
their work efficiency and quality [1]. Therefore, 
comprehensively studying the psychological state 
of employees in energy enterprises, strengthening 
psychological training and counselling, and estab-
lishing a scientific and reasonable regulation me-
chanism are particularly important.

2. PSYCHOLOGICAL PROBLEMS 
OF YOUNG EMPLOYEES IN THE 
PHOTOVOLTAIC INDUSTRY

The upstream enterprises of the photovolta-
ic industry are frequently located in mountain-
ous areas with abundant silicon resources. Mean-
while, downstream enterprises are frequently lo-
cated in areas where the duration of sunlight is 
long. The photovoltaic industry is generally locat-
ed in regions with relatively harsh environments, 
where employees are more prone to psychological 
problems than those working in urban areas. Six 
manifestations of psychological problems are ob-
served among employees in the photovoltaic indu-
stry: (1) physical discomfort with various typical 
occupational diseases; (2) psychological loneliness 
and emptiness, and low self-esteem, judging one’s 
ability and self-worth; (3) lack of passion and spi
rit, which they possessed before working, and irri-
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tability and anger, many are suffering from depres-
sion, autistic spectrum disorders, among others; 
(4) a general feeling that the work they are doing 
is meaningless, low efficiency or self-evaluation of 
low competence or unsuitability for the current 
work, which leads to high turnover; (5) poor inter-
personal relationship characterized by indifference 
and lack of sympathy; and (6) aggressive behav-
iour towards others. Employees suffer from many 
interpersonal frictions. In extreme cases, fights or 
self-destructive behaviours may occur [2]. Pow-
er grid enterprises have higher health and safety 
requirements than other industries. They regard 
safety as their lifeblood. These problems have be-
come “time bombs” in Chinese power grid indus-
tries. They can “explode” any time and consider-
ably affect safe production, social security, and in-
dustrial stability [3].

3. ANALYSIS OF PSYCHOLOGICAL 
PROBLEMS OF YOUNG EMPLOYEES 
IN THE PHOTOVOLTAIC INDUSTRY

This study uses a questionnaire survey to gath-
er information from 100 young employees in the 
photovoltaic industry and to determine their ac-
tual psychological state.

Psychological stress caused by occupational factors
Safety is the lifeblood of the photovoltaic in-

dustry. At present, the Chinese government has 
placed considerable importance on the issue of 
safe production. Accident rate is an important in-
dex to evaluate enterprise development and perfor-
mance. Most young employees work on the front-
line. Therefore, they work hard to ensure safety. 
The considerable pressure of ensuring safe pro-
duction remains with young employees. Eventual-
ly, they become highly stressed. Under such pres-
sure, employees with obsessive–compulsive dis-
order (OCD) are compelled to calculate data and 
conduct cross-checks repeatedly. The results of the 
survey indicate that the closer the position is to the 
core, the more important the task, and the more in-
tense the working pressure. That is, staff members 
working at the frontline experience more pressure 
than staff members working in the office. This situa-
tion will inevitably lead to the adverse psychological 
state of young employees who easily develop OCD.

The photovoltaic industry is an emerging indu-
stry. Primary enterprises are facing a serious contra-

diction between the supply and demand of talents. 
The primary sectors of the photovoltaic industry 
are located far from urban areas, where resources 
are more abundant. Young people have a psycho-
logical resistance to such areas, which causes a se-
rious brain drain phenomenon. Simultaneously, 
both the management and first-line technical staff 
are required to work in shifts; that is, working over-
time has become a normal condition, which results 
in various degrees of anxiety among many young 
employees and seriously affects their psychological 
health. The survey results indicate that the propor-
tions of young employees who frequently, some-
times, and seldom suffer from psychological anxi-
ety are 27%, 62%, and 11%, respectively.

In general, both the upstream and downstream 
enterprises of the photovoltaic industry are loca
ted in mountainous areas, where the working en-
vironment is harsh. Young employees who work 
in such environments and far from vivacious cities 
and their homes, coupled with incidents of gender 
discrimination in companies, experience difficulties 
in searching for a spouse. They find life boring and 
dull, easily feel weary, and have unhealthy psycho-
logical states. In particular, facilities are incomplete 
and unsound in some early projects in the photo-
voltaic industry. Employees lack access to chan-
nels of communication with the outside world. The 
survey results indicate that 53% of young employ-
ees claim that they have to bear the pressure alone. 
Only 27% talk to their family and friends, and only 
9% talk to the management and supervisors. The 
remaining 21% vent pressure through the Internet 
or by engaging in sports. The considerable pressure 
exerted by the working environment causes em-
ployees to experience a high level of psychologi-
cal anxiety, which cannot be solved in the absence 
of a suitable outlet. Consequently, employees are 
prone to depression. Some companies use simple 
and boring training methods that drain the enthu-
siasm from young employees. These methods do 
not only fail to fulfill the purpose of training, but 
also restrict individual ability and quality. The re-
striction of personal development also increases 
psychological pressure on employees.

Stress from family factors
The family planning policy (one-child policy) 

has been implemented in China for over 30 years. 
The proportion of only-child young employees is 
large. Many families belong to the “421” pattern, 
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where “4” represents the four elderly parents of the 
couple, “2” represents the couple, and “1” rep-
resents the child. Young employees from such fa
milies are inevitable mainstays who are under the 
heavy burden of family. The survey results show 
that 39% of young employees feel themselves under 
a heavy family burden, particularly those belong-
ing to the 30–35 year age group. These employees 
are married and have children. They need to con-
sider both work and family. In addition to working 
hard in their job, they have to support their elder-
ly parents and raise their children, which require 
a considerable time and effort.

At present, most young employees were born 
during the 1980s and 1990s. These people have 
grown up after the Reform and Opening up Eras. 
They have active minds, are more romantic, and 
have more demands in marriage than those from 
previous generations, which aggravates the diffi-
culties in searching for a spouse. Male employees 
are not the only ones to experience difficulties be-
cause of their small social circle and working envi-
ronment, some female employees also experience 
difficulty in finding a match because of working 
factors and the lack of men who meet their expec-
tations. Some female workers find themselves un-
worthy of men with a higher status, but are unwill-
ing to accept men with a lower status. According-
ly, female employees who are of marrying age but 
are still single are common. In recent years, living 
standards have rapidly improved with rapid econo-
mic development. The cost of living has continued 
to increase, particularly housing prices. Young em-
ployees are under relatively high pressure to pur-
chase an apartment. This factor leads to high salary 
expectations. The survey results show that 68% of 
young employees are encountering or have encoun-
tered difficulties in searching for a spouse. More-
over, 52% believe that such difficulty is caused by 
their small social circle, whereas 30% reckon that 
it is because of their low salary that does not satisfy 
their expectation. The rest believe that other fac-
tors cause their difficulty in searching for a spouse.

Psychological stress caused by social factors
China is in a transition period of economic de-

velopment. It is still at the primary stage of socia
lism and is developing toward being a comprehen-
sively well-off society. During this period, social 
ideologies easily change, while psychological fac-
tors that may affect young employees have gradu-

ally increased. Young employees in the photovol-
taic industry have apparently higher expectations 
than the older generation. Their values are more 
diverse. New media, represented by the Internet, 
have become the main channel for young people 
to obtain information, particularly with the rapid 
popularization of the Internet and mobile smart-
phones. On the one hand, such media make com-
munication convenient. On the other hand, they 
make disseminating negative ideas easy. Young peo-
ple are weak in terms of discrimination. They are 
easily provoked and confused.

As the economy develops, the demands of 
people from work and life are no longer limited 
to material interests, but have diversified to include 
spiritual, democratic, and other interests. For ex-
ample, young employees in photovoltaic enterpris-
es do not only expect monetary benefits from work, 
but also expect personal development in their ca-
reer, participation in enterprise management, and 
democratic rights to express themselves. Howev-
er, the job sequence is typically singular and de-
velopment is restricted in the photovoltaic indu-
stry, which result in psychological problems among 
young employees. They feel hopeless and gradual-
ly lose their enthusiasm to work. Simultaneously, 
their income level cannot catch up with rapidly in-
creasing housing prices. Young employees feel in-
creasing pressure in both work and life. The survey 
results indicate that 28% of young employees deem 
their current income as relatively low and hope that 
it will increase in the coming months. Furthermore, 
58% have thought about changing job, particular-
ly during the first few years of joining the industry.

4. STRATEGIES FOR STRENGTHENING 
THE PSYCHOLOGICAL TRAINING 
OF YOUNG EMPLOYEES IN THE 
PHOTOVOLTAIC INDUSTRY

Comprehensively understanding the psychologi-
cal situation of employees, establishing employee psy-
chological files

Introducing various psychological theories, 
methods, and experiences into the daily mana-
gement of photovoltaic enterprises is necessary 
to cope with the psychological problems of young 
employees. Maximizing the use of various software 
and hardware equipment before recruitment is im-
portant, for example, conducting psychological as-
sessment of employees to grasp their psychologi-
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cal state fully. Meanwhile, companies should con-
duct regular surveys among employees who have 
served longer to understand psychological chan
ges among this group.

Develop targeted psychological training courses
Many psychological training methods are avai

lable, but developing a psychological course that is 
suitable and targeted for photovoltaic employees is 
necessary. First, companies should use psychologi-
cal archives, conduct periodic analyses, and classi-
fy current problems. Then, targeted training cours-
es should be designed to guide young employees 
in gradually grasping the self-regulation method 
and improving their control for all kinds of negative 
emotions as well as their resistance to psychologi-
cal problems. Special attention should be focused 
on cultivating the psychological ability of managers 
to spot psychological problems among staff mem-
bers and to find a reasonable solution.

Establish a psychological health website
Enterprises should establish a specialized psy-

chological health website if technology and funds 
are available, and actively take advantage of the 
convenient network and the dependence of young 
employees on such network, for example, by up-
loading theories of psychological health knowledge 
as well as audio and video courses on the website. 
By doing so, employees can easily use their spare 
time to learn about themselves. In addition, en-
terprises can also offer online counselling services, 
which can provide online answers to questions from 
employees. Providing timely guidance to staff and 
performing psychological adjustment can also help 
those who have difficulty in face-to-face communi-
cation, which can effectively improve the efficiency 
of the psychological management of an enterprise.

Construct a f ive-in-one psychological promo-
tion mechanism for employees

Psychological state is an important index for 
assessing staff quality. Ensuring the psychological 
health of employees does not only require exter-
nal forces for psychological adjustment. Instead, 
a more effective approach is training to enhance 
the immunity and ability of employees to achieve 
self-regulation, and thus, fundamentally relieves 
the mental health problems of young employees 
in the photovoltaic industry. Therefore, establish-
ing a scientific and comprehensive prevention secu-

rity system equipped with consultation, evaluation, 
and monitoring facilities, and using scientific re-
search as their basis, is necessary. The five aspects, 
namely, training, consultation, assessment, moni-
toring, and research, constitute a five-in-one em-
ployee psychological health promotion mechanism.

5. CONCLUSION

The causes of psychological problems among 
employees in the photovoltaic industry consist of 
both work and family factors. Mental health prob-
lems are not acquired in a day or two, but build up 
over time. Similarly, the problems cannot be solved 
overnight. Instead, a long-term mechanism should 
be established from the recruitment of employees. 
The psychological state of employees should be 
monitored and understood to enable the timely de-
tection of problems, the analysis of problems, and 
the exploration of reasonable ways to solve prob-
lems. The company should place considerable im-
portance on psychological health problems, exert 
efforts to help young employees establish a scienti-
fic concept of psychological health, and eliminate 
the influence of all forms of negative psychologi-
cal problems.
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ABSTRACT

In recent years, the efficiency of photovoltaic 
power generation keeps rising, but the cost remains 
high. This paper studies the optimization process of 
photovoltaic enterprises and micro-grid agents with 
the objective of profit maximization, and builds 
a two-layer optimization model. Research find-
ings suggest that the model can reduce the costs of 
photovoltaic enterprises and micro-grid agents and 
maximize their profits.

Keywords: photovoltaic enterprises, micro-grid, 
two-layer optimization, energy

1. INTRODUCTION

In recent years, the rapid growth of the photo-
voltaic industry has given rise to increasingly se-
vere energy supply and environmental problems 
[1]. Developing new energy resources is a critical 
energy strategy of all countries. Luo et al. put for-
ward a non-radiative dielectric guide volume con-
figuration plan based on reliability and economic 
efficiency in 2010 [2]. In 2011, Yuan built a set of 
distributive, photovoltaic power generation mi-
cro-grid experimental platforms from the perspec-
tive of a distributive, photovoltaic power genera-
tion micro-grid power supply system [3]. Xu et al. 
proposed a low-carbon development goal and key 
objective indicator system, and put forward the re-
alization of companies’ low-carbon development 
[4]. In 2013, Su et al. devised methods of calcula-
ting the cost and efficiency of photovoltaic pow-

er generation in different operational modes [5]. 
High et al. made some effective suggestions based 
on the distributive, photovoltaic connected-grid 
and the operation of grid companies in 2013[6]. 
Zhang et al. used a global environmental multi-
scale model to propose quantitative study methods 
of group competitiveness in 2015 [7]. Nevertheless, 
due to the ideas, policies, and market price, the de-
velopment of the Chinese photovoltaic industry is 
greatly restricted. Although the Chinese photovol-
taic manufacturing industry relies little on outside 
markets, the lower-level photovoltaic power gene-
ration sector has not been vastly improved and its 
successful future development is still at stake.

In order to maximize the profits of photovol-
taic enterprises and micro-grid agents, this paper 
establishes a two-layer optimization model with 
the objective of profit maximization. In Section 2, 
the present state of photovoltaic enterprises and 
micro-grid systems and related problems are in-
troduced. In Section 3, we illustrate how to use 
two-layer optimization planning to improve photo-
voltaic enterprises and micro-grid systems. Simula-
tive verification and analysis on the two-layer opti-
mization operating mode is given in Section 4. Sec-
tion 5 summarizes the conclusions of our research.

2. CURRENT STATE OF THE INDUSTRY

Photovoltaic systems
A photovoltaic system is mainly comprised of 

solar power battery components, inverters, mea-
suring instruments, power charge and discharge 
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controllers, computer monitoring and other elec-
trical equipment, and storage batteries. Types of 
photovoltaic systems include separate power gene-
ration systems and connected-grid systems. Their 
major application areas include spacecraft, com-
munication systems, microwave-radio relay com-
munications, TV transposer stations, photovolta-
ic pumps, and power supplies in areas without ac-
cess to or lack of local sources of electricity. Owing 
to the demands of technological development and 
global economic sustainable development, deve
loped countries have plans to build up household, 
roof-mounted photovoltaic power generation sys-
tems, MW-Class centralized and large-scale con-
nected-grid power generation systems, etc. In the 
meantime, photovoltaic systems are widely pro-
moted in transportation and urban illumination.

Micro-grid
A micro-grid refers to the subsystems made up 

from distributive power generation devices, power 
storage equipment, and load in a certain topologi-
cal structure so as to reduce the adverse impact of 
a distributive power supply with high permeability 
on the main grid. A micro-grid offers electric ener-
gy and heat to users. Its internal systems can trans-
form different kinds of energy via electrical devices 
and provide the necessary control. The operational 
mode of microwaves is flexible and changing, so 
a quality micro-grid power supply service depends 
on the quality and stability of the controlling sys-
tem. Thus, studying the controlling strategy of in-
telligent micro-grids is of great significance to con-
duct a feature study of distributive micro-grids, 
plug-in grids, and smart power network systems.

Two-layer planning
Two-layer planning refers to a system optimiza-

tion with a two-layer hierarchical structure. These 

two layers have their own decision-making varia-
bles, objective functions, and constraints. Two-lay-
er optimization studies the planning and mana-
gement of the two-layer system. Upper decision-
makers need to direct the lower decision-makers 
with their own strategies. Then, within their pos-
sible range, they can make their own decisions. 
Two-layer planning studies the order and non-co-
operative interaction between the decision-makers 
with their separate functional objectives. Upper de-
cision-makers have the priority to make decisions, 
while those at the lower level need to react accord-
ing to the upper decision-making information.

3. METHODOLOGY

Two-layer optimization operating mode
This paper applies two-layer optimization plan-

ning to improve a micro-grid system, and estab-
lishes the two-layer optimization operation mo-
del with the objective of maximizing the profits of 
photovoltaic enterprises and micro-grid agents. The 
upper level is the volume optimization model and 
the lower level is the operation optimization mo-
del. The upper decision-making results can direct-
ly affect the objective functions and constraints of 
the lower level. The upper ones directly report deci-
sion-making results to the upper level, thereby pro-
moting interaction between upper- and lower-level 
decision-making. The logic diagram of two-layer 
optimization is shown in Fig. 1.

Two-layer optimization model
The two-layer optimization model can be de-

scribed mathematically as

J F x y y y

s t G x
m1 1 2

0

= ( )
( ) ≤







min , , , ,

. .
,



(1)

Fig. 1. Two stage optimization logic diagram
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where F represents the objective function of up-
per-level optimization; f, the objective function of 
lower-level optimization; x, the decision-making 
vector of upper-level optimization; y, the deci-
sion-making vector of lower-level optimization; G, 
the constraint of upper-level optimization; and g, 
the constraint of lower-level optimization.

Upper-level volume optimization and lower-level 
operation optimization

During the course of upper-level volume op-
timization, this paper uses the Pareto best solu-
tions set to obtain multi-objective, overall optimal 
solutions, thereby avoiding the weighting issue of 
transforming multi-objective problems into sin-
gle-objective problems. Therefore, this paper uses 
the multi-objective genetic algorithm of the se
cond-generation non-disposable sequencing evo-
lution algorithm to solve the multi-objective prob-
lems. In the lower-level operation optimization, 
mixed-integer linear programming is an important 
mathematical planning issue, which can be marked 
with linear formulae. The mixed-integer linear pro-
gramming issue is shown as follows:

min

. . .

min max

cx

s t Ax b

x x xi

≥
=
≤


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











=

≤ ≤

(3)

In this equation, cx represents the objective 
function, and xi, xj represent continuous variables 
and integer variables. A denotes the simultaneous 
linear equation factor matrix and b is the simulta-
neous linear equation value.

4. RESULTS ANALYSIS AND 
DISCUSSION

In order to verify the results of this research, ex-
periments were conducted to determine the com-
bined effects of various economic operations, in-
cluding recorded consumption cost, deprecia-
tion cost, environmental cost, and comprehensive 
cost. Experimental results are shown in Table 1.

According to Table 1, for different objective 
functions, a micro-grid system uses low costs to sell 
power to supply the grid system while meeting load 
demand, thereby gaining profits. Compared to the 
way in which the grid meets overall demand, the 
unit contribution of DER and operational strategy 
reduces environmental costs by 8.35% and 12.2%, 
respectively. When realizing the complementary 
relationship between several energy sources, the 
two-layer optimization model of the photovolta-
ic industry and micro-grid agents can improve the 
efficiency, power supply reliability, and power uti-
lization rate of the entire micro-grid system, there-
by reducing the cost of photovoltaic enterprises and 
micro-grid agents.

5. CONCLUSIONS

In recent years, the Chinese photovolta-
ic industry has made the best use of its advan-
tage in supporting industries and technology costs 

Table 1. Scheduling results for different objectives and different strategies

Combination ways Energy cost Depreciation cost Environmental cost Comprehensive cost

Combination 1 336.34 972.17 378.85 1626.1

Combination 2 312.27 1181.6 401.07 1938

Combination3 413.46 763.07 394.2 1320.5

Combination 4 412.22 737.12 394.2 1321

Combination 5 422.53 1151.3 307.62 1869.5

Combination 6 484.92 1495.4 294.37 2377.6

Combination 7 378.77 765.43 413.26 1284.8

Combination 8 377.43 763.79 413.7 1283.6
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to gain a global competitive edge. However, prob-
lems such as stage overcapacity and incomplete 
supporting systems and mechanisms also exist 
in China’s photovoltaic industry. Therefore, this 
paper has applied two-layer optimization to im-
prove photovoltaic enterprises and micro-grid sys-
tems. The upper-level optimization is based on the 
multi-objective, genetic algorithm calculation sys-
tem optimization configuration of the second ge-
neration, non-disposable sequencing evolution al-
gorithm, while the lower level optimization utiliz-
es the optimal operation plan of the mixed-integer 
linear planning algorithm. Results show that the 
two-layer optimization operation mode described 
in this paper for photovoltaic enterprises and mi-
cro-grid agents can be applied to several different 
sources of energy to improve the efficiency, relia-
bility, and energy utilization rate of the entire mi-
cro-grid system, as well as to cut the costs of pho-
tovoltaic enterprises and micro-grid agents. While 
the two-layer optimization maximizes economic 
benefits in theory, application of the model in prac-
tice requires further study.
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ABSTRACT

Market internationalization has led to increased 
competition in the lighting manufacturing industry. 
Large-scale lighting firms can improve their core 
competitiveness through employee inventive me
chanisms. Based on a game of incomplete informa-
tion, this study looks into the incentive mechanism 
of such firms. The paper proposes and tests a model 
to incentivize the development of the overall light-
ing industry and of the individual firms within the 
industry. The result shows that an employee incen-
tive mechanism can effectively improve the com-
petitiveness of firms.

Keywords: incomplete information, game theo-
ry, incentive mechanism

1. INTRODUCTION

Ziada [1] asserts that designing an employee 
incentive mechanism that is based on an enter-
prise’s characteristics is beneficial to improving the 
enterprise’s core competitiveness and promoting 
its sustainable development. Lin He [2] contends 
that the early twentieth century management prac-
tice of increasing the employees’ income to boost 
production was the beginning of incentive theo-
ry research. Manshaei [3] believes that, according 
to the focus and the level of the incentive mecha-
nism, incentive theory can be classified into con-
tent oriented incentive theory and process orient-
ed incentive theory. Roughgarden [4] states that 
a human’s basic needs include achievement, pow-

er and friendship, and that these needs are impor-
tant elements of incentive management. Hanss [5] 
considers that the feeling of fairness comes not 
only from the absolute amount of an individual’s 
achievement, but it is also influenced by the rela-
tive amount of that individual’s achievement. In-
dividual’s compare their achievements with the 
achievements of others, to see whether their own 
achievement is reasonable. The power of the in-
centive is also related to the individual’s expec-
tation. This means that in a game, it is possible 
to strengthen or to weaken the target individual’s 
behavior through an external factor to achieve the 
effect of the incentive [6].

This paper investigates the effects of an emp
loyee incentive mechanism in a high-tech industry. 
The study presented in this paper uses a game of 
incomplete information to investigate a large-scale 
lighting fixture manufacturing firm that is faced 
with increasing market competition. Section two 
of this paper discusses the lighting manufacturing 
sector, and introduces game theory. Section three 
uses a game of incomplete information to look at 
establishing an employee incentive mechanism. 
Section four analyzes the effect of the incentive me-
chanism. Finally, section five discusses the findings.

2. CURRENT SITUATION

The lighting manufacturing sector
China’s lighting industry has developed rapidly 

in recent years, attracting large amounts of capi-
tal and many enterprises into the sector. China is 
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the world leader in lighting production and tech-
nology. The two main products of the lighting in-
dustry are electric light sources (i.e., incandescent 
lamps, gas-discharge lamps, and light-emitting di-
ode lamps) and lighting fixtures. From a market-
ing perspective, China’s lighting source sector has 
transitioned from a terminal product to an inter-
mediate product, and the sector is gradually deve
loping downstream. Firms that operate in the light-
ing fixture sector are entering light source produc-
tion to cut cost and to ensure quality [7].

In the overall lighting industry, China’s firms 
continue to build their brands. Such firms are in-
creasing their investments in product research and 
development (R&D), and are focusing on the pro-
motion of their proprietary brands in the market. 
Further, these firms want to tap into their internal 
potential and to improve their competitiveness. Ac-
cordingly, these firms are focusing on improving 
their internal incentive mechanisms.

Game theory
Game theory is a branch of modern mathema

tics. It is an important sub-discipline of operatio-
nal research, and is widely used in many fields. 
Game theory can be used to research the com-
petitiveness phenomenon. Game theory is also 
known as the theory of games because it looks at 
forecasting behavior, at actual behavior, and at op-
timizing strategies in individual games [8]. Gen-
erally, a game can be classified as cooperative or 
as non-cooperative. The difference lies in whether 
there is a binding agreement to constrain the in-
teracting parties. The non-cooperative game can 
be further classified into a static game of complete 
information, a dynamic game of complete infor-
mation, a static game of incomplete information, 
and a dynamic game of incomplete information. 
The latter corresponds to the Nash equilibrium, 
and has sub-games of perfect Nash equilibrium, 
Bayesian Nash equilibrium, and perfect Bayesian 
Nash equilibrium [9].

Behaviorally, games can be classified into sta
tic and dynamic games. Their main difference is 
whether the second mover knows the specific ac-
tion of the first mover. For example, the prisoner’s 
dilemma is a static game, while chess and card 
games are dynamic games. A game of complete 
information and a game of incomplete informa-
tion are differentiated according to the degree that 
the participants understand the other participants. 

An incomplete information game is when the par-
ticipants have an incorrect or an incomplete un-
derstanding of the other participants.

3. METHODOLOGY

Analyzing a firms’ incentive mechanism using 
game theory

A firm’s knowledge reserve can be increased 
through R&D. According to endogenous econo-
mic growth theory, technological innovation is the 
basic driving force for an industry’s development, 
for productivity growth, and for the improvement 
of people’s living standards. Game theory is used 
as a modeling tool for external and non-external re-
search. In external research, fierce market compe-
tition leads to a large overflow effect, a large loss 
for the firm, and weak enthusiasm for technological 
innovation. In non-external research, a competi-
tive market structure prompts the firms to increase 
their R&D investment levels. The competitive mo-
del extends competition into the competition stage 
and the product market competition stage.

By building a differential game model, we find 
that the over-investment caused by competition is 
larger than the need of an optimal society, which 
leads to waste. We assume that there is no overflow 
effect, and conduct further research using the par-
tial equilibrium method.

If we assume that technological innova-
tion brings an increase of net surplus to society, 
then the net surplus in an optimal society that is 
the innovative incentive is:

V
r

D C dcM

c

c
= ∫

1
( ) (1)

Assume that the competing firms use the same 
marginal cost technology to produce the product. 
If one of the firms achieves a major technological 
innovation to reduce its cost, and the other firms 
with low efficiency quit because they lose money, 
then the profit of the innovative enterprise that is 
the incentive is:
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Analyzing a firms’ internal incentive mechanism 
using game theory

An agency conflict arising from a misunder-
standing of the reward mechanism can be discussed 
by adopting a game of incomplete information. 
Agency issues can be classified into two types: rebel 
choice and moral hazard. Rebel choice stems from 
ineffectively identifying and verifying the agent’s 
information. The consignor does not know exact-
ly the true ability of the agent, and can only make 
a decision based on the agent’s self-justification. 
The accumulative skills and information of the 
agent is highly significant to the current consign-
or and to the other consignors in the competition. 
The agent’s losses will result in significant losses 
to the original consignor. Moral hazard grows out 
of the uncertainty regarding the agent’s behavior 
and the results of this behavior. It is difficult for the 
consignor to directly observe the agent’s behavior; 
hence, it is also difficult for the consignor to make 
a precise prediction about the agent’s behavior and 
the corresponding results of the behavior.

We design our theory according to the incen-
tive mechanism. If the agent’s risk is neutral, then 
we can transfer the relevant uncertainty risk to the 
agent to inhibit moral hazard. However, the agent 
is often assumed as a risk aversion type. To in-
centivize the agent, we need to choose behaviour 
that is beneficial to the consignor. Further, the 
agent must take part of the risk and receive re-
muneration for this. Generally, production is de-
termined by the degree of effort and other unac-
ceptable random factors. Under the precondi-
tion of the maximal effect of its expectation, the 
consignor determines the share of interest of the 
agent as follows.

max { [ ( )]}
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If the effect accepted and obtained by the agent 
is no less than the received and rejected effect, then 
the degree of effort made by the agent to maximize 
his or her effect under the sharing contract is:

max { [ ( ) ( )]}.
θ θ

E U S x V e− (4)

4. RESULTS, ANALYSIS AND 
DISCUSSION

First, we analyze the distinction degree of the 
tested area. Then, we conduct a reliability analy-
sis. Finally, through exploratory factor analysis, we 
test the validity of the results. The result is shown 
in Fig 1.

Using the same method, we repeat the experi-
ment on the same object, and determine the reli-
ability according to the possibility of getting the 
same result. The result is shown in Fig 2.

The agents in the group make different contri-
butions and they lack enthusiasm under equalitari-
anism. Therefore, if the agents face an identical un-
certainty, in theory, we can obtain an optimal result 
by using a relative performance evaluation mecha-
nism. If the production is hard to quantify but can 
be compared, then we can evaluate it through a se-
quence competition mechanism. The incentive of 
the competition mechanism is no less than the ob-
served common random factors.

Fig. 1. Analysis on the project of enterprise  
incentive mechanism

Fig 2. Analysis on the reliability of enterprise  
incentive mechanism
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5. CONCLUSION

Using an incomplete information game, this 
paper researches an incentive mechanism used by 
hi-tech firms. The paper proposes a development 
incentive and an internal incentive mechanism 
model, and conducts hypothesis verification. The 
verification result proves that formulating an inno-
vative benefit distributing mechanism between the 
consignor and the agent (and between the mem-
bers of the agent’s group) is very significant: it in-
centivizes firms and the firm’s internal person-
nel to undertake technological innovation and in-
dustrial upgrades, and to improve the firm’s core 
competitiveness.

Using an incomplete information game, this 
paper only discusses income distribution from the 
perspective of an incentive mechanism. It needs 
further improvement.
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