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ABSTRACT 

Wireless Power Transmission (WPT) is a technique to transmit power from transmitter to 

receiver through medium wirelessly (without any cable) using electromagnetic wave. There are 

three methods of WPT: magnetic induction coupling WPT, microwave WPT and Optical WPT 

(OWPT). Among these WPT methods, OWPT has many advantages compared with the other 

methods. In OWPT, light sources such as laser and LED are used as the transmitter to convert 

electric power to optical power and solar cell is used as the receiver to convert back optical power 

into electric power that can be used as power supply for electronic devices. By taking advantage 

of small size and divergence angle of laser beam, OWPT can be used to transmit high power 

density to longer distance than the other WPT method. Based on theoretical analysis which had 

been done in this research, OWPT can be used to transmit power through air (atmosphere) with 

more than 30% system efficiency for 1 km distance between transmitter and receiver using infrared 

laser and Si solar cell. This high system efficiency for long distance transmission is not achievable 

by the other WPT methods. Small size of laser beam has also brought additional opportunity to 

OWPT system which is the possibility for OWPT to be used for supplying power to moving target 

because the laser beam can be easily steered to follow a moving target. The challenge that follows 

this opportunity is about how to recognize position of the receiver and steer the beam; hence, the 

beam will only hit the receiver. In this research, OWPT system using camera with color 

segmentation method and Galvano mirror to recognize the receiver (target) and steer the laser 

beam was designed and developed. 980 nm laser and Si solar cell were used as the transmitter and 

receiver, respectively. Using this method, OWPT to 1-dimensional moving target, multiple targets, 

2-dimensional moving target and OWPT to moving target which was insensitive to the brightness 

of environment had been demonstrated. The system efficiency of this OWPT to moving target was 

calculated to be 3.8% for distance between transmitter and receiver was 60 cm, this efficiency was 

mainly limited by the efficiency of laser diode and solar cell which were only 20% and 22%, 

respectively. Hence, it is predicted that this system efficiency can be enhanced more by using more 

efficient laser diode and higher efficiency solar cell. Additionally, OWPT through water and 

hybrid power and data transmission had also been demonstrated.  
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CHAPTER 1 

INTRODUCTION 

In this chapter, background of research, problems that wants to be solved in this research 

and objectives of research are explained. The unique characteristics of this research are also 

explained.  

1.1 Trend of Development of Technology: From Wired to Wireless  

All electronic devices need electrical power. As the power source in mobile devices such 

as handphone and unmanned automatic vehicle (UAV) for example drones and unmanned 

underwater vehicle (UUV), high capacity batteries are used. However, these batteries also have 

limited capacity. If the batteries run out of power, they need to be charged. Nowadays, charger 

with electric cable is used to charge the batteries. This wired power transmission has disadvantages 

because the mobility for device which is charged will be limited by the length of the cable. In the 

other words, it is impossible to use the device under charging for the distance longer than the length 

of the cable from the electric socket. For mobile devices, this condition will become problem. 

Moreover, the capacity of battery is proportional with its weight, hence, there is trade-off between 

the battery capacity and weight with the mobility of mobile devices and UAVs. [1-4]   

The main purpose of the development of technology is in order to increase the quality of 

human’s life. In nowadays society, the mobility of human is very high and fast. In this society, 
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there is a demand for technology which can support this fast and high mobility way of life. In order 

to answer this demand, there is a trend in the development of future technology to replace the wired 

connection into wireless connection which can provide service to this high mobility society. This 

“wired to wireless” trend of development of technology can be seen from the development of data 

communication technology. In the past data communication technology, wired cable is used to 

transmit data from one place to another. However, nowadays, the development of Wi-Fi and 

cellular communication has provided wireless data communication which can be used everywhere 

without any restriction. Based on this trend, wireless power transmission technology which can be 

used to transmit power for electronic device without any cable is also demanded.  

 

1.2 Introduction of Wireless Power Transmission  

Due to the demand of a system which can be used to power electronics devices up from 

long distance, wireless power transmission (WPT) system is developed. As the name suggests, in 

this system, electric cable is not used as the medium for power transmission. electromagnetic wave 

through an unconfined space is used as the medium for power transmission. The development of 

WPT system and its applications in human’s daily life has brought many advantages such as 

possibility to produce smaller electronic devices without any batteries, due to non-existence of 

electric cord for charging, there is no hassle which increases the user friendliness of the electronic 

devices, increase durability and flexibility of the devices because there is no need to change battery 

and it increases mobility of the devices [1-4].  

Basic WPT system can be seen from Figure 1.1. The main components of WPT system are 

transmitter which is used to transform electric power to electromagnetic wave, receiver which is 

used to transform electromagnetic waves to electric power that can be used to power electronics 

devices up and medium which is an unconfined space where the electromagnetic wave flows from 

transmitter to receiver.  
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Figure 1. 1 Basic diagram of wireless power transmission (WPT) system. 

The methods of WPT can be separated into two categories which are near field and far field 

WPT. The main example of near field WPT system in the induction coupling WPT. On the other 

hand, the best examples or far field WPT systems are microwave WPT and optical wireless power 

transmission (OWPT). Illustration of these three systems can be seen from Figure 1.2. 

 

Figure 1. 2 Methods of wireless power transmission. 

In induction coupling WPT system, coils are used as the transmitter and receiver. The 

history of the development of this technology can be traced back to Nikola Tesla in 19th Century. 

In 1891, Nikola Tesla demonstrated that electric power can be transmitted wirelessly through air 

using Tesla coil which is a pair of radio frequency power transformer that can be used to produce 

high voltage and high frequency alternating-current electricity [5-6]. This experiment is the 

demonstration of induction WPT system. Hence, induction coupling WPT system is the first WPT 

system which is demonstrated. Since that day, the development of induction coupling WPT system 



15 
 

has gone through many new innovations with the main motivation is to eliminate the need of 

charging the device by tethering it which electric socket.  

In 2008, Wireless Power Consortium was established with the main purpose is to 

standardize induction coupling WPT technology, hence, it can be widely applied for many devices 

in the market. This standard is called “Qi” [7-8]. Hence, the induction coupling WPT system is 

popularly known as Qi wireless charging. Nowadays, this wireless charging technology is 

implemented in almost all new electronic devices such as smartwatches, smartphone, and other 

electronic devices. The main advantage of this technology is high power transmission efficiency, 

however, the distance between coils for transmitter and receiver has to be very near which limited 

the mobility of the devices under charging. This Qi wireless charging has become a new standard 

for new mobile devices and it is predicted that in 2020, more than 15 billion of electronic devices 

will have this Qi wireless charging capability [2,9]. 

   In microwave WPT system, a pair of antennas is used as the transmitter and receiver. On 

the other hand, in OWPT system, light sources such as laser and LED are used as the transmitter 

and solar cell is used as the transmitter. The main advantages of microwave and OWPT system 

are the possibility to transmit power for long distance between transmitter and receiver and the 

ease of steering the microwave and laser beam, hence, it can be used to trace and follow moving 

target and can be used to charge a moving device. However, the maximum power transmission 

efficiencies of the system are lower than induction coupling WPT system.  

The other difference between induction coupling WPT, microwave WPT and OWPT is the 

electromagnetic wave frequency that is used for power transmission. The electromagnetic 

spectrum of frequency regions and their respective WPT technology can be seen from Figure 1.3. 

induction coupling WPT uses low electromagnetic wave frequency with several kHz to MHz 

frequency, microwave WPT uses microwave frequency band with several GHz frequency and 

OWPT uses light frequency which is higher than THz. The differences among these three methods 

of WPT are summarized in Table 1.1. Among these three methods of WPT, due to small size and 

small diffraction angle of laser, OWPT can be used for transmitting power to longer distance 
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between transmitter and receiver than other WPT technologies. Laser or light source which is used 

in OWPT can also be steered easily compared with microwave in microwave WPT. 

 

Figure 1. 3 Wireless power transmission method and its respective frequency band. 

Table 1. 1 Differences between wireless power transmission methods. 

 Magnetic Coupling Microwave Optical 

Ease to steer the 

beam 

Low High High 

Mobility of target Low High High 

Operational distance Short Long Long 

Operational 

frequency 

10 kHz - 1 MHz 

(Induction Coupling) 

1 MHz - 100 MHz 

(Resonance 

Coupling) 

1 GHz – 30 GHz >100 THz 

Back-to-back 

efficiency 

~90% ~70% ~50% 

RF interference No Yes No 
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1.3 The Importance of Beam Steering and Target Recognition 

As explained in Section 1.2, OWPT has advantage in terms of ease for steering the beam 

by taking advantage of small size of beam. This advantage gives possibility to OWPT to be used 

to transmit power to moving target and object. However, it is important to steer the beam, hence, 

the beam will only illuminate the target. In this case, special target recognition method is needed. 

There are many methods for target recognition and beam steering methods which are proposed 

and can be used in OWPT system. Retrodirective mirrors, four elements photodiode and 

retroreflective array which are put at the receiver are three of the examples of technique to 

recognize the target which is solar cell. The other technique is using camera and image recognition 

software. By using this method, the OWPT system can be simplified. The details of beam steering 

and target recognition method will be discussed in Chapter 5. 

 

1.4 Research Objectives 

The objectives of this research are: 

i. To study and theoretically analyze the system efficiency of OWPT system, to compare it 

with the other WPT system and theoretically analyze and propose possible applications of 

OWPT system.  

ii. To create and develop OWPT system to moving target using Galvano mirror to steer the 

beam and camera to recognize the target which can be used at all environmental 

condition. 

iii. To develop hybrid free space optical wireless communication and OWPT system. 
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1.5 Significance of Research 

The main contributions of this research can be divided into two general significances. The 

first contribution is to explore the possibility of application of OWPT system by theoretically 

analyze the system efficiency of OWPT system through several mediums such as human skin, 

water and air. Moreover, the power transmission system efficiency of OWPT is also compared 

with theoretical analysis of other WPT technique which shows the superiority of OWPT compared 

with other WPT system. Furthermore, possible application of OWPT which has been theoretically 

analyzed is also demonstrated in simple OWPT system. 

The second contribution of this research is to propose, design and develop a new and 

applicable OWPT system using Galvano mirror as beam steering technology and simple web 

camera with image processing software to recognize the target of OWPT system. This simple 

technology is more feasible than other target recognition method to be applied in the application 

of OWPT in daily life because there is no need of attaching possible heavy equipment at the target 

such as retrodirective mirror or four elements photodiode which will decrease the mobility of the 

target devices. Moreover, the system which is designed and developed in this research is simpler 

than other beam steering and target recognition methods which are existing nowadays. 

 

1.7 Flow of Research 

The first step of this research is to theoretically analyze the possibility of OWPT system 

by analyzing its performance in terms of power transmission system efficiency. In this step, 

theoretical analysis of OWPT system efficiency is performed using Matlab and Python 

programming software. The system efficiencies of induction coupling and microwave WPT are 

also calculated and the results are compared with the efficiency of OWPT system to analyze the 

superiority of OWPT and the characteristics of each WPT methods.  
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The mediums of OWPT in theoretical analysis are air, water and human skin. In this case, 

the attenuation and absorption characteristics of each mediums are analyzed theoretically. As the 

receiver in OWPT system, Silicon (Si) solar cell is assumed because Si solar cell is the most 

common solar cell in the market which is easily produced and has considerably high power 

conversion efficiency. From this theoretical analysis, the superiority of OWPT for long distance 

power transmission can be confirmed. Possible applications of OWPT which has never been 

explored before are also analyzed and confirmed theoretically. 

The next step of this research is to design and develop OWPT system which can be 

applicable for daily life especially OWPT through water and free space (air). In this case, simple 

OWPT through water system is developed and the performance of this system is also evaluated. 

OWPT system through air which can be used to transmit power to moving target is also designed 

and developed. Since the beam size of laser is small, beam steering and target recognition 

technology is needed. In this research Galvano mirror and web camera with image processing 

software are used as beam steering and target recognition method respectively. This system is 

developed for one-dimensional moving target, two-dimensional moving target and multi-moving 

target system. Each applications of this system bring their own problems and challenge, in this 

case, the problems for each application are identified based on experimental results and solved by 

modifying the system and target recognition software. 

The next step of this research is to improve the performance of OWPT system using 

Galvano mirror and camera, hence, it can be used for all conditions of environment. In this case, 

target recognition method and marker at the target is modified in order to create a better target 

recognition method for indoor and outdoor applications of OWPT system. The performance of 

such system is experimentally analyzed. 

Lastly, the possibility of OWPT system through water and transmitting power and data at 

the same time which will be useful to increase the value of OWPT system are proposed and the 

systems are designed and developed. The performance of these applications of OWPT systems are 

also evaluated.  
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1.8 Organization of Thesis 

This dissertation is organized as follow: In Chapter 2, basic theory of magnetic induction 

coupling WPT and microwave WPT is explained in detail. Theoretical analysis of system 

efficiencies of magnetic induction coupling WPT and microwave WPT is explained and the 

calculation results are presented and analyzed. The applications and some restrictions of each 

method are also explained. In Chapter 3, theory of OWPT is explained. The calculation of system 

efficiency of OWPT and comparison with other WPT methods are performed and the results are 

presented and analyzed.  

In Chapter 4, existing and potential target recognition and beam steering methods which 

can be used in OWPT system are introduced and the characteristics of each method are analyzed 

and compared. In Chapter 5, target recognition method and beam steering method in OWPT 

system to moving target, which was developed in this research, is introduced. The performance of 

the system is analyzed and the improvement of the system to design a robust and reliable system 

which is insensitive to environmental condition is explained in detail. The evaluation of system 

efficiency of the proposed OWPT system to moving target is also presented. 

In Chapter 6, applications of OWPT systems which are OWPT system through water and 

hybrid OWPT and Free Space Optical (FSO) communication system which can be used to transmit 

power and data at the same time are proposed, designed and the results are presented. The 

performances of these systems are also analyzed. Lastly, in Chapter 7, the summary and list of 

publications are presented.  
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CHAPTER 2 

SYSTEM EFFICIENCY OF MAGNETIC COUPLING AND 

MICROWAVE WIRELESS POWER TRANSMISSION  

In this chapter, basic theory of Wireless Power Transmission (WPT) is explained in detail. 

One of the main parameters to evaluate the performance of WPT system is the system efficiency, 

hence, in this chapter, the theory to calculate system efficiency of magnetic coupling WPT and 

microwave WPT which is including the factors that affect the system efficiency are explained.  

 

2.1 Basic Theory of System Efficiency in WPT System  

The easiest way to evaluate the performance of WPT system is to evaluate the system 

efficiency of the system. System efficiency is the ratio of electric power which is inputted to the 

transmitter and the electric power which is received by the receiver and can be used to power the 

electronic devices up. In the other words, the system efficiency shows how much fraction of 

electric power that can be transmitted successfully in WPT system [10]. The basic diagram of WPT 

can be seen from Figure 1.2 and revisited in Figure 2.1. In this case, there are three main 

components of WPT system which are transmitter, medium and receiver. Hence, basic equation of 

WPT system efficiency can be simply expressed as: 
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𝜂𝑠𝑦𝑠 = 𝜂𝑇 × 𝜂𝑚𝑒𝑑 × 𝜂𝑅                          ,                            (2.1) 

Where 𝜂𝑇, 𝜂𝑚𝑒𝑑 and 𝜂𝑅 are the conversion efficiency of electric power into electromagnetic wave 

in transmitter, the efficiency of the medium which represents the loss during the propagation in 

the medium and the conversion efficiency of the transmitter to convert from electromagnetic wave 

into electric power that can be used directly to power the electronic devices up.  

 

Figure 2. 1 Basic diagram of wireless power transmission (WPT) system (Revisited). 

2.1.1 Efficiency of Transmitter and Receiver 

The efficiency of transmitter, 𝜂𝑇 shows the ability of the transmitter to convert electric 

power to electromagnetic wave and can be described as the ratio of the amount of electric power 

which is inputted to the transmitter and the power of electromagnetic wave which is produced by 

the transmitter to be transmitted in WPT system. It can simply be expressed as: 

𝜂𝑇 =
𝑃𝑖𝑛

𝑃𝑒𝑙𝑒𝑐
          ,                                                        (2.2) 

Where 𝑃𝑖𝑛  and 𝑃𝑒𝑙𝑒𝑐  are the inputted electric power and output electromagnetic power of the 

transmitter respectively.  

On the other hand, efficiency of the receiver is the ability of the receiver to receive the 

electromagnetic wave and convert it back into electric power that can be used directly by electronic 

devices. It can be simply expressed as: 
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𝜂𝑅 =
𝑃𝑒𝑙𝑒𝑐

𝑃𝑜𝑢𝑡
          ,                                                     (2.3) 

Where 𝑃𝑜𝑢𝑡 is the output electric power of the receiver. Note that the transmitter and receiver in 

WPT system can be similar objects such as coils in magnetic induction coupling WPT and antennas 

in microwave WPT or different objects such as laser and solar cell in Optical Wireless Power 

Transmission (OWPT). 

2.1.2 Loss in Medium 

The efficiency of the medium represents the loss of electromagnetic wave power during its 

propagation in the medium. The power of electromagnetic wave that propagates through medium 

exponentially decreases and can be expressed as: 

𝜂𝑚𝑒𝑑 = e−αd             ,                                                      (2.4) 

Where 𝛼 and 𝑑 are the attenuation coefficient of the medium and distance between transmitter and 

receiver where the electromagnetic wave propagates, respectively.   

There are two mechanism that contributes to decrease the power of electromagnetic wave 

during its propagation. They are absorption and scattering. Hence the attenuation coefficient 𝛼 can 

be described as: 

𝛼 =  𝛼𝑎𝑏𝑠 + 𝛼𝑠𝑐𝑎𝑡                ,                                               (2.5) 

Where 𝛼𝑎𝑏𝑠 and 𝛼𝑠𝑐𝑎𝑡 are the absorption and scattering coefficient of the electromagnetic wave by 

the medium.   

The absorption is the mechanism in which the energy of propagated electromagnetic wave 

is absorbed by the particle of the medium and transformed into other form of energy such as lattice 
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vibration (heat). The absorption of electromagnetic field by the medium can be analyzed from the 

equation of electromagnetic wave as: 

𝐸 = 𝐸0 exp 𝑗(𝜔𝑡 − 𝑘𝑧)           ,                                         (2.5) 

Where 𝐸0 , 𝜔  and 𝑘  are the amplitude, angular frequency and propagation constant of the 

electromagnetic wave respectively. For the electromagnetic wave which propagates in the medium, 

propagation constant 𝑘 can be described as: 

𝑘 = 𝑘′ − 𝑗𝑘′′ =
2𝜋𝑁

𝜆
              ,                                          (2.6) 

Where 𝑁  and 𝜆  are the complex refractive index of medium and wavelength of the 

electromagnetic wave respectively. The complex refractive index 𝑁 can be analyzed as: 

𝑁 = 𝑛 − 𝑗𝑛′′               ,                                                 (2.7) 

Where 𝑛 and 𝑛′′ are the real part and imaginary part of refractive index of the propagation medium. 

The real part of refractive index determines the polarization of the medium and phase of the 

electromagnetic wave during propagation in the medium. On the other hand, the imaginary part 

describes the losses in the medium. 

By substituting eq. (2.6) to eq. (2.5), the equation of magnetic wave can be rewritten as: 

𝐸 = 𝐸0 exp(−𝑘′′𝑧) exp 𝑗(𝜔𝑡 − 𝑘′𝑧)                     ,                          (2.8)  

From eq. (2.8), it can be clearly seen that the amplitude of electromagnetic wave in the 

medium decays exponentially during its propagation in z-direction. The power of electromagnetic 

field is proportional with the square of electric field as: 
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𝑃 ∝ |𝐸|2 ∝ exp(−2𝑘′′𝑧)               ,                                     (2.9) 

Hence, it can be seen that the absorption coefficient 𝛼𝑎𝑏𝑠 of the electromagnetic wave can be 

described as: 

𝛼𝑎𝑏𝑠 = −2𝑘′′      .                                                      (2.10) 

The absorption in the medium can also be correlated with the relative permittivity of the 

medium as: 

𝑁 = 𝑛 − 𝑗𝑛′′ = √𝜖𝑟 = √𝜖𝑟
′ − 𝑗𝜖𝑟

′′              ,                               (2.11) 

Where 𝜖𝑟
′  and 𝜖𝑟

′′ are the real part and imaginary part of permittivity of medium respectively and 

can be expressed as: 

𝜖𝑟
′ = 𝑛2 − 𝑛′′2              ,                                                  (2.12) 

𝜖𝑟
′′ = 2𝑛 × 𝑛′′               ,                                                 (2.13) 

The values of real part and imaginary part of refractive index of medium are dependent to the 

medium itself and frequency of electromagnetic wave. [11] 

During the propagation of electromagnetic wave in inhomogeneous medium, there is 

possibility that some part of the electromagnetic field is radiated away from its original 

propagation direction, in this case, the power of electromagnetic field in the direction of 

propagation of electromagnetic field will decrease and the power will be scattered to some 

directions as illustrated in Figure 2.2. This phenomenon is called scattering of electromagnetic 

wave. This phenomenon is caused by the difference in local refractive index in a small area of the 
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medium due to existence of particles with different refractive index in inhomogeneous medium 

such as air. During the propagation, the power of electromagnetic field decays exponentially as: 

𝑃(𝑧) = 𝑃0 exp(−𝛼𝑠𝑐𝑎𝑡𝑧)                      ,                                  (2.14) 

Where 𝛼𝑠𝑐𝑎𝑡 is the scattering coefficient of the medium.  

 

Figure 2. 2 Illustration of electromagnetic wave scattering by particle. 

Based on the size of scattering agent in the medium, the scattering process can be 

categorized into two phenomena: Rayleigh scattering and Mie scattering. Rayleigh scattering is 

the scattering process in which the size of the scattering agent in the medium is much smaller than 

the wavelength of electromagnetic wave. The fraction of electromagnetic wave which is scattered 

in Rayleigh scattering will be scattered to all direction. The amount of Rayleigh scattering is 

inversely proportional with the wavelength of the electromagnetic wave. In the other words, the 

higher the frequency of the electromagnetic wave, the more power will be scattered during its 

propagation in the medium. Hence, the Rayleigh scattering is more sever in OWPT than in 

microwave WPT because the wavelength of light which is used in OWPT is shorter than 

microwave. Rayleigh scattering particularly happens to the light propagation through air and 

optical fiber. Rayleigh scattering also happens in the propagation of microwave through the air in 
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some weather conditions [12]. The scattering coefficient of Rayleigh scattering can be expressed 

as: 

𝛼𝑅 ∝
1

𝜆4
∝ 𝑓4                      .                                        (2.15) 

The scattering phenomenon in which the size of scattering agent is bigger or comparable 

to the wavelength of electromagnetic wave is called Mie scattering. In Mie scattering phenomenon, 

it is assumed that the refractive index of the scattering agent is significantly different with the 

surrounding medium. The majority fraction of power which is scattered in Mie scattering 

phenomenon will scatter to front direction. Mie scattering particularly happens to light in a medium 

which such as air with high pollution, smoke and fog. Mie scattering is less dependent with the 

wavelength of electromagnetic wave than Rayleigh scattering and highly dependent to the ratio 

size of scattering agent and the wavelength of light. 

The attenuation of electromagnetic wave during the propagation in medium is affected by 

absorption and scattering phenomena. In this case, the efficiency of medium in eq. (2.1) can be 

expressed as exponentially decay function: 

𝜂𝑚𝑒𝑑 = exp{−(𝛼𝑠𝑐𝑎𝑡 + 𝛼𝑎𝑏𝑠)} = exp(−𝛼)                .                     (2.16) 

 

2.2 Induction Magnetic Coupling WPT 

2.2.1 Calculation of System Efficiency  

The transmitter and receiver in induction magnetic coupling WPT are coils as can be seen 

from Figure 2.3. The efficiency of magnetic coupling WPT can be analyzed from the Maxwell’s 

equations which describes the electric and magnetic field in vacuum [2,13-15]: 
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Gauss’ law: ∇ ∙ 𝐷 = 𝜌                      ,                                               (2.17) 

Gauss’ law for magnetism: ∇ ∙ 𝐵 = 0                 ,                                   (2.18) 

Faraday’s law of induction: ∇ × 𝐸 +
𝜕𝐵

𝜕𝑡
= 0                   ,                        (2.19) 

Ampere’s law: ∇ × 𝐻 −
𝜕𝐷

𝜕𝑡
= 𝐽                  ,                                       (2.20) 

Where 𝐷, 𝐵, 𝐸 and 𝐻 are the electric displacement field, magnetic flux density, electric field and 

magnetic field strength respectively. The electric displacement field, 𝐷 is related with electric field 

𝐸 and magnetic flux density, 𝐵 is related with magnetic field strength, 𝐻, as: 

𝐷 = 𝜖0𝜖𝑟𝐸               ,                                                            (2.21) 

𝐵 = 𝜇0𝜇𝑟𝐻               ,                                                           (2.22) 

Where 𝜖0 , 𝜖𝑟 , 𝜇0 and 𝜇𝑟  are the permittivity of vacuum, relative permittivity, permeability of 

vacuum and relative permeability, respectively.  

 

Figure 2. 3 Illustration of magnetic induction coupling WPT. 
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Consider a one turn coil 𝐶 with an area 𝑆 and magnetic flux density 𝐵 passing through coil 

𝐶 in vacuum. Then by substituting eq. (2.21) to eq. (2.19), the Faraday’s law of induction in this 

system can be modified as: 

∫ ∇ × 𝐸. 𝑑𝑆 +

𝑆

∫ μ0

∂H

∂t
𝑆

𝑑𝑆 = 0              ,                              (2.23) 

By Stokes theorem, eq. (2.23) can be written as: 

    

∫ 𝐸. 𝑑𝑟 +
𝜕

𝜕𝑡
𝐶

  ∫ μ0H

𝑆

𝑑𝑆 = 0            .                              (2.24) 

The induced electromotive force (EMF), 𝜖 in coil 𝐶 can be expressed as: 

𝜖 = −
𝜕

𝜕𝑡
∫ 𝜇0𝐻. 𝑑𝑆 = −

𝑑Φ

𝑑𝑡
𝑆

              ,                              (2.25) 

Where Φ is the magnetic flux in circuit 𝐶. 

In this analysis, by assumption that there is no flux leakage from the coil 𝐶1 to 𝐶2, the 

electromotive 𝜖2 in 𝐶2 which is generated by current in 𝐶1 and the electromotive force at coil 𝐶1 

can be analyzed as: 

𝜖2 = −𝑁2

𝑑Φ

𝑑𝑡
= −

𝜇𝑁1𝑁2𝑆

𝑙

𝑑𝐼1

𝑑𝑡
= 𝑀21

𝑑𝐼1

𝑑𝑡
                 ,                      (2.26) 

𝜖1 = −
𝜇𝑁1𝑁2𝑆

𝑙

𝑑𝐼2

𝑑𝑡
= 𝑀12

𝑑𝐼2

𝑑𝑡
                ,                              (2.27) 
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Where 𝑁1, 𝑁2, 𝑀21 and 𝑀12 are the number of turns of coil 1, number of turns of coil 2, mutual 

inductance at coil 2 due to current at coil 1 and mutual inductance at coil 1 due to current at coil 2, 

respectively. The 𝑀12 and 𝑀21 can be assumed to be similar and can be expressed as: 

𝑀 = 𝑀12 = 𝑀21 = −
𝜇𝑁1𝑁2𝑆

𝑙
             ,                             (2.28) 

Where 𝑙 is the length of the solenoids (coils).  

In order to analyze the system efficiency of the magnetic inductive coupling WPT, the 

equivalent circuit of the system can be analyzed as in Figure 2.4. From the Kirchhoff’s 2nd law, 

the following equation can be obtained: 

[
𝐼1

𝐼2
] =

𝑣

𝑍1(𝑍0 + 𝑍2) + (𝜔𝑀)2
[
𝑍0 + 𝑍2

−𝑖𝜔𝑀
]                  ,             (2.30) 

 Where 𝜔, 𝑍0, 𝑍1 and 𝑍2 are the angular frequency of the system, load impedance of the circuit, 

equivalent impedance of coil 1 and equivalent impedance of coil 2, respectively. 

 

Figure 2. 4 Equivalent circuit of magnetic induction coupling WPT system. 

The mutual inductance 𝑀 is dependent to the distance between two coils as[13-15]: 
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𝑀 =
𝜇𝑁1𝑁2𝑟1

2𝑟2
2

√(𝑟1 + 𝑟2)2 + 𝑑2{(𝑟1 + 𝑟2)2 + 𝑑2}
                    ,                 (2.31) 

Where 𝑟1 and 𝑟2 are the radius of coil 1 and coil 2 respectively. 

The transfer efficiency then can be analyzed as: 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑍0𝜔2𝑀2

{𝑍1(𝑍0 + 𝑍2} + (𝜔𝑀)2(𝑍0 + 𝑍2)
=

1

{
𝑅1𝑅2

𝜔2𝑀2
𝑍1

𝑅1
(

𝑍0

𝑅2
+

𝑍2

𝑅2
) + 1} (1 +

𝑅2

𝑍0
)

  .  (2.32) 

For simplification: 

𝜔2𝑀2

𝑅1𝑅2
= 𝑓𝑜𝑚2              .                                             (2.33) 

Hence eq. 2.32 can be simplified as: 

𝜂 =
1

{
1

𝑓𝑜𝑚2 (
𝑍0

𝑅2
+ 1) + 1} (1 +

𝑅2

𝑍0
)

                     .                    (2.34) 

Optimum power transmission happens when the ratio of load resistance 𝑍0 and internal resistance 

of coil 2 is: 

𝑍0

𝑅2
= √1 + 𝑓𝑜𝑚2              ,                                      (2.35) 

Hence the maximum power transmission efficiency can be obtained as: 
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𝜂 =
𝑓𝑜𝑚2

{1 + √1 + 𝑓𝑜𝑚2}
2               .                                    (2.36) 

Figure 2.5 shows the calculated system efficiency of magnetic inductive coupling WPT for 

the frequency of the system are 100 kHz, 200 kHz and 500 kHz. In this calculation, the diameters 

of coils are 0.5 m with internal resistances of coils are assumed to be 50 Ω. It can be seen that, 

higher frequency of the system will result in higher system efficiency. These results can be 

analyzed numerically from eq. (2.36), where the efficiency is proportional with frequency of the 

system. Note that typical operational frequency of the inductive magnetic coupling WPT is in 

several hundreds of kHz region. 

 

Figure 2. 5 Calculated system efficiency of magnetic induction coupling in optimal condition. 

Inductive magnetic coupling WPT has some advantages in terms of high system efficiency 

especially for the distance between coils less than their diameters, possibility for high power 

transmission, ease of application and simple implementation. Therefore, this technology is very 

popular with mobile device wireless charging system. In 2014, MIT proposed and designed a new 
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magnetic inductive coupling WPT system which is called MagMIMO [16]. This system uses more 

than one coil as the transmitter in order to increase the range of operation of the system. It is 

claimed that the MagMIMO can detect a mobile device when it is in the range of MagMIMO 

system and automatically charge the device even though it is in the pocket. 

In order to increase the efficiency and operational distance of the system, resonance circuit 

can be added at the transmitter and receiver. This method is called magnetic resonance coupling. 

The best example of this technology is the Witricity which is proposed by MIT scientist in 2007 

[17-21]. The simple diagram of magnetic resonance coupling system can be seen from Figure 2.6. 

In this case, resonance coupling circuits which are two coils are put in front of the single turn coils 

at the transmitter and receiver. By this method, the transmitter and receiver will be strongly 

coupled, hence, the power transmission can be done for longer distance than ordinary induction 

coupling WPT. It is claimed that Witricity can be used to transmit power with efficiency more than 

40% for the distance between transmitter and receiver is 2 meters with diameters of the coils are 

0.5 m. The magnetic resonance coupling WPT operates at several MHz frequency.  And it can be 

used to charge multiply devices at the same time. 

 

Figure 2. 6 Schematic of magnetic resonance coupled wireless power transmission system [18]. 

2.2.2 Applications of Inductive Magnetic Coupling WPT 

There are many applications of magnetic inductive coupling WPT technologies those have 

been implemented in our daily life. The best example of these applications is to charge smartphone 

and mobile devices which is marketed and standardized as qi wireless charging. Medium power 
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applications of this technology include many applications for charging medical apparatuses. 

Applications of this technology can be found in charging implantable medical devices such as 

pacemaker. Since it operates in low frequency, the electromagnetic wave in WPT will not disturb 

the operation of pacemaker. Magnetic resonance coupling enables high power transmission for 

longer distance and smaller coils than induction coupling. Hence, it can be used for small 

implantable devices. Demonstration of WPT using coils with efficiency around 58% had been 

done using coils at 13.56 MHz frequency magnetic coupling WPT [22-24]. 

The possibility for high power transmission using magnetic coupling WPT has opened 

many applications of magnetic coupling WPT for high power transmission to big electronic 

devices and vehicles. Kilowatt applications of magnetic coupling WPT includes charging robot 

[25-26], underwater autonomous vehicle (UUV) by putting coils with good water insulation 

underwater [27-29], public transportation such as monorail system [30-32] and electric car  

[33-36]. Electric vehicle charging system which can transfer power more than 100 kW has been 

realized with 95% efficiency for the distance between transmitter and receiver is 22.5 cm [34].   

  

2.3 Microwave WPT 

2.3.1 Basic Components in Microwave WPT System  

Basic microwave WPT diagram can be seen from Figure 2.7. The transmitter and receiver 

in microwave WPT system are a pair of antennas. The other components which are important in 

microwave WPT system are the DC-RF converter at the transmitter and RF-DC converter at the 

receiver. The DC-RF converters can be categorized into two types which are tube type such as 

magnetrons, klystrons, gyrotron, Travelling Wave Tube (TWT) and solid states type converter 

such as FET converter. The TWT microwave converter with efficiency more than 70% for space 

application has been reported by D.S. Komm et.al. in ref. [37]. Magnetron DC-RF converter can 
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be used to convert DC to RF with efficiency more than 80% [38] and theoretically, the conversion 

efficiency can be as high as 90% [39]. 

 

Figure 2. 7 Diagram of microwave wireless power transmission system. 

At the receiver, rectenna can be used as the RF-DC converter devices. One of the records 

of high efficiency RF-DC conversion efficiency is 91% for 2.45 GHz frequency [40]. The other 

record for high efficiency RF-DC converter is 82% at 5.8 GHz frequency [41]. The other 

alternative of RF-DC converter that can be used for high power application is tube type RF-DC 

converter such as cyclotron and inverse magnetron. The highest efficiency of cyclotron is 83% 

with output electric power more than 10 kW [42]. 41% conversion efficiency with 23.5 kW output 

electric power has also been recorded using inverse magnetron [43].  

There are many types of antenna which can be used for wireless communication. Some of 

the best examples of these types of antennas are the wire antenna, circular loop antenna, array 

antenna and lens antenna. Figure 2.8 shows some types of antennas which can be used for wireless 

communication. Among these types of antennas, due to its simple configuration, wire antenna is 

the most common antenna which is used for commercial purpose. For the microwave WPT 

transmission, one of the best options is lens antenna which is usually used to focus the 
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electromagnetic wave to one direction and prevent it to spread into undesired area or direction [44-

45]. In lens antenna, parabolic dish is used to focus and direct the electromagnetic wave.   

                                      

(a)                                                                                   (b) 

 

(c) 

Figure 2. 8 Some types of antennas: (a) Dipole, (b) Circular (Square) Loop, (c) Parabolic lens 

antenna [45]. 

2.3.2 System Efficiency of Microwave WPT 

Basic equation of system efficiency in eq. (2.1) can be modified to fit the DC to DC system 

efficiency in microwave WPT as follows [46]: 

𝜂𝑠𝑦𝑠 = 𝜂𝐷𝐶−𝑅𝐹 × 𝜂𝑇𝐴 × 𝜂𝐵𝐶𝐸 × 𝜂𝑚𝑒𝑑 × 𝜂𝑅𝐴 × 𝜂𝑅𝐹−𝐷𝐶               ,                   (2.37) 

Where 𝜂𝐷𝐶−𝑅𝐹, 𝜂𝑅𝐹−𝐷𝐶, 𝜂𝑇𝐴, 𝜂𝑅𝐴and 𝜂𝐵𝐶𝐸 are the conversion efficiency of DC to RF converter at 

the transmitter, conversion efficiency of DC-RF converter at the receiver, transmitting antenna 

efficiency, receiving antenna efficiency and beam collection efficiency which shows the fraction 
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of transmitted power than can be received well by the antenna, respectively. The 𝜂𝐷𝐶−𝑅𝐹  and 

𝜂𝑅𝐹−𝐷𝐶 have been described in Section 2.3.1 and have high value which are more than 80%.  

When the antenna radiates electromagnetic wave, there is possibility of losses at the antenna due 

to many factors such as: conduction loss due to the conductivity of metal that makes the antenna, 

dielectric loss due to conductivity of dielectric materials near the antenna and impedance mismatch 

loss. Small antennas which are used in mobile phones typically have loss around 20% to 70%, on 

the other hand, lens parabolic dish antenna which does not have any disturbance by dielectric 

materials around it can have efficiency almost 100%. 

The atmospheric attenuation coefficient, 𝛼 , of the RF wave can be seen from Figure 2.9 for 

standard atmosphere (the water vapor density is 7.5 g/m3) and dry air (0 g/m3). In microwave 

WPT, the frequency of microwave is around 2.45 GHz to 10 GHz [47] which is the Industrial, 

Scientific and Medical (ISM) band. The attenuation coefficient of RF wave through atmosphere is 

very small, which is around 0.01 dB/km to 0.02 dB/km. Attenuation coefficient of 0.01 dB/km 

means that after the transmission for 150 to 300 km distance from the transmitter, only half of the 

transmitted power will remain due to attenuation in the atmosphere. Hence, the efficiency of 

medium in microwave WPT for several hundreds of meters can be assumed to be almost unity.  
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Figure 2. 9 Attenuation coefficient of microwave by atmosphere [48]. 

The absorption coefficient of microwave through water can be calculated from the 

imaginary part of permittivity of water as can be seen from Figure 2.10 which is adopted ref. [49]. 

From the imaginary part of permittivity, absorption coefficient can be calculated using eq. (2.10) 

until eq. (2.13). The absorption coefficient of 2.45 GHz and 10 GHz microwave by pure water 

molecule at 20o C can be calculated as 72.23 m-1 and 896.5 m-1 respectively. In the other words, 

the power of microwave which is transmitted through water will become half after the transmission 

through 9.6 mm and 0.8 mm of water for 2.45 GHz and 10 GHz of microwave, respectively. In 

this case, the absorption coefficients for 2.45 GHz and 10 GHz are very high, hence, it is almost 

impossible to transmit microwave through water. 
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Figure 2. 10 Imaginary part of dielectric constant dependence on wavelength in water [49].  

For long distance microwave WPT, the main important factor in calculation of system 

efficiency is the beam collection efficiency. In wireless communication system, Friis equation is 

used to calculate power density which can be received by antenna in long distance transmission 

as: 

𝑆𝑟 =
𝑃𝑡𝐺𝑡

4𝜋𝑑2
                      ,                                                (2.39)   

Where 𝑃𝑡 , 𝐺𝑡  and 𝑑  are the power which is transmitted by the transmitting antenna, gain 

(directivity) of transmitting antenna and distance between transmitter and receiver, respectively. 

Gain of antenna can be analyzed as:  

𝐺 =
4𝜋𝐴𝑒𝑓𝑓

𝜆2
           ,                                                (2.40) 

Where 𝐴𝑒𝑓𝑓 is effective area of the antenna and can be expressed as: 
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𝐴𝑒𝑓𝑓 = 𝐴 × 𝜂𝑒𝑓𝑓 (2.41) 

Where 𝐴  and 𝜂𝑒𝑓𝑓  are the area and area efficiency of receiving antenna, respectively. By 

assumption that the receiving antenna is a dish type rectenna, typical area efficiency is 70%. 

By assumption of plane wave which happens in far field region (Fraunhofer region), the 

power which is received by the antenna in far field region can be calculated as: 

𝑃𝑟 =
𝑃𝑡𝐺𝑡𝐺𝑟𝜆2

(4𝜋𝑑)2
                      .                                      (2.42)      

Then the beam collection efficiency based of Friis formula can be expressed as: 

𝜂𝐵𝐶𝐸_𝐹𝑟𝑖𝑖𝑠 =
𝐺𝑇𝐺𝑇𝜆2

(4𝜋𝑑)2
                  .                                (2.43) 

The region around antenna can be divided into reactive near field region, radiative near 

field region (Fresnel region) and far field region (Fraunhofer region) as can be seen from Figure 

2.11. In reactive near field region, the power transmission efficiency can be very high because 

there is high magnetic coupling between transmitter and receiver. However, the distance is limited. 

Microwave WPT can be conducted in the far field region. However, it is found in ref. [50], the 

transmission efficiency becomes considerably low and in order to compensate large dispersion 

angle of microwave, the receiver size has to be very big. Based on these facts, most of microwave 

WPT is conducted in Fresnel region. Unfortunately, Friis formula cannot be used in Fresnel region 

because it assumed plane wave which is the characteristics of electromagnetic wave in far field 

region. 
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Figure 2. 11 Near field and far field region of antenna transmission. 

In 1968, Goubau et. al. proposed a new formula which can be used to calculate the beam collection 

efficiency of optimized system [51]. The formula which was proposed by Goubau et.al. is: 

𝜂𝐵𝐶𝐸−𝐺 = 1 − exp(−𝜏2)                ,                                 (2.44) 

Where 𝜏 is the transmission parameter which can be expressed as: 

𝜏 =
√𝐺𝑇𝐺𝑅𝜆

4𝜋𝑑
              .                                                 (2.45) 

Note that the Goubau’s formula is used to analyze the beam collection efficiency in optimized 

condition. Hence, it tends to be higher than in real experiment. 

Figure 2.12 shows the results of calculation of system efficiency of microwave WPT 

through atmosphere for 2.45 GHz and 10 GHz frequency and diameter of transmitting and 
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receiving antennas are 1 m. The DC-RF conversion efficiency at transmitter and RF-DC 

conversion efficiency at the transmitter are assumed to be 0.8. In this analysis, parabolic dish lens 

antennas are used as the transmitter and receiver, hence, there is no loss at the antennas during the 

transmission. For the same size of antennas, 10 GHz microwave can be used to transmit power to 

longer distance than 2.45 GHz microwave. This condition can be analyzed from the dispersion 

angle of the electromagnetic wave. Dispersion angle of electromagnetic wave is larger for lower 

frequency (longer wavelength). Since, the size of the antennas for 2.45 GHz and 10 GHz 

transmission are assumed to be similar, more fraction of power can be collected in 10 GHz 

microwave WPT system than in 2.45 GHz WPT system.   

 

Figure 2. 12 Calculated system efficiency of microwave wireless power transmission. 

2.3.4 Applications and Issue of Microwave WPT 

The first development of microwave WPT technology can be traced back to W.C. Brown 

in 1960s [52-53]. He demonstrated microwave WPT to a wired helicopter in 1964 and a free flied 

helicopter in 1968. Then in 1975, he tried to increase the efficiency of microwave WPT system 
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can successfully demonstrated microwave WPT with 54% system efficiency and 495 W output 

DC power using magnetron. Then in the same year, he and his team successfully demonstrated 

one of the biggest microwaves WPT system with 26 m diameter of parabolic dish antenna as the 

transmitter and 24.48 m2 of array rectenna as the receiver. This successful demonstration opened 

a new possibility of Space Power Satellite (SPS) as one of the applications of microwave WPT 

[54].   

Due to its low attenuation by the atmosphere, power beaming from satellite to earth in microwave 

frequency region has been proposed in ref. [55-58]. In the concept of this system, the electric 

power is harvested at the satellite using solar cell, then the power is transferred to earth using 

microwave. In order to realize this application, high directivity antennas are needed. Based on eq. 

(2.40), the gain (directivity) of antenna is proportional with its radius, hence, in order to design 

high gain antenna, the radius of this antenna will be very large. Microwave power transmission 

link between satellite has also been proposed [59]. The other ground-to-air application of 

microwave WPT such as to transmit power to helicopter has been demonstrated and developed 

extensively [60].  The other application is to charge electric vehicle (EV). This application has 

been demonstrated by Shinohara et.al. [61].  

Since 1980s, there has been an assumption that microwave is harmful for human and animal. Based 

on this false acclaim, there were many oppositions to microwave WPT and SPS. However, this 

false acclaim has been answered by Osepchuk in ref. [47]. In 1996, Osepchuk reviewed the risk of 

microwave exposure to human’s life. It was found that most of the claims those circulated during 

those days such as the claims that microwave could cause cancer, it would be harmful for human’s 

and animal’s body and disturbed human’s hearing were based on questionable sources and 

experiments which were unsupported by further researches. It was found that, exposure to 

microwave indeed caused thermal effects on human’s skin and birds, however, the effects were 

mild and human tent to tolerate this kind of thermal effects for microwave more than 2.45 GHz 

[47]. The effects of exposure to microwave in WPT and SPS which is under maximum exposure 

for human’s body were found to be very mild and tolerable. 

The main issue which is faced by the microwave WPT is the Radio Frequency Interference (RFI). 

The Industrial, Scientific and Medical (ISM) band which are usually used for microwave WPT is 

also used for many applications of microwave such as for microwave ovens, Bluetooth and Wi-Fi. 
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In this case, there is possibility that microwave power transmission will interfere with the 

communication system which operates in this band and causes disturbance. In 1996, Osepchuk 

advocated the possibility to reserve the 2.4 GHz to 2.5 GHz band of frequency for microwave 

power transmission. However, unfortunately, nowadays this band of frequency is used for many 

wireless communication systems. The RFI problem is also one of the issues in the application of 

microwave for charging medical apparatuses such as implantable pacemaker.  
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CHAPTER 3 

BASIC OF OPTICAL WIRELESS POWER TRANSMISSION AND 

COMPARISON WITH OTHER METHODS  

In this chapter, basic theory of Optical Wireless Power Transmission (OWPT) is explained 

in detail. Basic theory about components such as light sources, attenuation of mediums, solar cell 

and other parameters those affect the performance of OWPT system in terms of system efficiency 

is explained briefly. Then the performance of OWPT system efficiency is compared with the other 

method to find the merit and advantage of OWPT in long distance Wireless Power Transmission 

(WPT). Lastly, some existing OWPT applications are given. 

 

3.1 Basic of OWPT System Efficiency 

Basic schematic of OWPT system can be seen from Figure 3.1. [62] In this case, the main 

components of OWPT system are the light source, medium of propagation of light and solar cell. 

Note that the OWPT system is a line of sight system which means that in order to successfully 

transmit power from transmitter to receiver, there has to be a direct line of sight space between 

transmitter and receiver without any object in between them. Light source is used to convert 

electric power into light which is electromagnetic wave and solar cell is used to convert back light 

into electric power which can be used to power electrical devices up. Unlike microwave WPT in 
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which DC-RF converter circuit and RF-DC converter circuit are needed, OWPT system operates 

in DC because light source such as laser and LED are operated using DC current and the output of 

solar cell is also DC current, hence, DC-RF and RF-DC converter are not needed and the system 

is generally simpler than microwave WPT.  

 

Figure 3. 1 Basic diagram of OWPT system. 

By taking advantage of the characteristics of laser which are small size, small divergence 

angle and high power density, OWPT is known to be able to be used for long distance WPT. The 

system efficiency of OWPT can simply be analyzed as: 

𝜂𝑠𝑦𝑠 = 𝜂𝑇 × 𝜂𝑚𝑒𝑑 × 𝜂𝑅 = 𝜂𝑇 × exp(−𝛼𝑑) × 𝜂𝑅                 .                  (3.1) 

During the transmission in long distance WPT system, the beam size which is transmitted 

by transmitter through the medium will becomes larger, at some point, the beam size will become 

larger than the solar cell, hence, in the analysis of system efficiency of long distance WPT system, 

one more component can be added in the analysis of system efficiency which is called beam 

collection efficiency of laser, 𝜂𝑐𝑜𝑙. This efficiency shows the fraction of optical power which is 

captured successfully by the solar cell. Then the equation of system efficiency can be modified as: 

𝜂𝑠𝑦𝑠 = 𝜂𝑇 × 𝜂𝑚𝑒𝑑 × 𝜂𝑅 = 𝜂𝑇 × exp(−𝛼𝑑) × 𝜂𝑐𝑜𝑙 × 𝜂𝑅             .            (3.2) 
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Basic theory of laser and LED will be briefly explained in section 3.2 and in section 3.3, 

the attenuation of light by medium such as atmosphere, water, optical fiber and human skin and 

other phenomenon in medium that can decrease the performance of the system is explained in 

detail. In section 3.4, basic theory of solar cell and the calculation of conversion efficiency of 

Silicon (Si) solar cell is explained in detail. Then in section 3.5, the light beam divergence during 

the transmission in medium especially atmosphere and its effect to the system efficiency of OWPT 

is explained.  

 

3.2 OWPT Component: Light Source 

In OWPT system, the most popular light source is laser. Laser is an abbreviation of Light 

Amplification by Stimulated Emission Radiation. Basic structure of laser can be seen from Figure 

3.2. Laser basically consists of laser materials which is an active gain material, pumping 

mechanism (energy support) and mirrors [63-64]. The active gain material and mirrors construct 

the laser cavity. The active gain material is the component which produces optical wave. The 

energy support can be DC electric current in semiconductor laser or optical power in solid state 

laser. The main purpose of pumping mechanism is to excite electrons in the lower energy band of 

gain material to higher energy band.  

The optical wave which is produced by the gain materials due to the transition of electron 

from higher energy level to lower energy level will be reflected by the mirrors. Hence, the light 

wave will be reflected back and forth by the front and back mirrors in the laser cavity. In each 

passing of optical wave through gain materials, the light wave will be amplified. The reflectivity 

of the front mirror of laser is not 100%. Hence, at some point, the light will pass through mirror 

and escape the cavity. This light is called output light. In order to maintain the lasing condition, it 

is important to manage the amplitude and vibrational phase of optical wave after each cycle in the 

laser cavity. These three components are the main components which need to be available for all 

types of laser. 
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Figure 3. 2 Basic components of laser [63]. 

Based on the laser materials, laser can be categorized into some groups: semiconductor 

laser, solid state laser and gas laser. The energy support components (pumping mechanism) for 

each type of laser are also different. In semiconductor laser (laser diode), DC current injection is 

used as the pumping mechanism, on the other hand, in solid state and gas laser, optical pumping 

and gas discharged pumping method is used. The differences between these three types of laser 

can be seen from Table 3.1.  

Table 3. 1 Several types of lasers. 

Type of Laser Materials 
Operating 

Wavelength 
Pumping Mechanism 

Gas Laser 

He-Ne 632.8 nm 

Gas Discharge Ar 488 nm – 514.5 nm 

CO2 10500 nm 

Solid Laser 

YAG (Nd3+ . 

Y3Al3O2( 
1060 nm 

Optical illumination 

EDF (Er3+ . SiO2) 155 nm 

Semiconductor Laser 

AlxGa1-xP 350 nm – 430 nm 
Direct Current 

Injection 
AlxGa1-xAs 750 nm – 850 nm 

GaxIn1-xAsyP1-y 850 – 1600 nm 
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To understand how laser works, it is important to understand the concept of absorption and 

emission in laser material. For simplification, the concept of optical pumping in solid state laser. 

Two level energy is assumed as can be seen from Figure 3.3. In this case, electron is located in 

energy band E1. When a photon which has energy same or higher than the band gap energy between 

𝐸1  and 𝐸2  (ℎ𝜈𝑔 ≥ 𝐸2 − 𝐸1) comes to the material, the photon energy will be absorbed by the 

electron. The electron which has absorbed the photon energy will be excited into higher energy 

level 𝐸2. This phenomenon is called absorption. The condition where the number of electrons in 

𝐸2 is higher than the number of electrons in 𝐸1 is called population inversion.  

The electron which is located in energy level 𝐸2 can transit back into lower energy level 

𝐸1 by emitting photon. There are two mechanism that can happen in this situation. The first is 

spontaneous emission in which the electron transit to lower energy level by emitting photon 

without any stimulation from other photon. This phenomenon is illustrated in Figure 3.3 (b). There 

is also possibility that other photon which has photon energy ℎ𝜈𝑔 = 𝐸2 − 𝐸1 comes to the system 

and stimulated the electron to transits from high energy level to lower energy level by emitting 

photon. This emitted photon will have the same phase and energy as the incoming photon. This 

phenomenon is called stimulated emission and illustrated in Figure 3.3 (c). [11,63-65] 

 

(a) 

                            

(b)                                 (c) 

Figure 3. 3 Illustrations of: (a) Absorption, (b) Spontaneous emission and (c) Stimulated emission 

of light. 
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In the laser material, after the electron is excited to high energy level by the energy support 

component (pumping mechanism), the electron will transit back to low energy level by emitting 

photon as spontaneous emission. Then this spontaneous emission photon will stimulate the 

stimulated emission of other electron, hence, the power of the first spontaneous emitted light will 

be amplified during the propagating in laser cavity by stimulated emission until the total gain of 

the light can overcome the total absorption in the cavity. Then the light will escape the cavity and 

becomes output light of laser. 

The main parameter of laser which contributes to the performance of WPT system is the 

conversion efficiency of laser. The conversion efficiency of laser can be expressed as: 

𝜂𝐿𝑆 =
𝑃𝑜𝑝𝑡

𝑃𝑒𝑙
                   ,                                               (3.3) 

Where 𝑃𝑜𝑝𝑡 and 𝑃𝑒𝑙 are the output optical power and input electric power of laser. In the other 

words, conversion efficiency of laser measures how efficient the laser can convert from electric 

power to optical power. This power conversion efficiency is also called wall-plug efficiency. 

Among three groups of lasers in Table 3.1, gas laser is the first laser which was developed 

to produce high power continuous wave light. This is also the first laser which can directly convert 

electric power into optical power. The basic schematic of He-Ne laser which is one of the gas 

lasers can be seen from Figure 3.4 (a). The strong electric field which is applied to the upper 

chamber of discharge chamber will cause electrical discharge that ionize the He+ ion in the 

chamber. Hence, the electron in He+ atom will be excited to upper energy level. There is finite 

possibility that this excited atom will collide with the Ne atom. During the collision, the excited 

He atom will transfer its energy to Ne atom and excites the electron of Ne atom to upper energy 

level. This excited electron will decay to lower energy level. When the electron decays to lower 

energy level, photon will be emitted. He-Ne laser emits 632.8 nm red laser. The advantages of gas 

laser are its cheap and high availability of the laser gain materials and its possibility to emit high 

output optical power. However, in order to ionize the He+ atom in the upper chamber, high voltage 

power electric power source is needed, hence, the electric to optical power conversion efficiency 
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is relatively low. Typical power conversion efficiency of gas laser is around 0.01% to 15%. CO2 

laser is the gas laser with highest power conversion efficiency and emits 10.5 μm light [66-68]. 

 

(a) 

 

(b)                                                                              (c) 

Figure 3. 4 Typical basic structure of: (a) Gas laser, (b) Solid state fiber laser and  

(c) Semiconductor laser [63]. 

Solid state laser is usually pumped with optical illumination. The gain materials in solid 

state laser can be either ordinary Silica fiber which is doped by rare earth element such as Erbium 

or rod such as in Nd:YAG laser [68]. The simple schematic of solid-state laser can be seen from 

figure 3.4 (b). In this case, Erbium Doped Fiber Laser (EDFL) is assumed as the example. In EDFL, 

the pump laser usually has wavelength of 980 nm and 1480 nm. The photon of pump laser will be 

absorbed by the electron of the gain material. The electron will be excited into higher energy level 

and decays back to lower energy level by emitting photon. The EDFL usually emits 1530 nm to 

1570 nm output light, hence, it can be used for optical communication at 1550 nm. The overall 

electric to optical power conversion is lower than semiconductor laser because due to the optical 
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illumination pumping mechanism, there are two steps of power conversion in solid state laser. The 

first is from electric to optical power in pump laser which is usually a semiconductor laser (diode 

laser) and the second step of conversion is optical to optical conversion in the gain material.  

In 1990, the typical efficiency of neodymium solid state laser was only 1%. [68] However, 

the recent development of high efficiency solid state laser has pushed the typical efficiency into 

more than 10%. The other materials such as Ytterbium offers higher efficiency which is typically 

30% and the best in the market can exceed 50% [69-70]. The solar pumped solid-state laser has 

also been developed since 1966 [68,71-73]. In ref. [71-73], solar pumped Nd:YAG laser was 

reported. The solar pumped laser can be used for WPT system; however, the design and setting of 

this laser which is complicated and the heat sink system which needs large space and complicated 

design, restricts the application of this type of laser for OWPT application. 

Semiconductor (diode) laser is the type of laser which has the highest electric to optical 

power conversion efficiency. The structure of diode laser can be seen from Figure 3.4 (c). The 

pumping mechanism is DC electric current. Typical power conversion efficiency of diode laser is 

around 30%. This efficiency can be increased further into more than 50% to 70% [74].  In early 

2000s, Defense Advanced Research Projects Agency (DARPA) of USA launce a program which 

is called Super High Efficiency Diode Source (SHEDS) which aimed to obtain more than 80% 

efficiency high power laser diode. Under this program in ref. [74], more than 65% power 

conversion efficiency high power GaAs based laser has been reported. In ref. [75], nlight reported 

73% power conversion efficiency 980 nm laser using micro channel diode laser bar. Moreover, in 

ref. [76-77], it is reported that the efficiency of 73% at 970 nm using diode laser bar can be 

achieved.  

Vertical Cavity Surface Emitter Laser (VCSEL) can also be used as the light source in 

OWPT [78-82]. The other possible light source is high brightness LED. However, since the 

dispersion angle of LED is generally larger than laser, for long distance application of OWPT, 

LED has to be focused. The possibility of LED as power source in OWPT has been analyzed and 

demonstrated in ref. [83-87].  
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3.3 OWPT Component: Mediums 

Light which is used to transmit power in OWPT passes through medium from transmitter to 

receiver. During this propagation, the power of light decays exponentially due to absorption and 

scattering phenomena. These absorption and scattering phenomena have been explained in Section 

2.2.3. In this section, the attenuation characteristics of several mediums are discussed. 

2.3.1 Atmospheric and Water Attenuation  

Light which propagates in the atmosphere suffers considerably higher loss than microwave. 

This condition can be explained using Rayleigh scattering equation in eq. (2.15). The Rayleigh 

scattering is inversely proportional with the wavelength of electromagnetic wave. Since the 

wavelength of light is shorter than microwave, the Rayleigh scattering is more severe in optical 

propagation than microwave propagation. For simplification, in meteorology, visibility is used as 

the parameter for calculating the attenuation of light by atmosphere. Literally, visibility is the 

distance where the object can be recognized and discerned well by human’s eyes. Higher visibility 

means that the attenuation by atmosphere is lower than low visibility condition. In ref. [88-89], 

this simple method can also be used to analyze the attenuation empirically as: 

𝛼 =
16.97

𝑣𝑖𝑠
(

𝜆

550
)

−𝑄

   [𝑑𝐵/𝑘𝑚]            ,                              (3.4) 

Where 𝑣𝑖𝑠, 𝜆 and 𝑄 are the atmospheric visibility in km, wavelength of light in nm and power 

factor which depends on the scattering particle size distribution, respectively. The value of 𝑄 can 

be obtained based on the visibility. In this analysis, 30 km visibility (𝑄 = 1/3) and 1 km visibility 

(𝑄 = 0.585 × 𝑣𝑖𝑠
1

3) are chosen as the parameters for high visibility and low visibility respectively. 

The wavelength dependency of atmospheric attenuation can be seen from Figure 3.5. 

The absorption and scattering coefficient spectra of light by water can be seen from Figure 

3.6. The absorption coefficient is adopted from ref. [90-93] and the scattering coefficient is 
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calculated theoretically as in ref. [94]. In this case, pure water at room temperature condition is 

assumed. The absorption coefficient of light by water tends to decrease for longer wavelength, 

however the scattering coefficient tends to decrease for longer wavelength. The absorption 

coefficient is much higher than the scattering coefficient of water which implies that absorption is 

the dominant factor in attenuation of light by water. Since the absorption coefficient of blue laser 

by water molecule is low, it can be used for OWPT through water.  

 

Figure 3. 5 Atmospheric attenuation coefficient. 

 

Figure 3. 6 Absorption and scattering coefficient of light by water molecule. 
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2.3.2 Skin 

The absorption coefficient of skin is calculated as in [95]. The skin can be divided into 7 

layers which are (from the top layer of skin): stratum corneum, living epidermis, papillary dermis, 

upper blood dermis, reticular dermis, deep blood dermis and subcutaneous fat. Each layer of skin 

has its own characteristics, water content and blood content. In this case, each layer has its own 

absorption coefficient. The stratum corneum layer and epidermis layer does not contain blood. The 

epidermis layer contains melanin. The absorption coefficient of stratum corneum and epidermis 

layer can be calculated as [95]: 

𝜇𝑎
𝑠𝑡𝑟𝑎𝑡𝑢𝑚(𝜆) = ((0.1 − 0.3 × 10−4𝜆) + 0.125𝜇𝑎

(0)
(𝜆)) (1 − 𝐶𝐻2𝑂

) + 𝐶𝐻2𝑂
𝜇𝑎

𝐻2𝑂(𝜆)       ,    (3.5)  

𝜇𝑎
𝑒𝑝𝑖(𝜆) = (𝐶𝑚𝑒𝑙𝜇𝑎

𝑚𝑒𝑙(𝜆) + (1 − 𝐶𝑚𝑒𝑙)𝜇𝑎
(0)

(𝜆))(1 − 𝐶𝐻2𝑂
) + 𝐶𝐻2𝑂𝜇𝑎

𝐻2𝑂(𝜆)    .         (3.6)  

Here, 𝜇𝑎
(0)

, 𝜇𝑎
𝑚𝑒𝑙 and 𝜇𝑎

𝐻2𝑂
are the absorption coefficient of medium free of any other absorber 

(basic absorption of skin), the absorption coefficient of melanin (pigment of skin) and absorption 

coefficient of water respectively. The absorption coefficient of water is adopted from [90-93]. The 

𝜇𝑎
(0)

and  𝜇𝑎
𝑚𝑒𝑙can be expressed as [95-97]: 

𝜇𝑎
(0)(𝜆) = 7.84 × 107 × 𝜆−3.225             ,                                             (3.7)  

𝜇𝑎
𝑚𝑒𝑙(𝜆) = 5 × 109 × 𝜆−3.33         .                                                (3.8)  

The 𝐶𝐻2𝑂
 and 𝐶𝑚𝑒𝑙 are volume fraction of water in the skin layer and melanin (ranging from 0.02 

for light skin until 0.43 for very dark skin) respectively.  

The absorption coefficient of skin layers that contains blood can be calculated as [95]: 
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𝜇𝑎
𝑙𝑎𝑦𝑒𝑟(𝜆) = (1 − 𝑆)𝛾𝐶𝑏𝑙𝑜𝑜𝑑𝜇𝑎

𝐻𝑏(𝜆) + 𝑆𝛾𝐶𝑏𝑙𝑜𝑜𝑑𝜇𝑎
𝐻𝑏𝑂2(𝜆) + (1 − 𝛾𝐶𝑏𝑙𝑜𝑜𝑑)𝐶𝐻2𝑂𝜇𝑎

𝐻2𝑂(𝜆) +

                              (1 − 𝛾𝐶𝑏𝑙𝑜𝑜𝑑)(1 − 𝐶𝐻2𝑂)𝜇𝑎
(0)(𝜆)       .              (3.9)  

Here, 𝜇𝑎
𝐻𝑏  and  𝜇𝑎

𝐻𝑏𝑂2  are the absorption coefficient of deoxyhemoglobin and oxyhemoglobin 

respectively. The value of 𝜇𝑎
𝐻𝑏 and  𝜇𝑎

𝐻𝑏𝑂2 are adopted from [98].  𝐶𝑏𝑙𝑜𝑜𝑑, 𝑆, and 𝛾 are volume 

fraction of blood, oxygen saturation and volume fraction of hemoglobin in blood. In this 

calculation, the oxygen saturation value is assumed to be 0.6 [95]. Noted that volume fraction of 

water and blood of each skin layer are different and can be seen in Table 3.2. The volume fraction 

of hemoglobin in blood is assumed to be similar for each blood contain layer and can be calculated 

as:  

𝛾 = 𝐹𝐻𝑏𝐹𝑅𝐵𝐶𝐻𝑡               ,                                             (3.10)  

Where 𝐹𝐻𝑏, 𝐹𝑅𝐵𝐶 and 𝐻𝑡 are volume fraction of hemoglobin in erythrocyte (𝐹𝐻𝑏 = 0.25), volume 

fraction of erythrocyte in the whole blood volume (𝐹𝑅𝐵𝐶 = 0.99) and hematocrit (𝐻𝑡 = 0.45  for 

male and 𝐻𝑡 = 0.4 for female) respectively.  

Table 1 shows the value of  𝐶𝑏𝑙𝑜𝑜𝑑,  𝐶𝐻2𝑂
 and thickness of each layer of skin. Note that the 

thickness of subcutaneous fat depends on the body weight, shape and area of skin. This thickness 

of subcutaneous fat can vary between 2 mm until 10 mm [99-100]. 
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Table 3. 2 Parameters of skin layers. 

Layer 𝑪𝒃𝒍𝒐𝒐𝒅 𝑪𝑯𝟐𝑶 Thickness 

(μm) 

Stratum Corneum 0 0.05 20 

Epidermis 0 0.2 80 

Papillary dermis 0.04 0.5 150 

Upper blood dermis 0.3 0.6 80 

Reticular dermis 0.04 0.7 1500 

Deep blood dermis 0.1 0.7 80 

Subcutaneous fat 0.05 0.7 Until 8000 or 

more 

The scattering coefficient of skin is calculated as in [97]. The scattering coefficient are 

calculated by taking into account the Rayleigh scattering and Mie scattering of light by skin. The 

scattering coefficient of each layer is assumed to be similar. The reduced scattering coefficient of 

skin can be calculated as [97]: 

𝜇𝑠
′ (𝜆) = 𝑎

′(𝑓𝑅𝑎𝑦(
𝜆

500 (𝑛𝑚)
)

−4
+(1−𝑓𝑅𝑎𝑦)(

𝜆

500 (𝑛𝑚)
)

−𝑏𝑀𝑖𝑒
 )

      ,                 (3.11)  

Where 𝑎′, 𝑓𝑅𝑎𝑦 , 𝑏𝑀𝑖𝑒  are the scaling factor, fraction of Rayleigh scattering and Mie scattering 

scaling factor. Note that the eq. (7) comes from phenomenological analysis and fitting parameters 
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based on experimental results are assumed in this equation [97]. The wavelength, λ, is in nanometer. 

The value of  𝑎′, 𝑓𝑅𝑎𝑦, 𝑏𝑀𝑖𝑒 are 42.9 cm-1, 0.76 and 0.351 respectively. These values come from 

approximation by Jacques for human skin in [96].  

Reduced scattering coefficient is the coefficient which represent the scattering when 

photon diffuse in anisotropy medium such as skin. In this case, it is assumed than photon takes 

random path and in each steps of the path, it suffers isotropic scattering. The scattering coefficient 

can be calculated from reduced scattering coefficient as: 

𝜇𝑠 =
𝜇𝑠

′

(1 − 𝑔)
          .                                                        (3.12) 

Here 𝑔 is the anisotropy of skin which has typical value 0.9. This value indicates that photon is 

assumed to take 10 mean free steps when penetrating the skin. 

After we calculate absorption coefficient, 𝜇𝑎 and reduced scattering coefficient of skin, 𝜇𝑠
′ , 

we can calculate the effective attenuation coefficient of skin as [101]: 

𝛼𝑠𝑘𝑖𝑛 = √3𝜇𝑎(𝜇𝑎 + (1 − 𝑔)𝜇𝑠)        .                                           (3.13)  

Then we assume the refractive index of skin to be 1.45 [102-103]. In this case, by assumption that 

light enter the skin at 90o, the reflection at the surface of skin can be analyzed by using simple 

Fresnel equation.  

Figure 3.7 and 3.8 show the attenuation of human skin and transparency of human skin 

respectively. The attenuation of human skin decreases for longer wavelength. Higher penetration 

of skin by light can be achieved by using around 900 nm wavelength of light. Note that in this 

calculation, the subject is assumed to be human male with low melanin level (Fair skin).  
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Figure 3. 7 Attenuation of human skin. 

 

Figure 3. 8 Transparency of human skin for several wavelengths of light. 
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The calculation of attenuation of human skin is based on fitting parameters from 

experimental results. The result of experiment and calculation may be different because there are 

many factors which affect the attenuation of skin such as, gender, pigment and melanin contents, 

skin condition, area of the body where skin is taken, body mass index and many other factors. For 

the same test subject, the attenuation of the same area of skin may also vary from time to time due 

to many external and internal factors but we believe and hope that the tendency and characteristics 

might be almost similar where the longer wavelength (around 900 nm) might penetrate more than 

shorter wavelength (400 nm).  

3.3.3 Other Phenomenon: Reflection  

In OWPT, through other mediums than atmosphere such as water and human skin, it can 

be assumed that the light comes from outside the medium. In this case, there is reflection of light 

at the interface between two mediums with different refractive indices as can be seen from Figure 

3.9. The fraction of light which is reflected at the interface between two mediums when the 

incoming light is normal to the surface (𝜃 = 0) can be analyzed as: 

𝑅𝑒𝑓 = |
𝑛1 − 𝑛2

𝑛1 + 𝑛2
|

2

                   ,                                     (3.14) 

Where 𝑛1 and 𝑛2 are the refractive index of medium 1 and medium 2 in Figure 3.9. The refractive 

index of air and water are 1 and 1.33, respectively, hence in OWPT through water where the light 

comes from the air above the water and normal incident of light is assumed, the reflection is 2% 

which means that 98% of light is transmitted into the water.  
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Figure 3. 9 Transmission and reflection of light at interface between mediums with different 

refractive indices. 

 

3.4 OWPT Component: Solar Cell 

Solar cell is the component which is used to convert light into electric power. The principle 

of solar cell can be seen from Figure 3.10. Simple solar cell is constructed from the pn junction. 

Thin p-type semiconductor is grown on top of thick n-type semiconductor to create a solar cell. 

Then electrodes are attached to the pn-junction. The area between p-type and n-type of 

semiconductor is called depletion region. In depletion region, mobile charge carrier has been 

diffused away due to the electric field, hence, this region acts like an insulator. The photons that 

falls into this region in solar cell are the only photon that will contributes to the photocurrent 

generation [11].  
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Figure 3. 10 Illustration of photocurrent generation in solar cell. 

The principle of solar cell is as follow: when a photon which has same or higher energy as 

the band gap energy of the semiconductor (𝐸𝑔 < ℎ𝜈) comes to the solar cell, it will pass through 

very thin layer of p-type semiconductor into the depletion layer. In the depletion region of solar 

cell, the electron in the valence band will absorb the energy of photon and excites into the 

conduction band and creates the hole-electron pair. The electron then will drift from p-side of pn-

junction into the n-side of junction, at the same time, the hole will move to the p-side of the junction. 

The movement of electron and hole will cause the current to flow from the n-side to p-side of the 

junction. This current is called photocurrent. Since this current flow from the n-type which has 

lower potential than p-type in pn-junction, this current is called reverse biased current.  

To analyze the conversion efficiency of solar cell, firstly, it is better to understand the 

characteristics of incoming light to the solar cell. The spectrum of incoming light has Gaussian 

distribution as can be seen from Figure 3.11. In Figure 3.11, only the red colored area of spectrum 

of light will be absorbed by the solar cell and contribute to photocurrent generation, since the 

wavelength is shorter (higher photon energy, higher frequency) than wavelength which correspond 

with band gap, 𝜆𝑔. Only the photon of light which has higher or similar energy as the band gap 

energy of the semiconductor will contribute to the photocurrent. The total power of incident light 

can be analyzed as: 
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𝑃𝑡𝑜𝑡 = ∫
𝑃0

√2𝜋𝜎2
exp {

𝜈 − 𝜈𝑐

2𝜎2
} 𝑑𝜈

∞

0

= ∫ 𝑆(𝜈) × ℎ𝜈 𝑑𝜈

∞

0

              ,             (3.15) 

Where 𝑃0, 𝜈𝑐 and 𝜎 are the maximum power of the Gaussian distribution, central frequency of 

light and standard deviation of the Gaussian distribution, respectively. 𝑆(𝜈) is the number of 

photon and h is Planck constant. The standard deviation 𝜎 is related with the Full Width Half 

Maximum (FWHM) of the Gaussian distribution as: 

𝜎 =
𝐹𝑊𝐻𝑀

√2 ln 2
               .                                                 (3.16) 

FWHM is the width of the Gaussian distribution when the amplitude is half of the maximum 

amplitude.  

 

Figure 3. 11 Illustration of spectrum of incoming light of solar cell. 
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Only the photon which has higher or similar energy than the band gap energy of 

semiconductor will contribute to the generation of photocurrent, hence the power of incident light 

that will contribute to the generation of photocurrent can be analyzed as: 

𝑃𝑖𝑛𝑐 = ∫
𝑃0

√2𝜋𝜎2
exp {

𝜈 − 𝜈𝑐

2𝜎2
} 𝑑𝜈

∞

𝜈𝑔

        ,                                 (3.17) 

Where 𝜈𝑔 is the frequency which is related with the band gap energy of semiconductor. The degree 

of absorption of photon energy by the electron in solar cell depends on the frequency (wavelength) 

of light and the material of solar cell. In this case, Silicon (Si) is assumed as the material of solar 

cell. The absorption spectra of Si can be seen from Figure 3.12 [104]. The fraction of incident 

optical power that is absorbed by the solar cell can be expressed as: 

𝑃𝑎𝑏𝑠(𝜈) = ∫
𝑃0

√2𝜋𝜎2
{1 − exp(−𝛼𝑚(𝜈)𝑑𝑚)} exp {

𝜈 − 𝜈𝑐

2𝜎2
} 𝑑𝜈

∞

𝜈𝑔

     ,        (3.18) 

Where 𝛼𝑚(𝜈) and 𝑑𝑚 are the absorption of light by material and the thickness of material of solar 

cell, respectively. Note that the absorption of light by material has frequency dependency. In this 

calculation, for simplification, Internal Quantum Efficiency (IQE) is assumed to be 1. It means 

that one photon that is absorbed by the solar cell is assumed to excite exactly one electron which 

contributes to the generation of photocurrent. Then External Quantum Efficiency (EQE) which 

expresses the fraction of total incident photons that contributes to the generation of electron in 

photocurrent is: 

𝜂𝐸𝑄𝐸 =
𝑃𝑎𝑏𝑠

𝑃𝑡𝑜𝑡
         .                                                    (3.19) 

The number of electron-hole pairs which is created due to absorption of photon and 

contributes to the generation of photocurrent can be analyzed from eq. (3.15) and eq. (3.18) as: 

𝑆𝑎𝑏𝑠 = ∫ 𝑆(𝜈)𝑑𝜈

∞

𝑣𝑔

     .                                             (3.20) 
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Figure 3. 12 Absorption coefficient spectrum of silicon [104]. 

This number of electron-hole pairs is related to photocurrent as: 

𝐼𝐿 = 𝑞𝑆𝑎𝑏𝑠                   ,                                       (3.21) 

Where q is the charge of electron (𝑞 = 1.69 × 10−19 Coulomb). 

Based on Shockley-Queisser Theorem, in the solar cell, an absorption of photon creates 

electron-hole which will contributes to the generation of photocurrent, however, based on the 

principle of detailed balance, the other way around phenomenon can also happens where the 

electron meets hole and recombine by emitting photon. The solar cell has its own temperature; 

hence, it can act as blackbody. The recombination of electron and hole in the cell is affected by 

the thermal voltage across the junction that can be calculated as: 

𝑉𝐶 =
𝑘𝑇𝐶

𝑞
                ,                                         (3.22) 

Where 𝑇𝑐 is the temperature of solar cell in K (in case of room temperature, 300 K). When the 

temperature of the solar cell is not 0, there is voltage across the junction, then, the concentration 
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of electron-hole in the solar cell will also change. The rate of this recombination which is correlated 

with the blackbody photon above the bandgap energy of the cell can be expressed as: 

𝐹0 = ∫
1

(exp (
ℎ𝜈

𝑘𝑇𝐶
) − 1)

2𝜋𝜈2

𝑐2

∞

𝑣𝑔

𝑑𝜈        .                              (3.23) 

Then the dark current which is the current flows when the solar cell is not illuminated by 

light is: 

𝐼0 = 𝑞𝐹0                   .                                                  (3.24) 

Based on Shockley-Quiesser theorem and by assumption that the solar cell is an ideal diode, 

the current in the solar cell can be calculated as: 

𝐼 = 𝐼0 {exp (
𝑞𝑉

𝑘𝑇𝐶
) − 1} − 𝐼𝐿              .                                   (3.25) 

Note that the negative value of photocurrent 𝐼𝐿 indicates that the photocurrent flows to different 

direction with the dark current and it flows from negative to positive potential of junction. The 

calculated IV characteristics for several wavelength of incident light for 1 W/cm2 optical power 

can be seen from Figure 3.13.  
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Figure 3. 13 Calculated IV characteristics of solar cell. 

The short circuit current which is the current when the voltage across junction is 0, can be 

expressed as: 

𝐼𝑠ℎ = 𝐼𝐿                                  .                                        (3.26) 

The open circuit voltage which is the voltage across junction of solar cell when the current 

is 0 can be calculated as: 

𝑉𝑂𝐶 =
𝑘𝑇𝐶

𝑞
ln (

𝐼𝐿

𝐼0
+ 1)                             .                          (3.27) 

The current in eq. (3.25) can be correlated with eq. (3.27) as: 

𝐼 = 𝐼0 {exp (
𝑞𝑉

𝑘𝑇𝐶
) − exp (

𝑞𝑉𝑂𝐶

𝑘𝑇𝐶
)}          .                              (3.28) 

Then by multiplying eq. (3.28) with the voltage across junction, 𝑉, the equation of electric power 

produced by the cell can be expressed as: 
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𝑃𝑒𝑙𝑒𝑐 = 𝐼𝑉            .                                                (3.29) 

Then, to find the maximum power which can be produced by the solar cell, the derivative of eq. 

(3.29) is evaluated as 
𝑑𝑃

𝑑𝑡
= 0, then the voltage when the maximum electric power of the solar cell 

can be correlated with the open circuit voltage as: 

𝑉𝑀𝐴𝑋 = 𝑉𝑂𝐶 −
𝑘𝑇𝐶

𝑞
ln (

𝑞𝑉𝑀𝐴𝑋

𝑘𝑇𝐶
+ 1)               .                       (3.30) 

Finally, maximum electric power that can be produced by the solar cell can be calculated as: 

𝑃𝑀𝐴𝑋 = 𝐼𝑀𝐴𝑋 × 𝑉𝑀𝐴𝑋 = 𝑉𝑂𝐶 × 𝐼𝑆𝐶 × 𝐹𝐹        ,                        (3.31) 

Where 𝐹𝐹 is the fill factor which is the factor that determines the quality of the solar cell. Then 

power conversion efficiency (PCE) of solar cell can simply be analyzed the ratio of maximum 

output electric power and total incident optical power as: 

𝜂𝑅 =
𝑃𝑀𝐴𝑋

𝑃𝑡𝑜𝑡
                        .                                            (3.32) 

 Figure 3.14 shows the calculated central wavelength of incident light dependency of PCE 

of Si solar cell. The thickness of Si layer of solar cell is assumed to be 200 μm which is the typical 

thickness of Si in solar cell [105]. The band gap energy of Si is 1.1 eV which is correlated with 

1100 nm of wavelength of light. The power density of incident light is assumed to be 1 W/cm2. 

The maximum PCE can be obtained at 940 nm central wavelength of light. Shorter wavelength of 

light means that the photon energy of the light is higher than longer wavelength of light. Hence, 

visible light has much high photon energy than the band gap of electron. In this case, the electron 

which absorbs photon of short wavelength of light will excite from valence band to higher energy 

level, releases some part of energy as heat and transits to the conduction band level. Hence, photon 

of short wavelength light has lower efficiency than near infrared light which is near the band gap 
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of Si because shorter wavelength means that more energy is released as heat. The maximum PCE 

is calculated to be 59% [10].  

 

Figure 3. 14 Calculated PCE of Si solar cell. 

Many researches focus on the developments of high PCE solar cell which can be used for 

OWPT application. There are many analyses of efficiency and performances of Si solar cell in 

OWPT applications [106-112]. Beside Si, other semiconductor materials of Solar cell such as 

InGaAs, GaN and GaP which have different band gap with Si, hence, can be applied for different 

wavelength of light source, have been proposed. Some of these materials of solar cell are 

summarized in Table 3.3 [113-126]. The other attempts to increase the PCE of solar cell have also 

been developed such as by putting back side mirror on the solar cell, hence the photon which 

passes through solar cell and has not been absorbed will be reflected back to solar cell  and can be 

absorbed [127] and by special design of solar cell to increase its PCE [110-111]. GaN solar cell 

has very high band gap compared which is around 3 eV, hence it can be used for high efficiency 

power converter for blue laser. At this point, we learnt that matching the wavelength of operation 

of solar cell or the band gap of materials with the wavelength of light in OWPT is very important 

when choosing laser and solar cell.  
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Table 3. 3 Some semiconductor materials for solar cells. 

Materials Band Gap Wavelength of 

Operation 

InGaAs 0.75 eV 0.5 – 1.65 µm 

InGaAsP 0.75 – 1.1 eV 1 – 1.6 µm 

GaN 3 – 3.4 eV 0.2 – 0.4 µm 

Ge 0.74 eV 0.5 – 1.8 µm 

 

3.5 Laser Beam Divergence and Beam Collection Efficiency Problem 

The Gaussian beam power distribution profile can be seen from Figure 3.15. The power 

distribution is Gaussian shape across its cross section and point O is the center of Gaussian beam. 

The beam diameter is defined as the diameter of the beam when the optical power is 1 𝑒2⁄  of the 

peak intensity. The region between the beam diameter contains around 86.5% of the total optical 

power of the beam.  

When a laser beam is focused using a lens, its beam size will become smaller and at some 

point, the wavefront will becomes parallel. However, its beam size will not become a spot with 

near to 0 area because if the beam spot size were near zero, it would mean that the power density 

was infinity. The focused beam size will become smaller and after its size is at the smallest (when 

the wavefront is parallel), it will start to diverge and the beam size will become larger again during 

its propagation as can be seen from Figure 3.16. This phenomenon is called beam divergence.  
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Figure 3. 15 Gaussian beam power distribution profile. 

 

Figure 3. 16 Illustration of beam divergence during its propagation to z-direction [11]. 

The smallest beam size when the wavefront is parallel is called beam spot size, 2w0.  The 

divergence of the beam during propagation in z-direction will make a certain angle at center of 

beam O. The angle of divergence of the beam can be expressed as: 
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𝜃𝑑 =
𝜆

𝜋𝑛(𝑤0)
           ,                                                     (3.33) 

Where n is the refractive index of medium. In case of the free space, the refractive index is 1.  

At certain distance, 𝑧0, the beam diameter will become √2(2w0). This distance is called 

Rayleigh range and can be expressed as: 

𝑧0 =
𝜋𝑛𝑤0

2

𝜆
                   .                                                  (3.34) 

Then the radius of the ideal Gaussian beam for the distance 𝑧 along the propagation in free space 

can be analyzed as: 

𝑤 = 𝑤0 {1 + (
𝑧

𝑧0
)

2

}

1
2

= 𝑤0 {1 + (
𝑧𝜆

𝜋𝑤0
2)

2

}

1
2

               .                 (3.35) 

Calculated beam size during the propagation to z-direction for several spot size 2w0 can be 

seen from Figure 3.17. In this case, the beam is assumed to be ideal Gaussian beam. Smaller value 

of beam waist radius w0 will results in larger divergence angle, hence the beam diameter of beam 

with spot size 1 cm becomes more than 12 cm after 1 km distance, on the other hand, laser beam 

with spot size 10 cm hardly changes in diameter after 1 km propagation through air. 
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Figure 3. 17 Beam diameter of ideal gaussian beam during its propagation in atmosphere. 

If the beam size is larger than the solar cell, only a fraction of the power of the laser that 

will be received by the receiver. Hence, some of the power which is not received by the receiver 

can be considered to be loss. The intensity of Gaussian beam for the position r from the center of 

the beam can be expressed as: 

𝐼𝑛(𝑟) = 𝐼𝑛0 exp (
−2𝑟2

𝑤2
)                      .                                  (3.36) 

The shape of solar cell is assumed to be rectangle with the length and width are x1 and y1. 

Then the function of intensity in eq. (3.36) can be modified in Cartessian coordinate as: 

𝐼𝑛(𝑥, 𝑦) = 𝐼𝑛0 exp (
−2(𝑥 + 𝑦)2

𝑤2
)           .                             (3.37) 

The power which is contained in the rectangle with length 𝑥1 and width 𝑦1 which defines 

the power which is received by the solar cell by assumption that the center of the solar cell in (0,0) 

coordinates in Cartessian, then the power received by solar cell for all four quadrants of the solar 

cell can be analyzed as: 
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𝑃𝑆𝐶 = 4 × ∫ ∫ 𝐼𝑛(𝑥, 𝑦)𝑑𝑥𝑑𝑦

𝑥1
2

0

𝑦1
2

0

                    .                                (3.38) 

Then the beam collection efficiency can be calculated as the ratio of the power which is received 

by the solar cell and total power of the Gaussian beam: 

𝜂𝑚𝑖𝑠 =
𝑃𝑆𝐶

𝑃𝑡𝑜𝑡
=

∫ ∫ 𝐼𝑛(𝑥, 𝑦)𝑑𝑥𝑑𝑦
𝑥1

0

𝑦1

0

∫ ∫ 𝐼𝑛(𝑥, 𝑦)𝑑𝑥𝑑𝑦
∞

0

∞

0

            .                             (3.39) 

The beam collection efficiency for several beam spot size parameters can be seen from 

Figure 3.18. In this calculation, the wavelength of light is 980 nm, the solar cell is assumed to be 

a square with size 10 cm x 10 cm. Laser beam with spot size 1 cm has lower beam collection 

efficiency after 1 km propagation through atmosphere due to the divergence of beam and the beam 

diameter becomes larger than the solar cell, on the other hand, the beam collection efficiency of 

laser with beam spot size 5 cm is almost 100% for propagation 1 km. The laser with beam spot 

size 10 cm has lower beam collection efficiency due to the size of the solar cell is similar with the 

beam diameter, hence, some parts of the laser beam is not received well by the solar cell, even 

though at close distance.  
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Figure 3. 18 Calculated laser beam collection efficiency. 

At this point, it is understandable that the matching of size between solar cell and laser 

beam is one of the important conditions in OWPT. If the size of the beam is larger than solar cell, 

some power will be lost, on the other hand, if the beam size is much smaller than solar cell, if the 

solar cell is single junction solar cell, it might not be a big problem, however, if the solar cell is 

multijunction solar cell or solar cell array, if not all of the junction of solar cell or not all of the 

cells in the array are illuminated by light, the current will not flow and there would be no output 

of solar cell. One of the attempts to solve the beam size mismatch problem is by using fly-eye lens. 

Using fly eye lens, the laser power density and size can be adjusted, hence, the power density of 

the laser at solar cell will be evenly distributed. However, in this method, as reported in ref. [128-

131], there is loss by the fly eye lens due to scattering by the material. Lenses can also be used to 

control the size of laser beam during its propagation [132].     
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3.6 Calculated System Efficiency of OWPT 

The wavelength dependency of OWPT system efficiency for distance between transmitter 

and receiver is 1 km through atmosphere under low visibility condition (vis = 1 km) and high 

visibility condition (vis = 30 km) can be seen from Figure 3.19. The solar cell is assumed to be Si 

solar cell. For comparison, the system efficiency for power transmission through optical fiber is 

also calculated. For simplification, the power conversion efficiency of the laser which is the light 

source in this OWPT is assumed to be 70%. The optical power density of incident light is assumed 

to be 1 W. The maximum system efficiency around 38.7% at 940 nm, 31.85% at 950 nm and 

2.38% at 960 nm wavelength of incident light for power transmission through air with 30 km 

visibility, optical fiber and air with 1 km visibility respectively can be achieved. In this analysis, 

it is assumed that there is no any laser beam collection loss. The size of solar cell and laser is 

assumed to be match.  

The system efficiency for power transfer through optical fiber is less than 10% for visible 

light spectrum. In this case, air may be more suitable choice for optical power transfer medium 

than optical fiber if the concentration of scattering agent such as water vapor is low. In the 

condition of very high concentration of scattering and absorption gas in the air such as in fog or 

smog weather, the system efficiency can become less than 2%. [10] 

Figures 3.20 and 3.21 show the system efficiency of OWPT through water and skin, 

respectively. In this numerical calculation, the reflection of water and human skin is taken into 

account by assuming normal incident light from the air (refractive index = 1) and using Fresnel 

equation. The refractive index (n) of water and human skin are assumed to be 1.33 and 1.45, 

respectively. It is found that the optical power transmission through water has maximum system 

efficiency at visible light. This condition is due to high absorption of water in near infrared and 

infrared region. The maximum system efficiency around 29.2% at 810 nm wavelength for 10 cm 

depth of water, 22.9% at 570 nm wavelength for 1 m depth of water, 17.85% at 480 nm for 10 m 

depth of water and 9.6% at 400 nm wavelength for 100 m depth of water.  In this case, system 

efficiency of the optical power transmission through water has unique characteristics where the 
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maximum system efficiency shifts to longer wavelength for shorter distance or shallower depth of 

water.  

The parameters of skin are adopted from [95-87]. In this analysis, the characteristics of 

alive male with light color skin for thorax area is assumed because the objective of this analysis is 

for optical power transfer for charging implantable device such as pacemaker. The system 

efficiency of optical power transmission through human skin basically increases for longer 

wavelength until it reaches the peak at 910 nm for all thicknesses of skin. The maximum system 

efficiency of 24.5%, 12.4% and 4% are achieved at 2 mm, 5 mm and 10 mm thickness of skin 

respectively. The system efficiency for 10 mm thickness of skin may seem small but based on 

[133], the consumption of energy for pacemaker is small which is only 20 μA in 24 hours. In this 

case, the system efficiency 4% might be sufficient to charge pacemaker. 

 

Figure 3. 19 Calculated system efficiency of OWPT through atmosphere. 
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Figure 3. 20 Calculated system efficiency of OWPT through water. 

 

Figure 3. 21 Calculated system efficiency of OWPT through human skin. 
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3.7 Distance Dependency of System Efficiencies of OWPT and Other Methods 

The distance dependency of system efficiency of OWPT, magnetic coupling WPT and 

microwave WPT through atmosphere for the central wavelength of light is 980 nm, the frequency 

of magnetic coupling WPT is 500 kHz and the frequencies of microwave WPT are assumed to be 

2.45 GHz and 10 GHz can be seen from Figure 3.22. Among three WPT methods, OWPT is the 

method which has lowest back to back efficiency, however, it can be used to transmit power for 

longer distance than other WPT methods. Magnetic coupling WPT is the method which has highest 

back to back efficiency. Magnetic coupling WPT with 50 cm of diameter of coils can be used to 

transmit power for several tens of cm, on the other hand, microwave WPT can be used to transmit 

power to distance several tens of meter with 1 m diameter of antennas. Theoretically, OWPT can 

be used to transmit power to distance more than 100 m through high visibility atmospheric 

condition.  

 

Figure 3. 22 Comparison of system efficiency of WPT methods through atmosphere. 



80 
 

 

Figure 3. 23 System efficiency of MWPT and OWPT through water. 

Distance dependency of OWPT and microwave WPT through water can be seen from 

Figure 3.23. In this calculation, it is assumed that the phenomenon in near field of antennas where 

the coupling between two antennas is very high for microwave WPT can be neglected, hence the 

only factor which is considered in this calculation is the attenuation by medium. As explained in 

Section 2.2.3, the absorption coefficient of microwave by water molecule is very high, hence, the 

microwave is highly absorbed by the water. The microwave WPT can only be used to transmit 

power with efficiency more than 10% for very short distance which is several mm of distance 

between antennas. On the other hand, OWPT using blue laser (440 nm) can be used for distance 

more than 1 m between laser and solar cell with considerably high system efficiency. However, 

the absorption of 980 nm laser which is in infrared wavelength region is very high, hence, it is not 

advisable to use infrared light in OWPT transmission through water. In short distance (several cm), 

OWPT using 980 nm laser has higher system efficiency than OWPT using 440 nm laser due to 

higher PCE of Si solar cell for 980 nm of light than 440 nm of light. 
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3.8 Existing Applications  

The history of the development of concepts of OWPT can be traced back to the end of 

1960s. The first documentation about the feasibility of OWPT system is in 1968 by W.J. Robinson, 

Jr. from National Aeronautics and Space Agency (NASA) [134-135]. In this documentation, 

NASA explored the feasibility wireless power transmission using either laser or microwave from 

an earth-orbiting space station into substation in space. During that time, gas laser was the only 

available light source which could deliver kW continuous wave (CW) of optical power. In this 

documentation, it was concluded that WPT using laser would have smaller aperture than 

microwave WPT, hence, WPT using laser had advantage over microwave WPT.   

In the early stage of its development until the beginning of 2000s, the applications of 

OWPT which were developed and analyzed were mainly for space applications. NASA developed 

and analyzed components of OWPT for outer space applications such as laser [136-137] and solar 

cell [106,138]. NASA also developed and proposed concepts of OWPT systems such as OWPT 

between satellites, ground to space laser power transmission [139-142], power transmission from 

in space and from space to earth [143-158] and space elevator which is a cable where one end is 

attached to the surface of earth and the other end is attached to a platform outside of earth’s 

atmosphere to send payload to satellite and to send satellite into its orbit [141].  



82 
 

 

Figure 3. 24 Selene Project concept [142]. 

US Navy also proposed project Selene, as can be seen from Figure 3.24, which was a 

project to send power from ground to satellite via laser which can be used to power the satellite up 

to extend its lifetime [142]. N. Kawashima et.al. proposed a space application of OWPT where 

OWPT is used to transmit power to a rover to explore the moon [149]. This proposal is followed 

with successful demonstration of OWPT for 1.2 km power transmission using 30 W/cm2 output 

power density of laser and GaAs solar cell. The diameter of the beam at the solar cell was 80 cm 

and the diameter of solar cell was 67 cm [150]. The effect of power transmission in GaAs based 

solar cell OWPT system was also analyzed by H.W. Brandhorst and D. R. Forester in ref. [113]. 

Japan Space Agency (JAXA) also took part in the development of space applications of OWPT by 

proposing laser power beaming from space to ground station. In this proposed concept, the electric 

power is harvested in space by using solar cell at the satellite, then, the electric power is sent to 

earth using high power laser (more than MW class laser) [154]. At this point, it is clear that one of 

the large-scale and the most sophisticated applications of OWPT which is popular and developed 

for long time is space applications for exploration. 
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 At smaller scale, OWPT can be used to power up small aircraft [152, 159-160], Unmanned 

Automated Vehicles (UAVs) [161-167], robots [168-170] and other electronics appliances. 

Application of optical wireless link which can be used for communication and power transmission 

for indoor small cells have also been pioneered by J. Fakidis et.al. [171-173]. The other 

applications of OWPT in small scale is to charge subcutaneous implantable medical devices such 

as pacemaker [10,133,174-177]. The possibility and feasibility of OWPT through water which can 

be used to power Unmanned Underwater Vehicle (UUV) up and underwater sensors have also 

been analyzed and demonstrated [10,178-182]. Since blue laser is absorbed less than other 

wavelength of light and microwave, OWPT is the only possible long distance WPT method for 

underwater application.  

Two of the leading companies in the development of technology for OWPT applications 

are Powerlight Technologies and Wi-charge. In 2009, Powerlight Technologies (formerly known 

as Lasermotive) received $900,000 fund from NASA by becoming the champion in NASA space 

elevator challenge [183-185]. Since then, Powerlight Technologies has achieved 400 W power 

transmission using laser for 1 km distance which is the world record for the longest highest-power 

transmission up to date [185]. Besides the laser power transmission through free space, Powerlight 

Technologies also have concern in replacing copper wire with power over fiber power transmission. 

 If the focus of Powerlight Technologies is large scale OPWT system, Wi-charge’s focus 

is to develop OWPT system which is safe for human and can be applied to charge mobile devices 

and home appliances such as smartphones, smart speaker and other home appliances. Wi-charge 

claimed that its system uses eye safe laser and can charge several electronics devices at the same 

time in an indoor environment [186-187].  
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3.9 Safety Issue of OWPT 

The main issue in the development of OWPT system is the safety problem. It is well known 

that high power laser might be hazardous for human’s eyes and skin. In order to better understand 

the hazard of laser radiation, it is better to look at the Maximum Permissible Exposure (MPE) for 

eyes and skin of laser based on its wavelength as can be seen from Figure 3.25 and Figure 3.26, 

respectively [188-190]. MPE describes maximum amount of optical energy which is still tolerable 

for human’s skin or eyes and can be considered to be safe. Wavelength with higher MPE means 

that it is less harmful than wavelength with lower MPE value. The values of MPE in these figures 

are calculated for single burst of CW light. The MPE for eyes is calculated for 0.25 s (blink reflex 

time) and 1 s. For the MPE of skin, the MPE for 1 minute exposure of light is also calculated [188]. 

 

Figure 3. 25 Maximum permissible exposure of human’s eyes. 
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Figure 3. 26 Maximum permissible exposure of skin. 

To understand the value of MPE in Figure 3.25 and 3.26, let us analyze this value by 

calculating the example. The value of MPE of eyes for 0.25 s of visible light is 25.46 W/m2. By 

assumption that the light source is laser with the area of beam is 1 cm2, it means that the maximum 

power of light which is harmless is around 2.5 mW. On the other hand, MPE of longer wavelength, 

for example, 1550 nm is 40000W/m2, hence, theoretically, it is still safe to use 4 W laser with area 

1 cm2. From this result of calculation, it can be concluded that infrared light such as 1550 nm of 

light is less hazardous for human’s skin and eyes than visible light. For comparison, the average 

solar irradiance on earth’s surface is 1000 W/m2. This value of solar irradiance is somehow higher 

than some values of MPE for several wavelengths, however, since the spectrum of sunlight is very 

wide, it is less harmful than light from laser which has very narrow spectrum.    

Then, based on its power and wavelength, laser can be classified into several classes:  

• Class 1: The laser in this class is safe to be used for normal use, it means that the 

maximum output power of this class of laser is much lower than MPE for human’s 

eyes and skin. When operating this laser, there is no need to wear protective glass. 

One of the examples of this laser is the laser diode for optical disc drives. 
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• Class 1M: Lasers in this class are still safety for normal use without wearing any 

protective glass, however, there is potential hazard if the laser is focused using 

magnifying instruments such as lenses, microscope or magnifying glass.  

• Class 2: This class is limited to visible wavelength of laser (400-700 nm). This class 

of laser is still assumed to be due to the blinking reflex of human’s eyes (0.25 

second). In other words, this type of laser is still safe for direct exposure less than 

0.25 second. Laser diode for laser pointer is categorized in this class. The maximum 

output power of this lasers is 1 mW in continuous wave (CW) operation. 

• Class 2M: Similar with class 1M, this class of laser is similar with class 2 laser, 

however, there is potential hazard if the laser is focused using magnifying 

instruments. 

• Class 3R: This type of laser is still considered to be safe if being handled carefully. 

Direct exposure and intrabeam viewing are still possible, however, the output 

power and beam size have to be carefully considered. The maximum output power 

for continuous wave visible light lasers in this type is 5 mW. 

• Class 3B: Lasers in this class are assumed to be hazardous for direct exposure. 

However, the light from this type of lasers cannot diffuse completely through paper 

or matte, hence, exposure to the light which has passed through paper is still 

considered to be safe. Exposure to the reflected light from this laser might be safe. 

This type of lasers is usually equipped with lock and key. Protective eyewear has 

to be worn when operating this type of lasers. 

• Class 4: Lasers in this class is hazardous for direct or reflected exposure. Protective 

eyewear is a must when operating this type of lasers. Class 4 laser can cause harm 

to skin and the damage of direct exposure to human’s eyes is permanent and 

devastating. This type of lasers can also burn some materials; hence, it has to be 

handled carefully. 

Class 4 laser is the most dangerous type of lasers. The long infrared wavelength of light 

such as emission of CO2 laser (𝜆 = 10500 nm) from this type of lasers can be absorbed highly by 

the water in human’s tissue, hence, it can vaporize the water and burn the cornea of the eyes. The 

near infrared wavelength of lasers such as Ho:YAG (𝜆 = 2000 nm) and EDFL (𝜆 = 1550 nm) 
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will cause burn damage to cornea and lens of human’s eye because this wavelength of laser will 

be partially absorbed and partially transmitted by the water in eye’s tissue. The visible light laser 

of Class 4 will be transmitted through the water in the tissue and cause permanent damage to retina 

in the eye’s [188]. Note that, even though 1550 nm of laser is called “eye safe wavelength”, in 

case of high power Class 4 laser which operates in much higher power than MPE, it is still not safe 

for eyes. Nevertheless, since MPE for 1550 nm is much higher than MPE of visible light laser 

(400 – 700 nm), 1550 nm  laser has attracted interest to be used as light source to deliver 

considerably high power under MPE level in OWPT system [191-193].  

In OWPT, unfortunately, high power laser which is Class 4 lasers are used as the light 

source in most of the system. Hence, it has to be handled very carefully and protective eyewear 

has to be worn during the demonstration. Wi-Charge claims that in their system, they are using 

eye safe class 1 infrared laser as the light source [187]. However, since class 1 laser has very low 

output power, it has to be amplified to deliver enough power for electronic appliances, in this case, 

free space outer gain medium and retrodirective mirrors are needed to create external cavity laser. 

The details of this method will be explained in Chapter 4.  

The other attempt for designing safety measure in indoor OWPT system is by using light 

curtain. T.J. Nugent, Jr. et.al from Powerlight Technologies proposed and designed light curtain 

system which consists of LED and photodetector which is arranged in ring shape which enclose 

the laser beam which is used to transmit power. If there is any obstacle which disturbs the LED 

light, the system will automatically shut the high power laser beam [194]. 

In ref. [195], an optical ring guard for safety measure in OWPT system to transmit power 

to charge smartphone in across room is proposed and designed. In this design, retroreflector is put 

at the receiver and LED or light source which is used to create a ring guard which enclose the high 

power laser beam is proposed. The light source from the ring guard will be reflected back by the 

retroreflector which is placed around the solar cell at the receiver, then the reflected light will be 

detected by photodetector at the receiver. If there is any obstacle between transmitter and receiver, 

the reflected light of the ring guard will be disturbed and not detected by the photodetector at the 

transmitter, then, the high-power laser will be cut. The system can be seen from Figure 3.27.  
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Due to its small beam size and high power density, high power laser which is used in 

OWPT might be harmful for human. Hence, special mechanism, to recognize the target receiver 

and steer the beam to only hit exactly at the target becomes important element in OWPT. In chapter 

4, some target recognition and beam steering methods are described.  

 

Figure 3. 27 Optical guard ring and retroreflector for safe indoor OWPT system [195]. 
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CHAPTER 4 

LASER BEAM STEERING AND TARGET RECOGNITION 

METHODS FOR OWPT  

Laser beam has very small beam diameter. In this case, the laser beam is needed to be 

steered in order to point directly and only to the target. Since the lasers which are used in most of 

OWPT systems are high power laser, this laser steering system becomes critical in OWPT system 

to prevent hazardous effect which happens if the laser illuminates unintended object such as 

flammable materials, human skin and eyes.  

The systems of free space optical (FSO) communication and OWPT are almost similar 

because in both cases, the laser propagates in free space (not in optical fiber). Hence, some of the 

beam steering methods from free space optical communication system are adopted for OWPT 

system. However, lasers which are used in OWPT and free space communication system might be 

different in terms of power. Due to different purpose of the systems, it is not necessary to use high 

power laser in free space communication system, on the other hand, in OWPT system, high power 

laser is needed to transmit power. Some methods which are unique to OWPT system have also 

been demonstrated. 

In this chapter, some of the methods for beam steering in free space communication system 

those could be used for OWPT systems are discussed. Some beam steering methods which are 

unique to OWPT system are also discussed.    
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4.1 Direct Steering Using Gimbal Based Method 

A gimbal is a mechanical rotary platform which is controlled by motors [196]. A high-

power laser can be mounted on the gimbal and then the laser beam will be steered by the motors. 

A gimbal can be used to provide beam steering to two or three-axis, depends on the moving 

capability of gimbal. Gimbals have coarse beam pointing angle due to its large step mechanical 

movement from the motors. The gimbals which are available in the marker have pointing 

resolution in µrad region, on the other hand, the mirror-based beam pointing method can be used 

to steer the beam with resolution in sub-µrad region. The other limitation of gimbal-based beam 

steering is the reaction time of the gimbal which is limited by the performance of motors. Direct 

mounted gimbal-based beam steering is typically slower than mirror-based system.  

To increase the capability of gimbal in terms of laser pointing resolution, Fast Steering 

Mirror (FSM) can be mounted on the gimbals which will provide fine steering of the laser beam, 

the image of this system can be seen from Figure 4.1. The FSM on gimbal will improve the 

pointing resolution of gimbal, however, the amount of power which can be transmitted in OWPT 

system will be limited by the damage threshold of the FSM. On the other hand, by directly 

mounting high-power laser on top of rotating gimbals, it is possible to transmit high optical power 

in OWPT system. 

 

Figure 4. 1 Diagram of FSM mounted on 2D gimbal [196]. 
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Gimbal based beam steering method for FSO communication system has been 

demonstrated in ref. [157]. Japan Aerospace Exploration Agency (JAXA) proposed space to 

ground OWPT system, the proposed system can be seen from Figure 4.2. Pilot laser beam from 

ground to the space unit is used to control the position and beam steering direction angle. This 

target method is called mutual laser link system and provide two ways communication between 

the ground and space unit. In this project, electric energy is harvested by the space unit using the 

solar panel, then the electric power is sent to ground unit on earth using high power fiber laser.  

The beam steering method which is used for the space unit is gimbal based with the target laser 

pointing resolution is 1µrad. The gimbal-based beam steering system at the Low Earth Orbit (LEO) 

satellite unit provides the laser steering capability for two axis steering. The laser which was used 

in this proposal is Yb-based fiber solid state laser (1.067 µm wavelength) with output power 

approximately 500 W for LEO satellite unit. As of 2014, this project was still under test and 

conceptual study [157].  

 

Figure 4. 2 JAXA's concept of space to ground OWPT system [157]. 
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Figure 4. 3 Laser beam steering using goniometer [197]. 

The other direct steering method with gimbal based beam steering for OWPT can be seen 

from ref. [197]. The diagram of this experiment can be seen from Figure 4.3. In this experiment, 

goniometer which provide laser beam steering in one axis was used. This method has very coarse 

laser pointing resolution which was 100 µrad and the reaction time of the goniometer was slow, 

which was 0.78 s.  

 

4.2 Mirror Based Method   

In mirror based beam steering system, FSM is usually used to deflect the laser beam to 

point at the intended target or receiver. Mirror based beam steering system is usually less heavy 

than gimbal, hence, it can be used to provide high speed laser beam steering and high precision 

with pointing resolution can be less than 1 µrad. The mirror-based beam steering system in FSO 

is usually used for high speed applications such as for FSO communication link between high 

speed trains [198-200].  
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In OWPT system, mirror-based beam steering methods have been performed in many cases 

especially for moving target [161,162, 201-203]. The mirror-based beam steering system provides 

simple system which does not need very precision alignment between transmitter and receiver, 

hence, it can be used to transmit power to moving target. The other advantage of mirror-based 

system is its smaller dimension; hence, the system can be more compact than gimbal-based system 

and most of the other methods. 

One of the earliest demonstrations of mirror-based laser beam steering in OWPT is in 1999 

by J. T. Kare et.al. [201]. In this experiment, two gold coated mirrors were used to deflect the laser 

beam to the receiver. One of the gold coated mirrors was a curved mirror which was used to focus 

the laser beam. The other one was a flat mirror which was used to steer the beam as can be seen 

from Figure 4.4.  

 

Figure 4. 4 Earlier report of OWPT system using gold coated mirrors [201]. 

In 2005, T. Blackwell from Alabama University demonstrated OWPT for small aircraft 

using mirror as the beam steering method [202]. The mirror in this demonstration was 8-inch 

mirror that could be steered to 2-axis. This mirror was dielectric mirror which was coated with 

Aluminum. This mirror was used to deflect the laser beam to a small specifically designed aircraft. 

The beam tracking method and target recognition in this system was still manual tracking and 

recognition which meant that an operator had to operate and control the mirror manually to follow 

a moving target.  
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The other mirror-based beam steering demonstration was demonstration by Powerlight 

Technologies (Formerly known as Lasermotive) in 2010. The concept of this system can be seen 

from Figure 4.5. In this case, mirror or direct steering using gimbal were used as the beam steering 

method for OWPT to UAV [161]. The UAV in this system was cooperative target which meant 

that the target’s route and flying pattern was known by the beam director beforehand or the 

communication link between the beam director and UAV was assumed to be maintained well, 

hence, the laser beam steering and tracking of target in this system was simple. In accordance with 

this demonstration, compact UAV had been developed in 2011 [162]. This compact UAV did not 

need very high capacity battery because the power which is used to supply the UAV is provided 

by laser on the ground.  

In 2015, several individually controlled mirrors are used to combine several laser beams in 

OWPT system using several non-coherent lasers [203]. Each of the mirrors is individually 

controlled, in the other words, the steering angle of each mirrors was not similar. The main purpose 

of this system was to focus the laser beam from several sources at the receiver as can be seen from 

Figure 4.6. 

 

Figure 4. 5 OWPT system to UAV based on concept from Powerlight Technologies [161] 
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Figure 4. 6 Individually controlled mirrors for beam combiner of non-coherent light sources [203]. 

In the research in this dissertation, OWPT system using mirror which is electrically driven 

(Galvano mirror) is used as the laser beam steering system because the capability of the mirror to 

steer the beam to follow a high moving target and its reaction time which is much higher than 

goniometer. As the target recognition method, camera is used to recognize the target. Special 

image processing software which is called Computer Vision (OpenCV) is used to recognize the 

target. The details of this method will be explained in Chapter 5.  

The target recognition using camera and beam steering method using mirror for FSO 

communication has also been demonstrated in ref. [204]. In this research, simple pattern is used as 

the landmark for target. This landmark (marker) is detected by camera using special pattern 

recognition method. This marker is put above the detector. Then infrared laser which is used for 

FSO is directed by micro-electro-mechanical mirror (MEMs). The mirror which was used in this 

system had ±100 of mechanical angle. In this research, it was reported that the time which is 

needed by the camera to capture and process the image was longer than the reaction time of the 

mirror. The system can be seen from Figure 4.7. 
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    (a)         (b) 

Figure 4.7 FSO Communication system using mirror and camera: (a) Transmitter and  

(b) Receiver [204]. 

    

4.3 Liquid Lens Based Beam Steering 

Liquid lens-based beam steering system uses non mechanical and can provide fine beam 

steering capability. Liquid lens is a device which consists of a one-dimensional array of tens of 

thousands of long thin electrodes which can be used to manipulate the phase of light which passes 

through it. The refractive index of the liquid lens can be manipulated by applying voltage to the 

liquid lens; hence, the focus of the lens can also be controlled by this method. Because of the 

change of focus of the lens, the beam can be steered to intended angle. The main disadvantage of 

this method is due to small size of the liquid lens, the angular motion and maximum steering angle 

are also limited. The process of beam deflection by liquid lens can be seen from Figure 4.8.  
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Figure 4. 8 Illustration of laser deflection by liquid lens [198]. 

Liquid lens for beam steering in OWPT system has been demonstrated in ref. [205]. In this 

demonstration, 975 nm wavelength of high power VCSEL with output power 6.3 W was used as 

the light source. Liquid lens from Optotune with aperture 1.6 cm was used to steer the beam. Based 

on the results of this demonstration, the maximum output electrical power which could be 

harvested by the solar cell was 450 mW. If the conversion efficiency of the solar cell was assumed 

to be 30%, then there was loss more than 50% between the transmitter and receiver. Hence, there 

was possibility that there was high loss due to the liquid lens. This loss might be cause by the 

localized inconsistency of the elements in liquid lens, hence, there was small and local area in the 

liquid lens with different refractive index than the other are, this condition caused the scattering. 

 

4.4 Retroreflector at Receiver Method 

 This method of beam steering and target recognition is mainly developed by Kawashima 

et.al. [159] from Kinki University, Japan. In this method, it is assumed that the beam size is similar 
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or larger than the size of solar cell. In the center of solar cell, retroreflective mirror is attached. If 

high power laser with similar size or larger size with the solar cell hit the solar cell, the 

retroreflective mirror will reflect back some part of the optical light to the transmitter. At the 

transmitter, 4-elements photodiode is used to detect this reflected light. If the laser beam and the 

target is in line with each other, the reflected light from the retrodirective mirror at the receiver 

will be located at the center of 4-element photodiode. Then if the target moves, the reflected light 

may not be at the center of the 4-element photodiode. At this point, the laser steering system, which 

is direct steering in this case, will direct the beam based on the mismatch between the position of 

reflected beam which is detected by 4-element photodiode and center of 4-element photodiode. 

This method had been implemented to send power to small aircraft as can be seen from Figure 4.9. 

Similar method had also been used for FSO communication system with UAV [198]. 

 

Figure 4. 9 Illustration of OWPT system to small aircraft. A retroreflector is attached on the center 

of the solar cell panel at the receiver [159]. 
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4.5 Retrodirective and External Cavity Laser Methods 

This method is unique to OWPT system and hybrid OWPT and FSO system. However, 

this method is not usually used in FSO communication system. The main idea of this method is 

creating an external cavity laser by using mirrors and free space gain medium in between the 

mirrors. There are at least two techniques which can be included in this method.  

The first technique was proposed in 2007 by C.A. Schafer et.al. [206]. In this system, the 

receiver was equipped with laser to emit coherent pilot signal light. This signal light will be emitted 

to the transmitter. At the transmitter, the pilot signal light will be collected by 4 identical optical 

systems. This collected light will be transmitted to a series of non-linear crystals which are located 

in the middle of 4 different optical resonator as can be seen from Figure 4.10. The phase conjugate 

spherical mirrors in Figure 4.10 were photorefractive crystals which would first scatter and then 

transmit the light into the laser cavity. The light would be amplified in the laser cavity by the gain 

medium and the non-linear crystals with gain medium in the laser cavity. Then the amplified light 

would be transmitted back to the receiver. This method is complicated because it used non-linear 

crystals and required non-linear effect in the process for beam steering and amplification. Note 

that the laser cavity in this system was external cavity laser. 

The second technique is called distributed wireless charging [186-187, 207-208]. This 

method was first popularized by wi-charge. In this technique, a gain medium is put in the middle 

of two retroreflective mirrors to create an external cavity laser as can be seen from Figure 4.11. 

The back retroreflective mirror is put at the transmitter and front (output) retroreflective mirror is 

put at the receiver. The reflectivity of the mirror at the transmitter is 100%, on the other hand, the 

reflectivity of mirror at the receiver is 95%. The gain medium is put the transmitter. This technique 

attempts to create long distance external cavity laser.  

In this case, the laser beam will be reflected back and forth at the retroreflective mirrors 

and pass through the gain medium several times. Using this method, wi-charge claims that its 

system uses class 1 laser at eye-safe wavelength (1550 nm). This class 1 laser will be amplified in 

external laser cavity created by the retroreflective mirrors and free space gain medium in between 
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them until its power is enough for charging the electronic devices and if there is any obstacle, in 

the middle of the laser cavity, which disturbs the laser oscillation, the amplification of the optical 

beam will stop and power of laser will immediately drops to the class 1 laser power again. The 

main disadvantage of this system is it requires perfect alignment between the transmitter and 

receiver to create an external laser cavity. If either the transmitter or receiver is tilted, there is 

possibility that the laser oscillation cannot be achieved. 

 

Figure 4. 10 Optical retrodirective technique using phase conjugators array [206]. 
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Figure 4. 11 Distributed laser charging technique [207-208]. 

 

4.6 Automatic Beamforming and RF method 

In this method, the source of light was assumed to be a white LED light. A spatial Light 

Modulator (SLM) was attached at the LED light as can be seen from Figure 4.12. An SLM is a 

device that can change every pixel of space of light that passes through it. It will modulate the 

amplitude and phase of the light spatially and can be controlled using electric signal. The SLM 

that was attached at the white LED light source will beamform the white LED [209].  

The location detection of the target can be performed as follows: the full possible range of 

beamformed light by SLM was divided into several coded area based on the angle of the 

beamformed light. This code was modulated to the beamformed light and the code was shared 

between the transmitter and receiver. If the receiver received the beamformed light which is 

modulated with the coded area, which gives information about the angle of light from the 

transmitter, it would send signal to the transmitter using RF signal. When the transmitter received 

the RF signal, it would focus all the light according to the angle which was responded by the 

receiver, then the power transmission was begun. The resolution of laser beam pointing depends 

on the division of the full range of the beamformed light and the beam size. Hence, the light source 

which was usually used in this technique was large beam source which could be LED or laser with 
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beam expander. One more disadvantage of this system is the complexity of the system since it 

needs RF communication systems between transmitter and receiver.  

 

Figure 4. 12 Automatic beamforming method [209]. 
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4.7 Summary 

Table 4. 1 Summary of characteristics of beam steering methods. 

Methods Pros. Cons 

Gimbal Based Simple system, possible for 

2D and 3D laser tracking and 

steering, possibility of 

unlimited power transmission 

(direct mounted). 

Coarse laser pointing 

resolution, slow reaction, 

large and heavier than other 

methods. 

Mirror Based Simple system, high speed, 

possible for 2D laser tracking 

and steering 

Maximum optical power is 

limited by damage threshold 

of the mirror 

Liquid lens High speed, compact system Steering angle is limited by 

its size, hence, it is not as 

wide as mirror based. 

Retroreflector and 4-elements 

photodiode 

Possibility to be used for long 

distance OWPT, can be used 

for moving target 

Heavy and big system, target 

has to be captured to begin 

the OWPT, speed is 

dependent to the motors 

(possibly slow) 

Retrodirective and External 

Cavity Laser 

Possibility for safe OWPT, Complicated system, cost is 

possibly high, perfect 

alignment is needed, not 

suitable for moving object 

Automatic Beamforming and 

RF Method 

Harmless for human, 

automatic targeting, possible 

for moving target 

Complicated system, 

accuracy depends on the 

division of coded area. 
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CHAPTER 5 

OPTICAL WIRELESS POWER TRANSMISSION SYSTEM TO 

MOVING TARGET  

As explained in Chapter 3, Optical Wireless Power Transmission (OWPT) has many 

advantages compared to other WPT methods especially in terms of its capability to transmit high 

power density to longest distance than other WPT methods, thanks to the characteristics of laser 

beam which is the transmitter in OWPT system. The laser beam has small divergence angle; hence, 

the size of the beam will be smaller than microwave over the transmission distance. In this case, 

the laser beam needs to be steered to point directly at the receiver. In Chapter 4, some methods for 

beam steering and target recognition have been discussed.  

Based on the characteristics of each method, in this research, OWPT system is developed 

and the performance of the system is analyzed. The mirror and camera method as the beam steering 

and target recognition method is chosen. The main reasons for choosing this method is the 

simplicity of the system where there is no need to put such complicated equipment at the target 

and the capability of mirror to follow a fast-moving target. 

In this chapter, the design and performance of OWPT system to moving target is analyzed. 

Firstly, the basic system and its operation is discussed, then, the characteristics of each components 

are analyzed and discussed. Next, the OWPT to 1-dimensional moving target, 2-dimensional 

moving target and multiple targets are demonstrated. Lastly, the recognition method of the system 

is improved and the system efficiency of the developed OWPT system are discussed.  
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5.1 Components of OWPT System 

5.1.1 Camera and Object Recognition Software 

In the OWPT system to moving target, which was developed in this research, web camera 

was used as an instrument to recognize the target. The web camera was Elecom UCAM-

DLI500TNBK. The picture of the camera can be seen from Figure 5.1. This we camera can capture 

picture with 5 million pixels which corresponds to a maximum of 2592 x 1944 pixel exceeding 

full high definition (HD). This camera is equipped with ¼ inch CMOS sensor. For video recording, 

the maximum frame rate of this web camera for YUY2 video encoding file format at 640 x 480 

pixel, 1920 x 1080 pixel, and 2592 x 1944 pixel are 30 fps, 7.5 fps, and 2.5 fps, respectively. The 

viewing angle of this web camera is 54° diagonally. In this research, this web camera is used to 

capture the image of the target to determine its position. The target can move; hence, higher 

framerate is better in this application.  

 

Figure 5. 1 Picture of Elecom UCAM-DLI500TNBK web camera. 

Camera, as it is, is not enough to recognize which object in the captured image which is 

intended to be used as the target. Hence, special image processing software was used to recognize 

the target. This image processing software is called OpenCV. OpenCV is an open source cross 

platform computer vision program. As a computer vision software, the main purpose of OpenCV 

is to provide the capability to computer to gain high level understanding of image and video. In 



106 
 

other words, it is a machine learning and image processing software which allows the computer to 

acquire data, process and analyze digital image which is captured by the camera [210]. As a cross-

platform software, it has C++, Java, Python and MATLAB interfaces. In this research, OpenCV 

program was written in Python programming language. 

 There are several methods for object recognition using OpenCV. The object recognition 

methods in OpenCV can be categorized into shape recognition and color recognition (color 

segmentation). In this system, the main target is to recognize moving target. When the target is 

moving, there is possibility that the size and shape of the target which is recognized by the camera 

will slightly changes, on the other hand, the color of the object which is recognized by the camera 

will not change despite its movement and speed. Based on this consideration, color segmentation 

method was chosen as the target recognition method in this OWPT system. 

The target recognition process using color segmentation method can be explained as 

follow: First, the color which will be recognized as the target is chosen. The software then creates 

a mask based on the chosen color. The mask will be applied to the image which is captured by the 

camera. This mask will filter out the other color beside the chosen color, hence, in the masked 

picture, only the object which has the same color with the chosen color will be captured by the 

camera. Then, if there are several objects which have similar color as the chosen color, the software 

will measure the size of each object and object which has the largest size is recognized as the target. 

To utilize this method in our OWPT system, a color marker was put on the target which is a solar 

cell on top a mini car as can be seen from Figure 5.2(a). The masked image of this mini car can be 

seen from Figure 5.2(b). In this case, red color which was matched with the color of the marker 

was chosen as the target, hence, only red color was recognized by the camera. Note the circle 

which encircled the marker is called recognition circle. If this circle appears, it means that the 

target is successfully recognized by the computer. 
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(a)       (b) 

Figure 5. 2 Captured image by camera: (a) Real image and (b) Color segmentation masked image. 

5.1.2 Galvano Mirror 

As the beam steering technology Galvano mirror was adopted. A Galvano mirror is an 

electromechanical instrument which can be used to deflect the light and can be controlled by 

inputting current or voltage. Thorlabs GVS002 2-Dimensional Galvano mirror was used in this 

research. This set of mirrors consist of x-axis and y-axis mirror which can be used to deflect the 

laser beam to a and y-axis direction respectively [211]. The mirror is coated with Silver (Ag) and 

the reflectively is around 100% for 500 nm to 2µm wavelength of light. The picture of this mirror 

set can be seen from Figure 5.3. The mirrors are driven by two servos for x and y-axis mirrors. 

The mirror can scan with optical angle ±250 which translates to ±12.5 of mechanical angle. The 

response time of the mirror was measured to be 3 ms which is the time needed by mirror to scan 

from -12.50 to +12.50 of the mechanical angle. A digital to analog converter (DAC) was used to 

control the voltage which was supplied to the Galvano mirror.   
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Figure 5. 3 Picture of galvano mirror set. 

5.1.3 Laser 

LSR980H was used as the light source in this research. The wavelength of the output light 

of this laser is 980 nm and maximum output optical power is 6 Watts. 980 nm wavelength of light 

was chosen as the light source in this research because Silicon (Si) solar cell was used as the 

receiver. As can be seen from Chapter 3, the conversion efficiency of Si solar cell reaches its 

maximum at near infrared region around 900 nm of wavelength of input light. This laser is diode 

laser, hence, it is electrically driven with DC current. The DC current is supplied using power 

supply that can be controlled. The picture of the laser and its power supply can be seen from Figure 

5.4. The laser is Class 4 high power laser and equipped with key and lock. The output optical 

characteristics with respect to its driving current can also be seen from Figure 5.5. The threshold 

current of the laser was measured to be 450 mA and from the trendline, the slope efficiency of the 

laser was calculated as 0.59 mW/mA. 
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Figure 5. 4 Picture of laser module and power supply. 

 

Figure 5. 5 Measured L-I characteristics of laser. 
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5.1.4 Solar Cell 

The solar cell which was used in this research was Si solar cell which was mounted on a 

movable object as can be seen from Figure 5.2(a). The size of the solar cell was 2.2 cm x 2 cm. 

The IV characteristics of solar cell under 150 mW illumination by 980 nm laser can be seen from 

Figure 5.6. The distance between laser and solar cell in this measurement was 5 cm. At this distance, 

all of the output optical power can be assumed to be received well by the solar cell since the size 

of the beam can be assumed to be very small compared with the solar cell. The maximum electric 

power was measured to be 33 mW and the short circuit current and open circuit voltage were 100 

A and 0.58 V, respectively. From these parameters, the Fill Factor (FF) of this solar cell could be 

calculated as 0.57. Maximum power conversion efficiency (PCE) of the solar cell was measured 

to be 22%.  

 

Figure 5. 6 Measured IV characteristics of solar cell. 
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5.2 OWPT System to 1-Dimensional Moving Target 

5.2.1 Basic System of Target Recognition and Beam Steering System 

Basic diagram of OWPT system to 1-dimensional moving target can be seen from figure 

5.7. Target recognition and beam steering processes can be described as follow: 

1. Web camera recognizes the moving target.  

2. Camera sends the pixel position of target to computer. 

3. Computer calculates the movement of target by calculating difference of the pixel 

positions of target and converts it to driving angle. 

4. Computer sends the command to the drivers to drive the Galvano mirror according to 

the calculated angle. 

5. Mirror steers the laser beam to the target. 

The camera which is an ordinary web camera was set to capture image with 30 fps frame 

rate. Size of the captured image was 640 x 480 pixels. As the light source, 980 nm laser was used 

because based on theoretical analysis, infrared laser is the most suitable for OWPT through air. 

Small toy car was chosen as the target as can be seen from Figure 5.2(a). Si solar cell was put on 

top of the target to convert incoming laser beam to electric power which is used to power the mini 

car up. The mini car was not equipped with battery; hence, it could only move if it received enough 

electric power from solar cell.   
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Figure 5. 7 OWPT system using camera and galvano mirror. 

5.2.2 Beam Position Mismatch Problem and Solution 

By using color segmentation method to recognize the target and Galvano mirror, laser beam could 

be steered to follow the moving target. However, when the target was moving, we found that there was 

position mismatch between the beam and the center of recognized moving target which was detected by 

the camera as illustrated from Figure 5.8. Note that, in this illustration, green laser pointer was used instead 

of infrared laser to emphasize the problem and to increase the visibility of laser in the image. This problem 

only occurred when the target was moving [212].  

The position mismatch was calculated as error angle which was described as the angular difference 

of position between beam and center of target. This position mismatch between beam and target was 

proportional to the velocity of the target as can be seen from Figure 5.9. The error angle in Figure 5.9 was 

calculated when the distance between camera and target was fixed at 60 cm and the target velocity was 

from 5 to 55 0/s. Negative value of error angle indicated that the beam was directed behind the target which 

mean that the beam direction could not keep up with the movement of the target. This error angle was 

caused by the delay time needed by the camera and the program to capture the image, calculate the 

movement of target and direct the beam. This error angle might become big problem if the distance between 
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mirror and the target was far because the beam would not be able to be steered to point at the target. To 

overcome this problem, we adopted simple prediction method to predict the position of the target in the 

next frame which is detected by the camera.  

The mechanism of this prediction method can be seen from Figure 5.10. From the position of the 

target which was captured by the camera, the velocity and acceleration of the target could be calculated. By 

using this velocity and acceleration data, the position of the target in the next frame which was captured by 

the camera, 𝑥𝑛+1, could be predicted as:  

𝑥𝑛+1 = 𝑥𝑛 + 𝑣𝑛(𝑡𝑆𝐷 + 𝛥𝑡) +
1

2
𝑎𝑛(𝑡𝑆𝐷 + 𝛥𝑡)2  ,                                 (5.1) 

Where 𝑥𝑛 , 𝑣𝑛 , 𝑡𝑆𝐷 , 𝑎𝑛  and Δ𝑡  are the position of the target in the  

n-th frame, velocity of the target in the n-th frame, system delay, acceleration of the target and the time 

between frame captured by camera respectively. The system delay was measured experimentally as 128 

ms. 

 

Figure 5. 8 Position mismatch (error angle) illustration. 

Colored Object + Recognition Circle

Center Laser Beam
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Figure 5. 9 Error angle and error angle reduction using prediction method. 

 

Figure 5. 10 Concept of prediction method. 
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The velocity and acceleration of the target could be calculated as: 

𝑣𝑛 =
𝛥𝑥

𝛥𝑡
=

𝑥𝑛 − 𝑥𝑛−1

𝛥𝑡
    ,                                                             (5.2) 

𝑎𝑛 =
𝛥𝑣

𝛥𝑡
=

𝑥𝑛 − 2𝑥𝑛−1 + 𝑥𝑛−2

𝛥𝑡2
  ,                                                     (5.3) 

Where 𝑥𝑛−1 and 𝑥𝑛−2 are the position of the target in the (n – 1)-th frame and (n – 2)-th frame respectively. 

In the calculation of the predicted position of the target, the delay time needed by the system to 

steer the beam was considered. Hence, the position of the target in the next frame captured by camera could 

be predicted and the error angle and position mismatch between laser beam and the target could be 

decreased. By using prediction method, the error angle could be suppressed to less than 2o and independent 

to the target velocity.  The positive error angle in the system using prediction method showed that the beam 

direction could keep up with the movement of the target. The value of 2o is still tolerable in our system 

because the beam can still reach the target at least until the distance between target and the beam is several 

meters. The moving target was driven by laser. Smooth movement of target indicated that laser was steered 

well to the solar cell on the target. 

 

5.3 OWPT System to 2-Dimension Moving Target 

5.3.1 Single Color Marker Problem 

In this research, color segmentation method was used to recognize the target. In this case, 

color marker was put on the target to mark the target. Using this method, OWPT to 1-dimensional 

moving target has been demonstrated and the performance of the system had been evaluated in 

Section 5.2. However, it was found that single color marker method was not suitable for  

2-dimensional moving target because there was position mismatch due to the distance between 
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camera and mirror system as can be seen from Figure 5.11(a). This condition would cause position 

mismatch between steered beam and the target when the target was moving along the course as 

illustrated in Figure 5.11(b). It was found that the distance between the laser beam and target was 

similar with the distance between the camera and mirror, 𝑑 [62]. 

 

             

(a)                                       (b) 

Figure 5. 11 Illustrations of (a) Position mismatch problem between camera and laser and (b) 

Target and laser beam position mismatch problem. 

5.3.2 2 Color Markers Solution and System Modification 

The laser beam and target position mismatch problem could be solved using two cameras. 

In this case, one camera is used to record the y-position of the target and the other camera is used 

to record the x-position of the target. However, this solution also has its own problem. The 

processing time which is needed by the system to recognize the target and steer the beam should 

possibly be doubled. The other solution for this problem is by using two color markers. The color 

markers of the object were set as in Figure 5.12. In this illustration, blue color marker and yellow 

color marker are used and recognized as marker 1 and marker 2 respectively. 
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Figure 5. 12 Target and markers design for 2-dimensional moving object. 

The center points of the color markers which were recognized by the camera were 

(𝑃1𝑥, 𝑃1𝑦) and (𝑃2𝑥, 𝑃2𝑦). Then the distance between center points of two-color markers could be 

calculated as: 

𝑑 = √(𝑃2𝑦 − 𝑃1𝑥)2+(𝑃2𝑦 − 𝑃1𝑥)2             .                            (5.4)     

Note that the distance 𝑑 was the virtual distance between the center points of two-color markers. 

The unit of d was pixel. However, the distance between two color markers translated to the distance 

between camera and mirror in the real system. Hence, it could be assumed that the virtual distance 

d was similar with the mismatch distance 𝑑 between camera and mirror in real condition.  

Next, the virtual target recognition point (𝑋, 𝑌) which was represented as blue dot in Figure 5.13 

could be calculated as: 

𝑋 =  |
𝑃2𝑥−𝑃1𝑥

2
|         (5.5) 

and 
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 𝑌 =  |
𝑃2𝑦−𝑃1𝑦

2
| + 𝑑 .                                                           (5.6) 

The target recognition point was shifted to the (𝑋, 𝑌) point which was 𝑑 distance above the 

center of the target. In this case, by assumption that the distance between the target recognition 

point and the distance between camera and mirror was same with the distance between the target 

recognition point and the center point of target, the laser could be steered to the center of the target 

while it is moving along the oval course in Figure 5.11(b). Using this method, OWPT to  

2-dimensional moving object had been demonstrated as can be seen from Figure 5.13. Note that 

the mini toy car which was used as the target in this demonstration could move without battery 

because it was illuminated by laser which was steered by mirror from top.  

 

Figure 5. 13 Demonstration of optical wireless power transmission to 2-dimension moving object 

using single camera and color segmentation technique. (Note: Scan the QR code to watch the 

video.)  
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5.4 OWPT to Multiple Moving Targets 

 Galvano mirror set which was used in this experiment had fast response. By taking 

advantage of this characteristic, OWPT to multiple moving objects using only a single set of 

camera and Galvano mirror had been demonstrated. Periodic color segmentation method was used 

to recognize the target. Using this recognition method, the color which was recognized as the target 

by the recognition program would be switched every frame or several frames which were captured 

by the camera. In the other words, the program would periodically switch the recognized target for 

every frame or several frames. This method is illustrated in Figure 5.14 for the period of color 

recognition switching is every 1 frame. The period of color recognition switching could be adjusted 

from the program. Demonstration of OWPT to two moving objects using single set of camera and 

mirror could be seen from Figure 5.15. In this demonstration, the period of color recognition 

switching was adjusted to be 1 frame until 5 frames. Using this method, both targets could move 

smoothly using only single laser and set of Galvano mirror. This condition showed that the power 

could be delivered well to both moving targets. 

 

Figure 5. 14 Illustration of periodic color segmentation method for multiple objects recognition 

using single camera. 
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Figure 5. 15 Demonstration of optical wireless power transmission to multiple moving objects 

using single camera and single set of Galvano mirror. (Note: Scan the QR code to watch the 

video.) 

 

5.5 Improvement of Target Recognition using Color Segmentation Method 

5.5.1 Problems with Color Segmentation Method 

During the demonstration of OWPT to moving target using camera with color segmentation 

method, some problems regarding target recognition were encountered. The main problem was the 

sensitivity of the target recognition to the brightness of environment and the condition of lighting 

of the environment. It was found that the recognized color by camera might change if the 

brightness of environment and the color of light source that illuminates the room changed. In this 

case, there was possibility that the camera would fail to recognize the target if the brightness of 

environment changed. In indoor condition, the color of the target which was recognized by the 

camera might also change depended on the color of the lamp or light source which was illuminating 

the environment. The best example of this problem can be seen from Figure 5.16(a) and 5.16(b). 

In Figure 5.16(a), the camera could recognize the red marker as the target well in the bright 

environment under white LED illumination. However, when the brightness of environment 
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changed and the color of LED which illuminates the room also changes, the color of the marker 

which was recgnized by the camera might changed as well as can be seen in Figure 5.16(b). In 

other words, the camera could not recognize the target anymore if the condition of illumination in 

indoor experiment changed. The main purpose of research was to develop recognition method 

which was insensitive to such change in the illumination and brightness of environment of the 

experiment [213]. 

 

        

(a)                                                              (b) 

Figure 5. 16 Passive color marker recognition using camera at (a) Bright and (b) Dark environment. 

 The second problem in target recognition using color segmentation method was the 

disturbance by the same color objects in the environment. Color segmentation method which was 

used in this OWPT system recognize the target based on the color of passive color marker which 

was attached on the target. However, if there were other objects which have the same color as the 

passive color marker, the camera might recognize wrong object as the target. This condition was a 

big problem especially during the demonstration of OWPT at public area because in OWPT using 

high power laser, the laser might harm the person who was wrongly recognized as the target by 

camera. In Figure 5.17, it can be seen that the camera recognized wrong target because that object 

had same color as the intended target. 
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Figure 5. 17 Camera recognized other object with the same color in visible spectrum. 

The sensitivity to environmental brightness problem of target recognition using color 

segmentation method could be solved by using active color marker such as LED instead of passive 

color marker which was used in previous demonstration, hence, the color of the target would not 

change regardless of the changes of brightness of environment. Furthermore, it was found that the 

web camera which was used in this demonstration could detect not only visible spectrum of light 

but also near infrared spectrum. In this case, to solve the disturbance which was caused by same 

color objects in visible spectrum, near infrared wavelength marker could be used instead of visible 

spectrum color marker. Then, infrared LED marker is chosen as the solution of these problems 

[213]. 

5.5.2 Infrared LED Marker Solution 

Infrared LED marker is put on top of the moving target which was a mini toy car with Si 

solar cell as can be seen from the OWPT system diagram in Figure 5.18. The center wavelength 

of the light which was emitted by infrared LED marker was 850 nm. This infrared LED marker 

could be detected by the camera, however, to improve the detectability of the infrared LED marker 

and decrease disturbance by environment, optical bandpass filter lens (Thorlabs FB850-40) was 

put on the camera. The center wavelength of the bandpass filter was 850 nm with FWHM ± 8 nm 

which meant that in indoor environment, the light from the lamp in the room could be cut off 

perfectly. Hence, the effect of condition of the lighting of indoor environment to target recognition 

could be completely ignored.  
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Figure 5. 18 Optical wireless power transmission system using LED marker. 

OWPT to moving object using infrared LED marker had been demonstrated as can be seen 

from Fig. 7. The left-hand side image and right-hand side image show the images which were 

captured by the camera without bandpass filter and with bandpass filter respectively. In indoor 

environment, the light from lamp could be cut off perfectly by the bandpass filter, hence, the right-

hand side image only shows the LED marker circle with black background. The red circle that 

encircles the LED marker image is the recognition circle. Using this method, the infrared LED 

marker could be detected well by the camera despite the change in brightness of the environment 

or the change of color of ambient light that illuminates the room.  

The size of LED marker which was detected by the camera was the main limiting factor of 

this method. The distance dependency of the radius of infrared LED marker can be seen from 

Figure 5.19. In this case, single LED marker with input current 7 mA was used as the marker. The 

power source of this LED marker was single 1.5 V button battery. This radius was measured when 

the position of the LED marker was exactly at the middle point of the captured frame by camera. 

It is found that the operational distance for this method is only 60 cm to 70 cm distance between 

camera and target. For the distance more than 60 cm, the camera could still detect the marker, 

however, the size of LED marker would be smaller than 1 pixel. In this case, the detection might 

be difficult.  
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Figure 5. 19 Demonstration of optical wireless power transmission to moving object using led 

marker at dark environment. (Note: Scan the QR code to watch the video.) 

There are several solutions to extend the operational distance of this method. The first 

solution is by supplying higher current to the LED marker; hence, the brightness of marker will 

increase and the detected size by camera will also slightly increase. The other method which is 

more feasible is by using LED array as the marker. The other solution that can be considered to 

enhance the operational distance is by using higher resolution camera [214]. 

 

Figure 5. 20 Radius of light from LED marker which is recognized by the camera. 
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5.5.3 Problem with Outdoor Infrared LED Recognition and Solution 

OWPT to moving object with infrared LED marker in indoor environment had been 

demonstrated as in Section 5.5.2. In indoor environment, the light from lamp could be cut off 

perfectly by the bandpass filter lens because lamp did not emit infrared light at 830 – 870 nm 

wavelength. However, in outdoor environment, sun emits quite high intensity infrared light. In this 

case, for outdoor application of infrared LED marker recognition in OWPT system, the sunlight 

was still detected by the camera with bandpass filter as can be seen from the captured image by 

the camera with bandpass filter lens in Figure 5.21. Note that, the intensity of infrared light from 

the sun was quite high, hence, the captured image by the camera is not completely black as in 

indoor condition in Figure 5.19. This condition would cause difficulty in the recognition of the 

target. In this case, the camera recognized other object as the target because the intensity of the 

LED which was recognized by the camera was very small compared with other detected objects 

(the sun). In the other words, camera failed to recognize the infrared LED marker [214]. 

 

Figure 5. 21 Camera failed to recognize the LED marker at outdoor. 

The solution for this problem is by using blinking infrared LED marker. The intensity of 

sunlight which was captured by the camera was mainly constant over time, to put it simply, the 
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light from the sun “did not blink”. In this case, image processing technique which was called 

background subtractor and blinking infrared LED marker were used for target recognition. 

Background subtracting technique was a technique to create image by subtracting one frame with 

the background model. The background model was built by considering the position and 

characteristics of objects for several frames. In the other words, the objects with unchanged 

characteristics and positions for two or several frames would be assumed as the background and 

would be add to the background model.  

This technique is illustrated in Figure 5.22. In this case, frame 1 is subtracted with frame 2 

to create frame 3. Note that, some objects such as triangle and square do not appear in frame 3 

because their characteristics and position in frame 1 and 2 are same. Similar technique had been 

applied for target recognition in ref. [215] for indoor environment. The main difference between 

this method and the method in ref. [215] is the target marker and the recognition tools which is 

used to recognize the target. In ref. [215], the target markers are visible light LED markers on the 

other hand, in this research infrared LED marker is used. Note that in this research, the blinking 

LED method for target recognition was only applied for outdoor condition where there was 

disturbance from sunlight. For indoor environment, target recognition could be accomplished 

using non-blinking LED.  

On the other hand, in ref. [215], blinking LED target recognition was used for indoor 

environment. The main problem by using visible light LED marker was the disturbance by the 

same color object in visible light spectrum. For example, if red LED marker was used as the target, 

the recognition of this LED marker, especially when the target was moving, would be disturbed 

by the existence of other red color object. In this case, the error in target recognition would occur. 

However, in this research, bandpass filter which cut off visible light from lamp in indoor 

environment completely was used, hence, there was not any disturbance from other same color 

object in target recognition for indoor environment. 

The demonstration of blinking LED detection for outdoor application of OWPT using LED 

marker for target recognition can be seen from Figure 5.23. In this demonstration, the LED was 

driven by the signal from Arduino Uno. Frame rate of the camera was 30 fps and the frequency of 
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blinking LED was 15 Hz. By setting these parameters, the blinking infrared LED could be 

recognized well by the camera. As the conclusion, this blinking LED marker could be used as the 

marker for target recognition in outdoor demonstration of OWPT system. 

 

Figure 5. 22 Illustration of blinking target recognition using background subtractor technique. 

 

Figure 5. 23 Blinking LED marker recognition by camera. (Note: Scan the QR code to watch the 

Video.) 
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5.6 System Efficiency and Safety Evaluation 

The system efficiency of OWPT system to moving target which was developed in this 

research can be analyzed from the characteristics of each component of the system in Figure 5.7. 

The first component is the 980 nm laser diode. The laser diode conversion efficiency can be 

analyzed from its characteristics of L-I curve in Figure 3.5. The conversion efficiency of laser 

diode was different according to the output optical power of the laser. In the system which was 

developed in this research, the laser diode driving current was set to be 600 mA to 850 mA. It was 

found that if the driving current of the laser was set to be less than 600 mA, at 60 cm distance 

between transmitter and solar cell, the target would not move because it did not receive enough 

power. The voltage supply for the diode laser could not be measured directly because it was 

enclosed in a closed case. In this analysis, it was assumed that the voltage supply to the laser was 

1 V to 2 V which was typical operational voltage of 980 nm diode laser. By assumption that the 

output optical power of the laser was 150 mW at 750 mA driving current, the conversion efficiency 

of the diode laser was found to be around 20% to 10% for voltage supply around 1 V to 2 V, 

respectively. 

The output of laser was collimated using collimator and the beam profile of the output of 

laser can be seen from Figure 5.24. These results were measured for the distances between laser 

and power meter were 20 cm, 30 cm and 40 cm. The beam profiles were Gaussian shape profiles 

and the beam size increased as the distance between the laser and optical power meter increased, 

hence, the divergence angle of the beam could be calculated. The distance dependency of beam 

radius of the laser can be seen from Figure 5.25. The beam radius was defined as the radius of the 

beam when the intensity of the laser was 1 𝑒2⁄  of the maximum intensity of the laser at the center 

of the beam. The divergence angle of the collimated laser beam was calculated as 0.430 or 7.5 

mrad.  



129 
 

 

Figure 5. 24 Measured beam profiles for several distance between laser and power meter. 

 

Figure 5. 25 Distance dependency of radius of laser beam. 

In the OWPT system to moving target in this research, the distance between the laser and 

target solar cell was 60 cm and the size of solar cell was 2.2 cm x 2cm. From Figure 5.25, the beam 
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radius at this distance could be calculated as 1.15 cm, then the laser beam collection efficiency 

could be calculated as 87% which was calculated using Eq. 3.39 in Chapter 3. The output of the 

laser was collimated using lens; hence, it can be assumed that the size of the output of laser beam 

was similar with the collimator lens. Since, the Galvano mirror was larger than the collimator lens, 

it was assumed that all of the light from laser was deflected by the Galvano mirror, hence, there is 

not loss at the Galvano mirror. 

The next component is the solar cell. The solar cell efficiency can be analyzed from Figure 

5.6 in Section 5.1.4. For the illumination of 150 mW of light, the conversion efficiency of the solar 

cell was measured to be 22%. The attenuation by atmosphere was neglectable becauce the system 

was demonstrated at indoor environment and the distance was near. Then the system efficiency 

can be analyzed as: 

𝜂𝑠𝑦𝑠 = 𝜂𝑇 × 𝜂𝑐𝑜𝑙 × 𝜂𝑅                      .                                         (5.7) 

The system efficiency of the OWPT system to moving target was calculated to be between 3.83% 

to 1.91% for the voltage supply of laser was between 1 V to 2 V, respectively. 

The power density of 980 nm laser which was used in the OWPT system to moving target 

was measured to be 36.1 mW/cm2 for the distance between laser and target was 60 cm. The 

Maximum Permissible Exposure (MPE) values of 980 nm laser for eye at 0.25 s exposure, which 

can be calculated from Figure 3.26, is 9.24 mW/cm2. The MPEs values for human skin at 1 s and 

60 s exposure are 3994 mW/cm2 and 12.1 mW/cm2 respectively. From these values, it can be 

concluded that the laser which was used in this system was not safe for human’s eyes and skin for 

long exposure. Hence, during the experiment, protective eyeglasses are a must and direct exposure 

to the beam should be avoided.    
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CHAPTER 6 

APPLICATIONS OF OPTICAL WIRELESS POWER 

TRANSMISSION SYSTEM  

In Chapter 3, the potential applications of Optical Wireless Power Transmission (OWPT) 

system has been analyzed theoretically. It turns out that OWPT can be used to transmit power 

through atmosphere for longer distance than other WPT methods, through water and even through 

human skin. Microwave power transmission cannot be used underwater because the absorption of 

microwave by water is very high, hence, it can only be used to transmit power for several 

centimeters as can be seen from Chapter 3. Then, the remaining WPT methods are magnetic 

coupling WPT and OWPT.  

The magnetic coupling WPT can potentially be used for charging underwater as in ref. 

[216-218]. In the application of magnetic inductive coupling for underwater power transmission, 

the charging pad which consists of coil for transmitter in WPT has to be waterproofed well enough 

and has to be able to withstand the water pressure. The this charging pad has to be connected with 

electric cable and the Underwater Unmanned Vehicle (UUV) has to stop moving and stay on top 

of the charging pad all the time during the charging, in this case, the mobility of the UUV will be 

limited by the cable’s length. In this case, the potential of transmitting power though considerably 

longer distance underwater which provides freedom of mobility for the target is a unique potential 

application of OWPT. In this chapter, simple OWPT through water is demonstrated and analyzed. 
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The next advanced application of OWPT is to transmit and send power and data at the same 

time to the target. In this chapter hybrid OWPT and FSO communication system which provides 

power and data transmission at the same time is demonstrated and analyzed.  

  

6.1 Demonstration of OWPT through Water 

6.1.1 Experimental Setup 

Based on the theoretical analysis in Chapter 3, it is found that the infrared (around 940 nm 

to 980 nm) laser can be used for OWPT through water using Si solar cell for several centimeters 

due to high conversion efficiency of the solar cell. However, for long distance OWPT through 

water, blue laser (around 400 nm to 440 nm) can be used for long distance OWPT through water 

for distance several meters until 100 meters due to low absorption of blue light by water molecule. 

OWPT through water using red laser had been demonstrated in ref. [179]. 

 In this demonstration of OWPT through water, 980 nm infrared laser and 440 nm blue 

laser were used as the transmitter as can be seen from Figure 6.1. The Si solar cell and tap water 

were used as the receiver and medium of power transmission, respectively. The water was 

contained in water container which was a small aquarium. The maximum distance between laser 

and the solar cell was 9 cm and the maximum output electric power of the solar cell was measured 

for the depths of water were 1 cm to 8 cm. The solar cell was single diode Si solar cell. The 

demonstration of OWPT through water can be seen from Figure 6.2. 
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(a)           (b) 

Figure 6. 1 Experimental setup of OWPT through water: (a) Diagram and (b) Real image. 

 

Figure 6. 2 Demonstration of OWPT through water using blue laser. (Note: Scan the QR Code to 

Watch the Video) 
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6.1.2 Results and Predicted Distance for OWPT 

The output electric power of the solar cell for 440 nm (blue laser) and 980 nm (infrared 

laser) of input optical light for the depths of water were 1 cm to 8 cm can be seen from Figure 6.3. 

The short distance between laser and solar cell ensured that the size of the laser beam would be 

much smaller than the size of solar cell and all of the light from the laser would be received by the 

solar cell. The output optical powers of both lasers were set to be 50 mW.  

As predicted by the theoretical analysis in Chapter 3, the output electric power of the solar 

cell for 980 nm illumination was higher than 440 nm of laser illumination for the depth of water 

was less than 3 cm depth of water, however, when the depth of water was more than 3 cm, the 

output electric power of the solar cell for 440 nm illumination was higher than 980 nm illumination. 

The absorption coefficients of the tap water for 980 nm and 440 nm of light were calculated as 

0.458 cm-1 and 0.007 cm-1, respectively. These results showed that the 980 nm infrared light was 

absorbed more than the 440 nm blue light.  

The absorption coefficients of 440 nm blue laser and 980 nm infrared laser based on 

theoretical analysis were 0.0001 cm-1 and 0.43 cm-1, respectively. These results show that the 

experimental result of absorption coefficients of 440 nm blue laser was 70 times larger than the 

theoretical value, on the other hand, the experimental result and theoretical value of absorption 

coefficient of 980 nm infrared laser was almost similar. These conditions could be caused by 

different type of water which were used for the experiment and the assumption in theoretical 

analysis. In theoretical analysis of pure water is assumed as the medium, on the other hand, in 

experiment, tap water was used as the medium, hence, there was possibility that the absorption 

spectra of light by the tap water in experiment and pure water in theoretical analysis would be 

different.  

Based on the absorption coefficients which were measured in the experiment, the projected 

output electrical power of OWPT through water for longer distance (deeper depth of water) can be 

analyzed as in Figure 6.4. It was predicted that the output electric power of the solar cell will 

decrease into e-1 value of its maximum value when the distances of the laser and solar cell (depth 
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of water) for OWPT through water were 1.5 meter and 2 cm for 440 nm blue laser and 980 nm 

infrared laser, respectively. It was predicted that the performance of OWPT system and operation 

distance could be enhanced more by using wider bandgap solar cell such as GaN based solar cell 

which would increase the conversion efficiency of blue light. 

 

Figure 6. 3 Output electric power of Si solar cell for OWPT through water. 

 

Figure 6. 4 Projection of output electric power of solar cell for OWPT through water. 
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6.2 Hybrid OWPT and FSO Communication System 

6.2.1 System Design 

FSO Communication has many advantages compared with microwave based free space 

communication such as Wi-Fi system. FSO provides higher bandwidth and faster data transmission 

than Wi-Fi system. The FSO with data transmission more than 10 Tbps had been demonstrated in 

refs. [219]. By combining FSO and OWPT in one system, it is possible to create a backhaul system 

for local wireless area network and even a satellite network [219] which can provide data and 

power transmission in a combined system. Such system can also be used for designing emergency 

base transmitter system for cellular network in disaster area.  

In this section, hybrid OWPT and FSO communication system which allows data and 

power transmission at the same time is designed and analyzed. The system diagram can be seen 

from Figure 6.5. 660 nm red laser and 980 nm infrared laser were used for data transmission and 

power transmission, respectively. As the receivers, the Si photodetector (PD) and Si solar cell were 

used to detect the data transmission and convert light into electric power, respectively. The laser 

for data transmission was modulated using simple Intensity Modulation (IM) technique and Direct 

Detection (DD) method was used for detection of the modulated light.  

Two identical dichroic mirrors were used to combine and separate the axes of propagation 

of 660 nm and 980 nm lights. The dichroic mirrors were 900 nm long pass dichroic mirror. These 

mirrors were transparent for wavelength more than 900 nm which meant that these mirrors would 

be transparent for 980 nm of light, on the other hand, 660 nm of light will be completely deflected 

by the mirrors. The mirrors were set to be 45o angle, hence, the 660 nm red light would be deflected 

at 90o angle. Similar method which was used to transmit data and power through single optical 

fiber can be seen from ref. [220]. In ref. [220], blue LED and 850 nm VCSEL were used as the 

light source for power and data transmission, respectively to a catheter through a single mode fiber. 

The axes of lights for data and power transmission were combined and separated using dichroic 

mirrors. However, this system was not hybrid OWPT and FSO communication system because 

the medium of transmission was optical fiber.  
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Figure 6. 5 Diagram of hybrid OWPT and FSO communication system. 

6.2.2 PD Performance and Demonstration 

In this system, the photodetector was Thorlabs PDA100A which was made by Silicon. The 

frequency response of PD can be seen from Figure 6.6. The 3-dB bandwidth of the Si PD was measured to 

be 10 MHz. The frequency response of the solar cell was limited by its junction capacitance which is 

inversely proportional with its area. The area of the Si PD was 75.4 mm2. Hence, it was predicted that higher 

frequency response could be obtained by using smaller area of PD. 

Hybrid OWPT and FSO communication system using dichroic mirrors and two lasers have been 

demonstrated and can be seen from Figure 6.7. The data which was transmitted was sound data. At the 

receiver, the Si PD was connected to a speaker to reproduce the sound data which was transmitted in the 

system.  
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Figure 6. 6 Frequency response of PD. 

 

 

Figure 6. 7 Demonstration of hybrid OWPT and FSO communication system. (Note: Scan the 

QR code to watch the video). 
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CHAPTER 7 

SUMMARY AND LIST OF PUBLICATIONS 

7.1 Summary 

Electronics devices need electric power as the source of energy. In electronic devices with 

high mobility capability such as drone, smartphone and Unmanned Underwater Vehicle (UUV), 

battery is used to supply power. However, the capacity of battery is limited. If the battery runs out 

of power, the battery of the electronics device needs to be charged using charger which is 

connected with electric socket using cable. In this case, the mobility of mobile electronic devices 

which is charged using cable is limited by the length of the cable. The other problem with mobile 

electronic devices is the capacity of the battery which is proportional to its size and weight. In 

mobile electronic devices, its performance depends on its weight and size. Hence, there is tradeoff 

in design of mobile electronic devices in terms of battery capacity and its mobility and weight.  

Wireless Power Transmission (WPT) is a technique to transmit electric power to charge 

and power up electronics devices remotely without using any electric cable. In WPT, electric 

power is transmitted using electromagnetic wave. The development of WPT has open new 

possibility for unlimited operational time for mobile electronic devices such as drone and UUV 

because it can be charged remotely from far away and the mobility is not limited by the cable. The 

other advantage of WPT is a possibility to design compact and light mobile electronic devices 
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because there is no need for heavy high capacity battery. In WPT system, there are three main 

components which are transmitter, receiver and medium. 

Based on the frequency of electromagnetic wave, there are three methods of WPT which 

are popularly developed. They are magnetic induction coupling, microwave and optical WPT 

(OWPT). The magnetic induction coupling WPT uses several kHz to several hundreds of MHz 

frequency of electromagnetic wave. Among WPT methods, magnetic induction coupling WPT is 

the oldest method which is developed. In this method, a pair of coils is used as the transmitter and 

receiver. The advantage of this method is high possibility to transmit electric power without using 

cable through many mediums such as air, water and human skin for short distance with high system 

efficiency. The system efficiency can be as high as more than 90%. However, since the operational 

distance of this method is very short, it cannot be used to transmit power to moving object remotely 

and the mobility of the object which is charged using this method is still limited by the length of 

the cable. Nowadays, there are many applications of magnetic induction coupling WPT such as to 

charge smartphone and smartwatch (Qi wireless charger), Electric Vehicle (EV) and possibility to 

charge implantable medical devices. 

The frequency of electromagnetic wave in microwave WPT is in Industrial, Scientific and 

Medical (ISM) band which is usually around several GHz. The transmitter and receiver in 

microwave WPT are a pair of antennas. The advantage of this method is possibility to transmit 

power to long distance between transmitter and receiver and ease to steer the microwave beam. 

The back to back efficiency of microwave WPT can theoretically be more than 60%. However, 

the medium of transmission for microwave WPT is limited to atmosphere (air). Microwave is 

highly absorbed by water molecule; hence it is not possible to transmit power through water. 

Microwave cannot be used to transmit power to implantable medical devices because there is 

possibility of electromagnetic interference which will disturbs the function of implantable medical 

devices. The frequency band which is used by microwave WPT is also used by other electronic 

devices such as microwave oven, Bluetooth and Wi-Fi; hence, there is high possibility of Radio 

Frequency Interference (RFI). Nevertheless, some applications of microwave WPT such as to 

transmit power to moving small aircraft, power transmission through air for several meters of 

distance between transmitter and receiver. Large scale application of microwave WPT is Space 



141 
 

Power Satellite (SPS) where microwave is used to transmit power which is harvested by the 

satellite in space to a ground unit on earth.  

OWPT uses light which has frequency more than 100 THz to transmit electric power. The 

transmitter and receiver in OWPT are light sources such as laser or LED and solar cell, respectively. 

The laser beam which is used in OWPT has very small diffraction angle and small size; hence, it 

is possible to use OWPT to transmit power over long distance between transmitter and receiver. 

Small size and diffraction angle of laser also give advantage which is an ease to steer the beam; 

hence, it can be used to transmit power to moving target. However, OWPT has lower system 

efficiency compared with other WPT method. The system efficiency of OWPT system can be 

around 40%. In this research, the characteristics of system efficiency of OWPT through several 

mediums such as air (atmosphere), water and human skin are analyzed. OWPT using laser and Si 

solar cell is theoretically analyzed. Based on the results of theoretical analysis, the ideal 

wavelength of OWPT through atmosphere using Si solar cell is around 940 nm with system 

efficiency can be as high as 38.7% for 1 km distance between transmitter and receiver. The system 

efficiency of OWPT through water using blue laser (400 nm) for distance between transmitter and 

receiver 100 m is 9.6% and 4% system efficiency of OWPT through 1 cm of human skin using 

940 nm laser is theoretically possible. Based on these results, OWPT can be used to transmit power 

through air (atmosphere), water and human skin for long distance between transmitter and receiver.  

The main purpose of this research is to develop, evaluate and improve OWPT system which 

can be used to transmit power to moving target and several moving targets using simple system. 

980 nm high power diode laser and Si solar cell were used as the transmitter and receiver 

respectively. Camera and mirror are used to recognize the target and steer the laser beam to follow 

the moving target or targets, respectively. Color segmentation method which is one of the 

techniques of Open CV was used to recognize the target and a color marker was put on top of the 

moving target. Using this method, OWPT system to 1-dimensional and 2-dimensional moving 

target had been demonstrated. The mirror which was used in this research was Galvano mirror 

which has very high speed; hence, OWPT to multiple moving targets using only one set of mirror 

and camera had also been demonstrated.  
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Color segmentation method which was used to recognize the target in OWPT system to 

moving target has several limitations. The main limitations of color segmentation method were the 

recognition was very sensitive to the brightness of environment and there was possibility of wrong 

target recognition if there was any other object which has same color as the color marker of target. 

To solve these problems, instead of color marker which was made from color paper, infrared LED 

was used as the marker and band pass filter was put on the camera. The central wavelength of the 

LED light and the bandpass filter were matched; hence, the camera with bandpass filter would 

only recognize the light from the LED and the other light from environment could be completely 

cut off. Using this method, OWPT system to moving target which was insensitive to the brightness 

of indoor environment had been demonstrated. In outdoor condition, unfortunately, the intensity 

of sunlight was much higher than the intensity of light from LED; hence, outdoor detection of 

infrared LED was difficult. To solve this problem, blinking infrared LED light was used for 

outdoor application. The system efficiency of OWPT system to moving target which was 

developed in this research was around 3.8%. This system efficiency was measured when the 

distance between laser and the solar cell was 60 cm.  

In this research, some applications of OWPT system such as the OWPT system through 

water and hybrid OWPT and Free Space Optical (FSO) communication system had also been 

demonstrated. For OWPT through water, blue laser (440 nm) and infrared laser (980 nm) were 

used as the transmitter and Si solar cell was used as the receiver. Tap water in an aquarium at room 

temperature was used as the medium. Based on the experimental results, OWPT through tap water 

using blue laser for distance more than 1 m with considerable high system efficiency was possible, 

on the other hand, OWPT through tap water using infrared laser could only be used for several cm 

of distance between transmitter and receiver.  

Hybrid OWPT and FSO communication system had also been demonstrated. In this system, 

980 nm laser and 660 nm laser were used as the transmitter for power and data transmission, 

respectively. Dichroic mirrors which were long pass mirrors were used to combine the axes of 

propagations of both lasers at the transmitter and to separate the lasers at the receiver. These long 

pass mirrors were transparent for light with wavelength longer than 900 nm; hence, the 980 nm 
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laser will be transmitted by the dichroic mirrors, on the other hand, the 660 nm light would be 

reflected by the mirrors. 

As the conclusion, in this research OWPT system to moving target and several moving 

targets using camera and Galvano mirror to recognize the target and steer the beam had been 

successfully demonstrated and the performance of the system had been evaluated. Additionally, 

OWPT system through water and hybrid OWPT and FSO communication system which could be 

used to transmit power and data at the same time had also been demonstrated. 
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