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Abstract

:

Optical wireless power transmission (OWPT) is a promising technology for remote energy supply, especially for powering Internet of things (IoT) terminals. Light-emitting diode (LED)-based power sources of OWPT are attractive for the development of high-performance systems without the constraints of safety issues. In this paper, the electricity output of a near-infrared LED-OWPT is significantly improved. The saturation output caused by the small lens aperture in the LED array collimation scheme was analyzed. The experiment achieved a maximum electricity output of more than 1 W from a 50 × 50 mm2 GaAs solar cell at 1 m transmission distance. In addition, the thermal features also proved the feasibility of a high-output LED-OWPT system for practical applications.
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1. Introduction


Optical wireless power transmission (OWPT), in which energy is transmitted as light waves and converted into electrical power by an optical receiver at a remote position, is a promising candidate for powering Internet of Things (IoT) terminals due to the advanced features of long-distance transmission, high directionality, and no electromagnetic interference (EMI) [1,2]. Currently, IoT terminals are powered by batteries or connected to a power socket by a cable [3]. However, batteries limit the operating time and functions. They also enlarge the weight and dimensions of IoT products. Cable connections have a problem with installation work, and they are hard to supply for moveable or remote applications, such as micro-drones and mobile security cameras.



In recent years, the OWPT for IoT technology has been proposed to solve these issues [4,5]. In 2016, John Fakidis et al. demonstrated an indoor OWPT using red laser diodes to charge small cells at night [6]. In 2017, Diamantoulakis et al. presented the concept of simultaneous lightwave information and power transfer (SLIPT) with a solar panel-based receiver for indoor IoT applications [7]. Vikram Iyer et al. reported a laser-based OWPT system for charging mobile devices such as smartphones, and more than 2 W electricity output was achieved at 4.3 m distance from a 25 cm2 solar cell receiver [8]. In 2022, Qingwen Liu et al. showed an OWPT system using a resonant laser beam, and achieved more than 0.6 W electrical power to supply a smartphone in remote and mobile occasions [9]. Furthermore, OWPT systems have been marketed. Wi-Charge, a venture company, has developed and marketed OWPT systems for small terminals [10], but there is no detailed technical disclosure about the laser-based OWPT method.



Although a laser-based OWPT is advantageous in narrow beam and high power, due to the regulation restriction of laser products [11], all reported laser-based OWPT systems require eye safety features, such as a beam enclosure [6] and a shutdown system [8,9]. Except for special usage environments, in the near future, it will not be easy to use laser-based systems in crowded places.



Therefore, a high-performance light-emitting diode-(LED) based OWPT system was proposed as a power source for IoT terminals. LED-OWPT provides three advantages: loose safety regulations, simple heat dissipation requirements, and commercially available low-cost components. In addition, the light emission efficiency and output power per chip size of LEDs are improved to a similar level as semiconductor lasers. So far, most of the LED-OWPT research has been reported by the authors’ group. In 2019, an OWPT system was initially constructed with one near-infrared (NIR) LED of 810 nm wavelength and integrated into a portable power source [12]. A 0.2 W electricity output was achieved from a 2.9 cm2 GaAs solar cell at 1 m. In 2020, a 3-LEDs OWPT system with 0.4 W electricity output at 1 m was reported [13]. Furthermore, a 0.5 W electricity output was achieved by a novel lens design, and the system dimension was reduced by 56% [14]. However, former LED-OWPT systems still have limitations concerning the low electricity output even from solar cells over 25 cm2 in size.



In this paper, the electricity output is improved by a large number of LEDs and a collimation lens system. In Section 2, the effect factors and reasons for output saturation in LED-OWPT are analyzed. The saturated output is calculated from regression formulas and simulations under specific conditions. In Section 3, for the supply of small IoT terminals, a 3 × 3 array LED-OWPT system based on a collimation scheme is designed and characterized experimentally. The thermal features of the high output LED-OWPT are also measured for practical operation. In Section 4, the detailed and advanced characteristics of the systems with larger lens apertures are discussed.




2. Saturation Output of LED-OWPT in Small Size Receivers


2.1. Effect Factors in LED-OWPT Collimation Schemes


A basic LED-OWPT system generally consists of three components: a light source, a lens system, and a light receiver. Due to the high photoelectric conversion efficiency of 40% in the reported experiments [15,16], a NIR monochromic LED with λ = 850 nm and a III-V semiconductor GaAs solar cell with 1.42 eV bandgap energy were applied as a high-efficiency power source and receiver combination. Currently, GaAs solar cells are expensive; however, cost reduction is expected through various manufacturing technologies and novel applications. In this research, due to the small dimension feature of the IoT terminals, the 50 × 50 mm2 size solar cell is considered as the maximum. In addition, except for the LED wavelength, the LED radiant flux and divergence angle also affect the OWPT output performance [14]. Based on former studies from the authors’ group [17], an LED model of SFH4715AS (ams OSRAM) with chip dimensions of 1 × 1 mm2 and a divergence angle of ±60° is selected as the light source [18]. An LED output performance is closely related to chip size, irradiation area, and light utilization efficiency. Since a larger chip size increases the irradiation beam size, the selection of the chip size also depends on the conditions of the target application.



After determining the LED model and solar cell, the most important process is to design a lens system. Unlike the high-quality laser beam, an LED emits spatially incoherent light with a sufficiently large area, and it cannot apply the diffraction-limited design of the beam and lens system. As shown in Figure 1, an LED-array system based on a collimation scheme is applied to enhance the output performance and maintain a small irradiation area. The first layer is a collimation lens array. Each LED is placed at the front focal point of the corresponding collimation lens. The generated collimated beams are then focused and overlapped onto the solar cell by one imaging lens.



The horizontal magnification  β , which is the ratio of image height to object height, can be simplified as [14]:


  β =    l 2 ′     f 1     



(1)




where    f 1    is the front focal length of the collimation lens,    l 2 ′    is the system image distance. In the collimation scheme, the side length of the irradiation spot is inversely proportional to the focal length of the collimation lens. Thus, with a fixed parameter image lens, the longer focal length of the collimation lens causes the smaller irradiation spot, which contributes to supplying small dimensions IoT terminals.



As lens system design guidelines for portable LED-OWPT, three essential requirements are high output, small irradiation area, and compact system dimension. However, these three requirements are in a trade-off relation. Compact system dimensions are expected to have a small lens aperture and a short distance from the LED to the lens. In a collimation scheme, the distance from the LED to the lens only depends on the focal length of the collimation lens, since the distance between the collimation lens and the imaging lens can be ignored. However, the short focal length of the collimation lens enlarges the irradiation area. Furthermore, due to the large divergence angle of the LEDs, the finite lens aperture size causes a serious beam leakage and decreases the system output and system efficiency.



In the LED array collimation scheme with a fixed-parameter imaging lens and a fixed-size solar cell, the electricity output is not infinite even with the unlimited number of LEDs. The output of the OWPT system can be improved by increasing the number of LEDs, and accordingly, the same number of collimation lenses should be applied. This decreases the aperture size of each collimation lens. To reduce beam leakage, these small aperture collimation lenses should be set closer to the LEDs, and the focal length of collimation lens is correspondingly reduced. Based on Equation (1), the irradiation spot area is enlarged. When the irradiation area is larger than the fixed light receiver area, only a limited proportion of the light irradiation power is converted to the electricity output. Most of the light power irradiates outside the solar cell and the leaked light is wasted. Therefore, even if the unlimited number of LEDs is increased, the electricity output from the fixed-area solar cell is no longer increased. This is the reason for the saturated output in a LED-array based OWPT.




2.2. Numerical Analysis of LED-OWPT Saturated Output


Due to the complexity of the large number of LEDs and the corresponding lens parameters, n × n array LED models are assumed to simplify the analysis rather than an arbitrary LED arrangement. Since irradiation effects are assumed to be independent of each other, the solar cell electricity output    P o    of an n × n array LEDs-based OWPT is calculated as:


   P o  = I ×  n 2  ×  η c   



(2)







Here,  I  is the solar cell surface irradiation of a single-chip LED-based OWPT.    n 2    is the number of LEDs.    η c    is the solar cell conversion efficiency.



Thus, the numerical analysis of saturated output is separated into the following steps:




	
Optical simulation explores the relationship between the single LED irradiation power and the lens parameters.



	
The regression equations are fitted to the obtained results, and then the equations are extended to the case of n × n array LEDs for calculating the maximum value.



	
The results are verified with simulations under the specific setup conditions.








As discussed in Section 2.1, a high-performance LED (OSRAM SFH4715AS; 850 nm, 1.53 W, ±60°) constitutes the light source module [18]. In this analysis, specific conditions are set to satisfy the portable device dimensions and the maximum receiver size of IoT terminals, which require a relatively high power. The parameters are as shown:




	
Imaging lens: 100 × 100 mm2 aperture; 1000 mm focal length.



	
GaAs solar cell: 50 × 50 mm2 size, 1000 mm away from the imaging lens.








To explore the optimal parameters of the collimation lens, the single LED collimation scheme is simulated using the optical design software ZEMAX. The parameters of the imaging lens are fixed. The collimation lens radius (r) is varied from 0 to 50 mm for the focal length (f) range of 10–50 mm. The surface irradiation power of a 50 × 50 mm2 area is shown in Figure 2.



Figure 2 shows that the irradiation power increases with the collimation lens radius aperture. The y-axis is the surface irradiation on a 50 × 50 mm2 area solar cell at a distance of 1 m from the imaging lens. It suggests the output performance of an OWPT system. In the large aperture range of 30 < r ≤ 50 mm, the dashed curves show that numerical aperture (NA) = 1 collimation lens, in which the focal length is the same as the radius, performs the optimal irradiation power. The reason is that the NA = 1 collimation lens accepts the maximum amount of the beam emitted from the LED with ±60° divergence. This is consistent with the previous research [14]. Furthermore, in the range of 10 < r ≤ 25 mm, f = 30 mm shows the local optimal irradiation power. In 0 < r ≤ 10 mm range, the difference between the curves is not obvious. The irradiation data is shown in Table 1. f = 25 mm collimation lens performs the local optimal irradiation. The reason is that the irradiation spot area is enlarged in the case of a small focal length collimation lens. Moreover, the small lens aperture also causes the larger beam leakage. Therefore, the optimal focal lengths for lens apertures of 0 < r ≤ 10 mm and 10 < r ≤ 25 mm are f = 25 mm and f = 30 mm, respectively.



In order to perform a more optimal design based on the discriminant data, a regression curve of the characteristics is obtained from the simulation results. The surface irradiation power of the collimation lens of f = 25 mm and f = 30 mm are selected as the scatter plot in Figure 3. They show that the surface irradiation power (I) for the 50 × 50 mm2 size increases with a collimation lens radius (r) of 0 < r ≤ 10 mm and 10 < r ≤ 25 mm, respectively. The surface irradiation powers are fitted by two modes of regression functions, a quadratic polynomial (solid line) and a linear function (dashed curve). The regression functions and the coefficient of determination R2 of the two modes are also shown in Figure 3.



As a result, the regression based on the quadratic polynomial has a higher coefficient of determination than the linear function. Thus, in the single LED-based collimation scheme, the mathematical relationship between the surface irradiation (I) and the collimation lens radius (r) is fitted to the following equations.


  I = − 0.153    r 2  + 45.631   r − 251.14         10 < r ≤ 25    



(3)






  I = 1.4675    r 2  + 6.9127   r − 16.529         5 < r ≤ 10    



(4)







In the n × n array LEDs model, an imaging lens with a 100 × 100 mm2 aperture is fixed to maintain the compact size system, and the collimation lens cannot exceed this range. Therefore, the relation between the collimation lens radius (r) and the square root of LED numbers ( n ) is shown:


  r = 100 / 2 n = 50 / n  



(5)







Substitute Equation (5) into Equations (3) and (4), respectively, and then multiply the number of LEDs (   n 2   ), so the total irradiation on the solar cell surface (  I ′  ) is shown:


   I ′  = − 16.53    n 2  + 345.64   n + 3668.75         n > 5    



(6)






   I ′  = − 251.14    n 2  + 2281.55   n − 382.5         2 < n ≤ 5    



(7)







The maximum coordinates of quadratic Equations (6) and (7) are (n = 4.54, I = 4799.34) and (n = 10.45, I = 5475.57), respectively. It suggests that a collimation scheme based 10 × 10 array LEDs probably performs the maximum output. Even if LED numbers are extended from 10 × 10 to infinite, the surface irradiation power is saturated under specific conditions. In order to obtain the output by numerical simulations, a collimation scheme using up to 12 × 12 array LEDs is also simulated in Zemax. Figure 4 shows the regression tendency (dashed curve with triangle marks) and the simulation results (solid curve with circle marks).



The secondary axis is the expected electricity output, which is the product of the corresponding surface irradiation and the conversion efficiency of the solar cell, as shown in Equation (2). The conversion efficiency is assumed to be 40%, according to the evaluated efficiency of the applied GaAs solar cells [12,14]. In Figure 4, the regression and the simulation curves are almost consistent. From 1 × 1 to 5 × 5 array LEDs, the electricity output increases significantly. When the number of LEDs are over 6 × 6, the simulated results fluctuate slightly. It is caused by the attenuated irradiation by small aperture of the collimation lens. For example, in the simulation, the surface irradiation of a single LED with a collimation lens of r = 10 mm (5 × 5 array situation) is 199 mW. On the other hand, that with r = 8.33 mm (6 × 6 array situation) is 132 mW. Therefore, the total surface irradiation of 6 × 6 array LEDs is decreased in comparison with 5 × 5 array.



The output is saturated at around 10 × 10 array. At a distance of 1 m from the imaging lens, the saturated surface irradiation is 5414.43 mW in the numerical simulation. Thus, for an n × n array LEDs OWPT with the specific conditions of a 100 × 100 mm2 lens aperture and a 50 × 50 mm2 area solar cell, 2.17 W is expected as the saturated electricity output at 1 m by 10 × 10 array LEDs and f = 25 mm collimation lenses.





3. Experimental Demonstration of High Output LED-OWPT


3.1. Design and Experiment Setup of 3 × 3 Array LED-OWPT


Although a 10 × 10 array LEDs configuration performs the maximum output in the numerical simulation, there are two issues for practical configurations. First, the increased number of LEDs and lenses causes misalignment errors, resulting in a deterioration of the performance from the ideal characteristics [19]. The second is the serious heat issue, because the system is integrated into a small area heat sink. Thus, a 3 × 3 array LEDs module is constructed as the experimental setup of this study.



As for the system design, the same nine LEDs (OSRAM SFH4715AS) were arranged in a 3 × 3 array. The distance between two adjacent LEDs was 33 mm. Nine collimation lenses (r = 16.5 mm, f = 30 mm) and one imaging lens (a = 100 × 100 mm2, f = 1 m) formed the lens system. Due to the non-imaging optical system design, minor imaging aberrations were ignored. Therefore, Fresnel lenses were applied as all lenses. Fresnel lenses are extremely lightweight and have a thin thickness. Each LED was placed at the front focal point of the collimation lens, so the distance between the LED and the collimation lens was 30 mm. The simulated configuration is shown in Figure 5. Each LED has the same parameters, and the wavelength is 850 nm.



The experiment setup followed the numerical simulation design. The parameters of the collimation lenses (NTKJ, CF30) and the imaging lens (NTKJ, CF1000) [20] were the same as in the simulation. In particular, collimation lenses were integrated with a 3 × 3 square shape by special order to the lens manufacturer. This process improved the lens position accuracy. Every three LEDs were connected in series, and three groups were connected in parallel. The applied voltage and current were 11.4 V and 4.5 A, respectively. A 5-series connected GaAs solar cell module (Advanced Technology Institute, LLC) with an area of 50 × 85 mm2 was placed at 1000 mm away from the lens system, which was larger than the simulation design. Since the partial irradiation on a series-connected solar cell module significantly reduces the conversion efficiency [21], as one of the potential options in a tentative experiment, the solar cell was rotated to reduce the projection area on the beam propagation path. The projection area was approximately equal to the expected 50 × 50 mm2 with a rotation angle of 54° in the horizontal direction.



The experimental setup of the 3 × 3 LED-array OWPT system is shown in Figure 6. The lens frame shown in blue color was fabricated by a 3D printer based on the fused deposition modeling (FDM) method. A total of nine LEDs were set on a 120 × 120 × 50 mm3 copper heatsink. LED chips were mounted on a ceramic board with a diameter of 2 cm and fixed to the heat sink with screws via the heat conductive paste.




3.2. Results and Analysis


The detailed simulation and experimental results are shown in Table 2. The simulation results show that the total irradiation power after the lens system is 5.37 W. The lens system efficiency, which is the ratio of total irradiation power to total LED radiant, is 39.7%. The low lens system efficiency is caused by the beam leakage. As shown in Figure 5a, due to the collimation lens with NA = 0.55, each LED radiant beam from ±30° to ±60° is not collimated and scattered to other directions. As the beam leakage, about 52.8% of the radiation flux from the LED is lost. Figure 7a shows the numerically simulated irradiation spot at 1 m. The spot area is 63 × 67 mm2. The irradiation power on a 50 × 50 mm2 area at 1 m is 3.98 W.



In the experiment, an output monitor (ADCMT, 6243 DC monitor) was connected with the GaAs solar cell to measure the electricity output. The maximum power of 1.035 W was achieved from a 50 × 50 mm2 area solar cell at 1 m. The open circuit voltage and the short circuit current were 5.12 V and 0.32 A, respectively. The fill factor (FF) was 0.63.



Figure 7b shows the irradiation spot of 76 × 80 mm2 area in the experiment, observed by an infrared viewer (Electrophysics, ElectroViewer 7215, Fairfield, NJ, USA). The scale of the grid board was 10 mm. Due to lens misalignment, the irradiation spot from each LED was not completely overlapped [19]. It caused a slightly enlarged irradiation spot and reduced electricity output. The surface irradiation of 50 × 50 mm2 area at 1 m was 2.65 W. Thus, the conversion efficiency of the solar cell was 39.1%.



With the same system dimensions and a smaller receiver size than in previous research [14], the electrical output of the proposed system increased 1.96 times. The output was twice the power under AM1.5G (1 kW/m2) sunlight with an 18% conversion efficiency Si solar cell [22]. A 1 W of electricity output can provide power for most of the sensor-based IoT terminals. In particular, because the light source is an invisible infrared LED, it will not disturb the surroundings or users.




3.3. Thermal Features of High-Power LED-OWPT


Considering the heat issues of the high-power LED-OWPT system, the temperatures of the OWPT components were also measured in the experiment by a thermal shot camera (Avio Infrared Ltd., F30W, Yokohama, Japan). In order to test the maximum temperature of the receiver side, the solar cell was attached to a paperboard without a heatsink. The ambient temperature was 24 °C, and the LED-OWPT system illuminated the GaAs solar cell for 30 min.



Figure 8 shows the thermal images, and the temperature shown on the bottom right is the highest temperature in the image. The maximum temperature of the LED chip was 69.1 °C in Figure 8a, and the heatsink was 36.2 °C in Figure 8b. The maximum temperature of the solar cell and the back paperboard were 31.6 °C and 48.1 °C, respectively. The thermal conductivity of the paperboard is extremely small, of around 0.05 W·m−1K−1 [23]. Considering plastics (0.1~0.3 W·m−1K−1) or metals (>50 W·m−1K−1) [24,25,26,27], heat dissipation will be more effectively applied to the practical IoT terminals. The obtained maximum temperature of the solar cell did not attenuate the conversion efficiency [28]. This suggests that the receiving side temperatures of the LED-OWPT components will be accepted in household scenarios. With thinner and lighter aluminum heatsinks, a 3 × 3 array LEDs-based OWPT system can be integrated as a compact and portable power source module.





4. Discussion of Electricity Output and Lens Aperture


The saturation output described in Section 2 is under the specific conditions of a 100 × 100 mm2 aperture imaging lens. As the final analysis, although the small sizes are the requirement for portable devices, larger system sizes are also analyzed in consideration of various application conditions. If the collimation lens aperture increases with the increasing imaging lens aperture, the beam leakage will be decreased and the radiant power after lens system will be enlarged. In this case, the irradiation beam size is maintained. The relation between lens aperture and corresponding electricity output is simulated as shown in Figure 9, where Y-axis is the expected electricity output from a 50 × 50 mm2 GaAs solar cell at 1 m.



The gray curve with cross marks is the simulated electricity output of the 100 × 100 mm2 imaging lens condition, which is consistent with the solid curve in Figure 4. With the increasing aperture of the imaging lens, the electricity output is significantly improved. When the side length of the imaging lens is enlarged by two times (orange circle marks) from 100 mm to 200 mm, even for the 3 × 3 array LEDs, the simulated electricity output is 3.31 W, which is 1.5 times higher than the saturation output of the 100 × 100 mm2 lens aperture system. If the side length of the lens increases four times (black square marks), a 10 × 10 LEDs system will output 24.1 W, which is 11 times higher than the saturated output of a 100 mm side length imaging lens. In addition, the saturated value and the corresponding number of LEDs also increase with lens apertures. For example, a 14 × 14 array LEDs show a saturated electricity output of 8.12 W with the side length = 200 mm imaging lens (orange circle marks). Without the module size limitation, it is noted that increasing lens aperture can significantly improve the output while maintaining the same power consumption, thereby increasing the lens system efficiency.




5. Conclusions


In this paper, the design of a portable LED-OWPT system was analyzed to improve output performance by LED arrays. In collimation schemes, the electricity output, the irradiation area, and the system dimensions are three essential factors, but they are in tradeoff relation. In the LED array system with a small aperture imaging lens, the irradiation power saturates even if the number of LEDs is increased to infinite. With a 100 × 100 mm2 size imaging lens and a 50 × 50 mm2 solar cell at 1 m transmission distance, 2.2 W is expected as the saturated electricity output by 10 × 10 array LEDs. In the experiment, 1 W electricity output was achieved by a 3 × 3 array LED configuration and a 50 × 50 mm2 GaAs solar cell at 1 m transmission distance. In addition, the temperatures of the components in the high-power LED-OWPT were measured. The thermal features proved that the 1 W class output LED-OWPT system can be applied for practical applications, especially for small-dimension IoT terminals. A larger module size can achieve higher performance. The obtained design guideline and experimentally achieved performance will be used in practical OWPT systems in the near future.
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Figure 1. Collimation scheme of LED-array OWPT. 
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Figure 2. Irradiation power of variable collimation lens in single LED-OWPT. 
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Figure 3. Optimal irradiation power regression: (a) 0 < r ≤ 10 mm; (b) 10 < r ≤ 25 mm. 






Figure 3. Optimal irradiation power regression: (a) 0 < r ≤ 10 mm; (b) 10 < r ≤ 25 mm.



[image: Photonics 09 00576 g003]







[image: Photonics 09 00576 g004 550] 





Figure 4. Irradiation power and corresponding electricity output with different LED numbers. 
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Figure 5. Lens system design of 3 × 3 LEDs array OWPT: (a) view from side; (b) view from LED chip. 
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Figure 6. (a) View from the side of 3 × 3 LEDs array OWPT; (b) lens system; (c) experiment set up. 
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Figure 7. Irradiation spot at 1 m, (a) simulation; (b) experiment. 
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Figure 8. Thermal image and center temperature (temp.): (a) LED; (b) heat sink; (c) solar cell. 
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Figure 9. Relation between imaging lens aperture and the corresponding electricity output. 
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Table 1. Simulated irradiation power on 50 × 50 mm2 area solar cell (mW).
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r

	
10 mm

	
15 mm

	
20 mm

	
25 mm

	
30 mm

	
35 mm

	
40 mm

	
45 mm

	
50 mm




	
f

	






	
5 mm

	
49

	
53

	
54

	
55

	
53

	
48

	
42

	
35

	
28




	
10 mm

	
133

	
176

	
193

	
200

	
196

	
182

	
158

	
131

	
109




	
15 mm

	
n/a

	
305

	
357

	
390

	
395

	
371

	
324

	
273

	
227
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Table 2. Simulation (sim.) and experiment (exp.) results of 3 × 3 LEDs OWPT.
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	Lens System

Efficiency
	Irradiation Spot (mm2)
	Surface Irradiation (W)
	Electricity Output (W)





	sim.
	39.7%
	63 × 67
	3.98
	n/a



	exp.
	34.8%
	76 × 80
	2.65
	1.04
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