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Abstract: In this paper, we propose a novel technique to design flat Fresnel lens to achieve big concentration ratio, high 

uniform irradiance distribution while keeping F-number small using both refraction and total internal reflection (TIR) 

phenomena. Also, this method can be used to design concentrated photovoltaic (CPV) system without secondary optics lens 

(SOE). In this technique, Fresnel lens is constructed by many prisms, which are built by ideal Cartesian oval. The design 

process of Fresnel lens was performed using Matlab program. Ray tracing technique has been used to optimize the structure of 

lens using LightTools
TM

 software. The simulation results have been shown that Fresnel lens has a good optical property such 

asconcentration ratio is 2500x, F-number =0.4, and high uniform irradiance distribution. 
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1. Introduction 

Nowadays, the advantages of photovoltaic technology 

help improve efficiency of solar cell significantly. The 

conversion efficiency of solar cell with GaInP/GaInAs/Ge 

multi-junction structure can be reached to 42% [1, 2]. 

However, the high cost of multi-junction cells leads to high 

price of solar systems. An effective way to reduce cost is to 

cut down the amount of required cell area while still 

increasing the cell efficiency by using concentrated 

photovoltaic system (CPV) [2, 3]. 

Using CPV systems is a good promising option to reduce 

cost and increase application ability in reality of photovoltaic 

systems. However, almost CPV systems still have some 

challenges such as non-uniform irradiance distribution, 

creating hot spot point over cell surface. Non-uniform 

irradiance and hot spot point degrade the reliability, the 

conversion efficiency, and life time of solar cell [1]. To solve 

these problems, CPV has been constructed with two lenses 

[4, 5]. The first lens is Fresnel lens [6, 7, 8] which 

concentrates sunlight to a point onto second lens (SOE). The 

second lens which is close to cell surface has been used to re-

distribute sunlight uniformly over solar cell surface, which 

makes the design process become more complex [9]. To 

overcome this problem, there have been some efforts to 

design CPV system without second lens [1], [10]. However, 

these methods still have some limits in terms of increasing 

concentration ratio. 

The uniformity and concentration ratio are two crucial 

parameters in designing Fresnel lens for CPV system in two 

reasons. First, the high uniformity of concentrated beam can 

increase conversion efficiency in multi-junction solar cell 

[11]. Second, the cost of solar system can be reduced if CPV 

with high concentration ratio is used. In this paper, we 

propose a novel idea to design CPV system with uniform 

irradiance distribution using flat Fresnel lens without SOE. 

We also propound a new technique to increase concentration 

ratio of CPV while keeping F-number small. The Fresnel lens 

shape can be built in 3D by using Solid Works and 

LightTools
TM

 software. The optical performances of the 

designed Fresnel lens are simulated by using the non-

sequential ray tracing software, LightTools
TM

. An optimized 

structure is designed by modulating the geometric parameters 

of the Fresnel lens. The concentration ratio of 2500x, F-

number of 0.4, and high uniformity were achieved in the 

optimized design of Fresnel lens. 
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2. Basic Ideas 

The optics systems applied to CPV require large area, light 

weight, mass production, and low image quality to reduce 

cost of photovoltaic systems. So, Fresnel lens is a best choice 

and it has been used widely in CPV. Typical structure of 

Fresnel lens consists of series of concentric grooves which 

act as individual refracting surfaces, bending parallel light 

rays to a common focal point. Figure 1(a) shows a traditional 

Fresnel lens. By the nature of optical property of 

conventional Fresnel lens, irregular illumination on solar cell 

is non-uniform, which produces a local hot point on cell 

surface. At that hot point, the temperature is so high that it 

affected Ohmic contact, which degraded conversion 

efficiency and life time of solar cell significantly. The 

decrease of conversion efficiency due to non-uniform 

irradiance can be compensated partly by using unique 

structure solar cell. That is achieved by connecting solar cell 

units in serially to match the voltage level at each sub region. 

Then these sub regions with equal voltage level are 

connected in parallel to collect the electric current from the 

cell assembly [10]. However, that is not really a fundamental 

solution to solve these challenges of solar cell system. 

To overcome disadvantages of conventional Fresnel lens we 

propose a novel technique to design Fresnel lens. The basic 

idea of the Fresnel lens for the 2-D CPV system is depicted in 

Figure 1(b). Each groove of Fresnel lens focus bundle of 

parallel rays to focal point Png, then the bundle of light has 

been distributed over receiver with uniform irradiance. 

In our design, the process consists of four steps described 

as follows. That is shown in Figure 1(b). 

� Step 1: The light which comes to extreme left position 

of groove Ps will be refracted and directed to the 

extreme right position of receiver. 

� Step 2: The light which comes to extreme right position 

of groove Pn will be refracted and directed to the 

extreme left position of receiver. 

� Step 3: The light at Pn and Ps position will be focused at 

Png which is in-between lens and receiver. The rest of 

bundle rays coming to groove between Pn and Ps will be 

refracted and directed to Png, then distributed uniformly 

over receiver. 

� Step 4: The same procedure is repeated for every 

groove. One discontinuity in the normal of exit surface 

at Ps and Pn is necessary. That helps lens shape becomes 

continuous. 

Every bundle of rays coming to groove will be distributed 

over cell surface with uniform irradiance; therefore, light 

coming to Fresnel lens will be distributed uniformly over cell 

surface. 

The advantage of this design is that we can distribute light 

uniformly over the receiver with any size. However, there is 

a challenge of finding out Png position accurately. If the 

position of Png is not accurate then distribution irradiance will 

not be uniform over the receiver. Some different positions of 

Png and irradiance distributions are shown respectively in 

Figure 2. 

Fortunately, we can overcome the challenge of finding Png 

position by using computer programming. Nowadays, 

computer technology has been developed powerfully. 

Computer and computation program can solve millions of 

calculations per second. Thus, finding the position of Png 

accurately is not impossible. More accurate position of Png 

requires more time. The schematic of algorithm of designing 

the lens and finding Png position is shown in figure 3. 

Every groove of lens needs two surfaces to distribute light 

uniformly over receiver. First is entry surface which is 

perpendicular with bundle of parallel rays and second is exit 

surface which is a Cartesian oval surface. The light coming to 

entry surface will exit at exit surface and become focused at 

Png position. Every light must have the same optical path 

length (OPL) satisfying following equation. 

1 2 2 3 3 ...

...

′ ′= × + = × + =
′ ′= × + = × + =m m end end

a n a a n a a

n a a n a a OPL
            (1) 

Where n is refractive index. a and a’ are path lengths of a 

ray in medium (Figure 4). From equation (1) we can 

calculate the small pieces of exit surface. These small pieces 

correspond to Cartesian ovals (see Figure 5 (a)), and in this 

way, we can build whole flat Fresnel lens. 

 

(a) 

 

(b) 

Figure 1. The difference between a) Conventional Fresnel lens [12] and b) 

Newly designed Fresnel lens. 
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Figure 2. Some different positions of Png and distribution irradiance over receiver: a) irradiance distribution shifted to left of receiver, b) irradiance 

distribution shifted to both sides of receiver, c) irradiance distribution shifted to right of receiver, d) irradiance distribution is exactly over receiver. 

 

Figure 3. Flow chart of optimum lens calculation. 
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Figure 4. Optical path length of ray in groove. 

 

 

Figure 5. Shape and feature of flat Fresnel lens. a) Lens shape, Png position, and exit surface as Cartesian oval in 2-D. b) Circular Fresnel lens in 3-D. c) The 

two components (Nx, Ny) of the normal vector of the exit surface. d) Square Fresnel lens shape, Png position in 3-D. 
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After design process, flat Fresnel lens has a shape as 

shown in Figure 5 (a). The flat Fresnel lens has been 

designed with large groove to show the profile clearly. Figure 

5 (a) also shows exit surface shape of Cartesian oval and Png 

positions. In addition, the normal vector of Cartesian changed 

through exit surface and it can be calculated by two 

component Nx (follow x direction) and Ny (follow y 

direction). Figure 5 (c) shown the volume of Cartesian 

normal vector with two components Nx and Ny. In this design 

method, the discontinuity of normal vector at each groove 

edge is needed for the shape of lens continuity. Moreover, the 

lens with square or circle shape in 3-D can be built by using 

Solidworks and LightTools
TM

 software and was shown in 

Figure 5 (b) and (d). 

3. Increasing Dimension of Lens, Loss 

Problem, and a Solution 

Lens designers are intending to increase concentration 

ratio as big as possible while keeping F-number small. In this 

part, we introduce a new technique to increase concentration 

ratio and decrease the optics loss. 

In our design, the exit surfaces of lens are Cartesian ovals. 

Dimension of flat Fresnel lens will be increased until total 

internal reflection (TIR) appears. That is shown in Figure 6. 

If the TIR happens, the bundle of parallel rays remains inside 

the lens and will not reach to the receiver. 

TIR phenomenon is really a challenge to increase 

dimension of Fresnel lens. Fortunately, we can solve this 

problem by changing the shape of groove in Fresnel lens. 

Some techniques have been used to avoid TIR inside the lens 

[4], [13]. In [4], exit surface consists of two tilt surfaces 

where total internal reflection happens. This design, the loss 

appears at extreme right position of exit surface which shown 

in Figure 7 (a). In [13], whereas, the TIR repeats two times at 

output surface, however, this leads to the calculation become 

more complex. To decrease loss and increase dimension of 

Fresnel lens, we propose a new technique in the design of 

lens as shown in Figure 7(b). 

In this design, the groove of Fresnel lens consists of flat 

surface S1 and Cartesian oval surface S2. The bundle of 

parallel rays will be reflected (TIR) at S1 surface, and 

become refracted at S2 surface, then the rays will be focused 

on Png position and distributed over the receiver (see Figure 7 

(b)). 

Figure 8 shows some grooves designed by using TIR 

phenomenon. If the tilting angle of S1 surface is α = 45
0
, the 

TIR ray will be refracted 90 degrees. In this design, S2 

surface is too close to S1 surface of next groove (Figure 8). 

Therefore, the bundle of rays exit from S2 surface will be 

refracted again at S1 surface of next groove, which makes the 

rays not reach to the receiver. 

 

Figure 6. Total internal reflection appears at positions indicated. 

                          

(a)                                                                                                                                (b) 

Figure 7. Schematic of groove design using TIR a) Conventional groove [4] and b) our groove design (the picture is not scale). 
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Figure 8. The grooves of flat Fresnel lens have been designed with the tilt of S1 surface is α = 450. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 9. Groove shape (exit surface) of Fresnel lens with different tilt angles of S1 surface a) α = 45°b) α = 50° c) α = 55° d) α = 60°. 

 

Figure 10. The way of light inside Fresnel lens with tilt angles of S1 surface α = 55°. 

Consequently, the tilt of S1 surface has been investigated 

to decrease optics loss at loss area (see Figure 8). Figure 9 

shows the tilt of S1 surface at different angles (α = 45°, 50°, 

55°, 60°). Fresnel lens with tilt angle S1 α = 55° is the least 

loss comparing with the rest because of two reasons. First 

reason: distance t (see figure 10) is big enough for the rays to 

exit from S2 surface and come to receiver without being 

refracted at S1 surface of next groove. Second reason: S2 

surface is tilted forward to the right direction, as a result, 

there is no rays to be internally reflected at S2 surface. 

However, there still exits loss at the tip of groove. The 

lights coming from the upper position of S2 surface of the 

groove were interrupted by the surface (S1) of next groove 

(see Figure 11(a)). We can decrease optics loss more by 
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changing the sharp of groove. The tip of groove has been cut 

(see Figures 11(b) and (d)). That helps the light come to the 

receiver easier. 

In brief, we introduced a new technique to increase 

dimension of Fresnel lens and decrease optics loss in the 

design process by using TIR. 

 

(a) 

 

(b) 

Figure 11. The shape of groove a) the sharp groove and ray tracing, b) the 

cutting groove and ray tracing. 

4. Performance and Discussion 

In our design, the flat Fresnel lens has diameter L=50cm. It 

concentrates and distributes light over receiver with diameter 

l=1cm, 2cm, and 3cm, alternately. With the definition of the 

geometrical concentration C=(L/l)
2
, the concentration ratios 

becomes 2500x, 1100x, and 625x sun, alternately. The 

irradiance distributions at the cell lens are estimated to be 

high uniform. Lens has height 20cm and F-number 0.4 

(height / diameter of lens). 

Simulated process was performed by LightTools
TM

 

software. Simulation parameters are following: power of 

light source is 2000Watt, the number of rays viewed in ray 

tracing program is 400. In addition, the ray tracing technique 

has been used to characterize lens’ performance. 

Figure 12 shows the race tracing results of flat Fresnel 

lens. Figure 12 (a) is the result without TIR based design of 

groove.In this structure, the diameter of effective area of 

Fresnel lens where the light becomes concentrated at the 

receiver is just only 28cm. Figure 12 (b) shows the result 

with TIR based design of groove. The diameter of lens 

becomes increased to 50cm, which means the whole lens 

contributes to the concentration of light perfectly. 

Figure 13 shows the way of rays exits from flat Fresnel 

lens. At outer areas, the light exits the lens at right side of 

groove (S2 surface) while the light exits the lens at left side 

of groove at inner areas (S1 surface). This is because we used 

refracting phenomenon to design inner groove, whereas we 

used total internal reflecting phenomenon to design outer 

groove of lens (told in third part). The interface between 

inner and outer area can be estimated by solving 

mathematics. Refracted angle will be increased if radius of 

lens increases. When it reaches 90°, the total internal 

reflection appears then the position of interface will be 

determined. The inner area has been limited by TIR, whereas 

the size of outer doesn’t have a limit clearly. The limit of 

outer area depends on designer and efficiency of optical loss. 

The simulation process help designer decide how big lens 

should be. 
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Figure 12. The flat Fresnel lens a) not using TIR and b) using TIR to design groove. 

 

Figure 13. The ray tracing of a) outer and inner areas of flat Fresnel lens and b) whole lens. 

 
Figure 14. The flat Fresnel lens in 3-D after finishing design process. 

 

Figure 15. Distribution of irradiance over the receiver: a) conventional Fresnel lens and b) our designed Fresnel lens. 

Figure 14 shows the flat Fresnel lens shape in 3-D. Lens 
shape consists of two parts: inner and outer areas. Inner area 
designed by using refraction phenomenon has been 

constructed by some smaller grooves. Meanwhile, outer area 
designed by using TIR has been constructed by some bigger 
grooves. 
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Furthermore, we have investigated the uniformity of 

irradiance distribution over receiver by using simulation in 

LightTools
TM

. The Fresnel lens collects sun light and 

distributes it over the receiver which has diameter 3mm. The 

uniformity has been described in Figure 15 (b). In this 

figure,the irradiance distribution over the receiver in our 

designed Fresnel lens is shown. It is quite uniform. There is 

no any hot spot over the receiver area, whereas, the 

conventional Fresnel lens has a hot spot in the center of lens. 

5. Conclusions 

A novel technique to design flat Fresnel lens for CPV 

system was presented to increase the concentration ratio, 

reduce optical loss, and improve uniformity of irradiance 

distribution over receiver. The simulation results have been 

identified that using our method to design Fresnel lens the 

concentration ratio can achieve 2500x while F-number 

keeping small (F-number=0.4). In addition, we can use this 

technique to design CPV system without SOE. Also, Fresnel 

lens designed by our technique collects and distributes 

uniform sunlight over receiver with any size. All these factors 

will be helpful to enhance the performance of CPV and 

reduce the cost of solar systemsof multi-junction solar cells. 
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