
Semiconductor Physics, Quantum Electronics & Optoelectronics, 2025. V. 28, No 2. P. 183-193. 

© V. Lashkaryov Institute of Semiconductor Physics of the NAS of Ukraine, 2025 

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2025 

183 

Optics 
 

Plane-focusing Fresnel lenses for oblique incidence of light beams 

E.E. Antonov
1
, V.S. Lysenko

2
, D.Yu. Manko

1
, I.A. Martynyuk

1
, V.V. Petrov

1
, V.N. Zenin

1 

1
Institute for Information Recording, NAS of Ukraine, 2 Shpak Street, 03113 Kyiv, Ukraine 

2
V. Lashkaryov

 
Institute of Semiconductor Physics, NAS of Ukraine, 

41 Nauky Avenue, 03028 Kyiv, Ukraine 

Corresponding author e-mail: antv1947@gmail.com; lysenko.v@nas.gov.ua 

Abstract. An algorithm for simulating parameters of microprismatic plane-focusing 

Fresnel lenses is proposed. An appropriate technology of manufacturing such lenses is 

developed. Such specialized lenses are more efficient for concentrating sunlight in 

photovoltaic modules of solar energetics compared to the traditional point-focusing Fresnel 

lenses. Plane-focusing optics is also useful for optical control systems with four-plane 

photodetectors for automatic moving objects tracking. This optics is typically used at 

normal light incidence onto photosensitive surfaces. However, lens focusing characteristics 

for oblique light incidence are different from the ones for normal incidence case. In this 

paper, the focusing characteristics of such lenses are obtained for oblique light incidence 

onto a registering surface. Specialized plane-focusing microprismatic lenses fabricated 

according to our simulation results are experimentally investigated using a collimated laser 

beam and computer modeling for the case of oblique light incidence. 
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1. Introduction 

Currently, a new kind of Fresnel transforming lenses was 

proposed by our author’s team [1]. The main feature of 

such optics is the ability to form a round homogeneous 

light spot of a required diameter at certain focal distance 

in the focal plane for passed light beams. This focusing 

characteristic greatly differs from the one for traditional 

point-focusing plane Fresnel lenses, which form point 

image of the light source in the focal plane. 

Our plane-focusing lenses are very effective in 

modern photovoltaic (HCPV) modules, functioning with 

high-concentrated sunlight [2]. Here, microprismatic 

Fresnel transforming lenses can totally diminish over-

heating of solar modules, caused by increased side 

currents and Ohmic losses between the HCPV cascades 

[3‒9]. Such problem exists at non-uniform irradiation 

distribution at the photovoltaic surface with traditional 

point-focusing Fresnel optics [10‒16]. The overheating 

process also decreases the electrical output of the 

module. However, all the problems related to the non-

uniform irradiation of the HCPV modules can be 

completely resolved by applying the new transforming 

Fresnel lenses, which create a uniformly illuminated  

light circle in the lens focal plane, for concentrating 

sunlight [1]. 

The other important application of the plane-

focusing optics are optical systems with four-plane 

photodetectors, which are used for automatic tracking of 

moving objects [17]. Our new transforming optics can 

replace a traditional pair of “diffuser‒focusing lens” 

optical elements in such systems. At the first stage of 

object tracking, it is necessary to scan the space with a 

wide enough light beam and to evidence the very 

existence of such an object. For this, the light reflected 

from a moving object is focused by a specific lens system 

on a corresponding photodiode matrix to determine the 

direction to the object in a large enough direction-finding 

angle. At the next stage, plane-focusing optics [1, 2] is 

more convenient for accurate determining of the 

direction-finding characteristics of the object. This 

allows one to reduce the weight and dimensions of an 

optical module and thus increase the accuracy and 

reliability of moving objects monitoring. 

In the examples of application of plane-focusing 

optics discussed above, the passing light beams were 

incident normally onto the lens surface. However, 

sometimes, light falls at the transforming surface at 

certain non-zero angles. The lens focusing characteristics 

at oblique light incidence greatly differ from those for the 

normal incidence case. Therefore, the main aim of our 

paper is to investigate the properties of the created plane- 
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focusing Fresnel lenses for the case of oblique light 

incidence using a collimated laser beam and computer 

modeling. 

2. Fabrication of plane-focusing optics 

The details of the algorithm of creating plane-focusing 

lenses are presented in our previous papers [1, 2]. Such 

Fresnel lenses form a light circle of a required radius rV 

with an almost homogeneous illumination distribution in 

the focal plane. During simulation process, the following 

lens parameters were used: f is the lens focal distance; DL
 

is the light diameter of the lens; rV
 
is the outer radius of 

the homogeneous light spot in the focal plane; rj are the 

radii of the dark light zones in the focal plane, required 

for spot homogenization (j = 3…6); and n0 and n1
 
are the 

refractive indices of the medium and the material of the 

microprisms, respectively. The data for n1(λ) were taken 

from [18]. The following lens parameters should be 

obtained as a result of simulations: Rk are the radii of the 

lens annular prismatic zones (k = 1, 2, 3,…, N); ΔRk is 

the width of each refractive k-zone of the lens; γk is the 

observation angle of the k-zone from the focus F; αk are 

the prism refractive angles; and hk is the relief depth for 

each k-zone, respectively. 

The updated schemes of light refraction for the 

above lens and for a plastic matrix prototype of this lens 

are described in [19, 20]. Obviously, metal matrices for 

lens replication should have a prismatic relief reversed to 

the one of the lenses. 

For investigating the oblique light incidence case, a 

set of plane-focusing lenses-originals were individually 

fabricated from optical polycarbonate by diamond micro-

cutting according to the simulated geometrical 

parameters of lenses [19]. Multiple lens samples were 

also manufactured by thermo-pressing method [20] using 

special stamp-matrixes. The matrices were formed by 

individual diamond micro-cutting [21] of round blanks 

made from special aluminum alloy W-95. 

A typical simulated structure of a lens relief is 

shown in Fig. 1 for the lens #05c2, with f =
 
41 mm  

 

 

 

Fig. 1. Microrelief structure of the lens # 05с2 with the focus 

f = 41 mm, which forms a light circle with the radius 

rV = 7.0 mm. 

for the wavelength λ = 1.064 μm (n1 = 1.564), and  

DL = 50 mm. This lens forms a homogeneous light spot 

of the radius rV
 
=

 
7.0 mm in the focal plane. It has 4 pris-

matic zones, as simulated according to the focusing 

optimization scheme FO: 04(1)-1.5(1)-3.1(1)-5.0(1) [1]. 

Each of the k-zones mentioned above is formed by  

6, 9, 9 and 5 separate similar microprisms, respectively, 

the prism angle αk and the relief depth hk being the same. 

Such multiprismatic scheme is used to diminish pitch of 

the refractive zone ΔRkc for each k-zone to the length  

Ap ≈ 1.6 mm, which is the standard one for the working 

cutting edge of an evaluable diamond tool [17]. 

A diamond instrument is used at our Institute to form 

the lenses-originals and the metal stamp-matrices, which 

are used at the next fabrication step for manufacturing 

multiple copies of necessary lenses from optical plastics. 

2.1. Technology of diamond microcutting 

The technique of diamond microcutting is now a well-

established optical production technology used for 

formation of any lenses [22, 23]. It allows fabrication of 

lenses with exceptional geometrical accuracy and mirror-

like surfaces. This method makes it possible to obtain 

high accuracy of the geometric parameters of the lens 

microstructure and to achieve the high cleanliness of the 

working refraction surfaces. For this, high performance 

of the diamond tool being used must be achieved. To 

form a cutting tool with required dimensions, it is 

necessary to achieve high precision of alignment of the 

cutting edges and to ensure precise mutual position of the 

edges of a cutting part of the tool. In this case, individual 

geometry of the cutting part of the diamond cutter is 

shaped based on the calculated geometric parameters of 

the microstructure of a circular Fresnel lens. 

In the metal body of the cutter, a diamond pyramid 

with the cutting angle αp is positioned in such a way that 

its front face BAD is inclined at an angle γ relative to the 

body central axis AO, so that the front face of the 

diamond pyramid ABED is inclined at the angle γ with 

respect to the cutter body (Fig. 2). In view of the 

technological requirements, this inclination angle is  
 

 

 

Fig. 2. Working part of a diamond cutter with the cutting angle 

αp and inclination angle γ. 
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typically set to γ = 24 deg. If the cutter is turned around 

the axis AO in such a way that its front face BAD is 

located on the top in horizontal position, then this view 

will correspond to the position of the cutter on the cutting 

machine [19]. 

The requirements for the geometry of the cutting 

part of diamond cutter are as follows: (1) the angle of the 

tip of the cutter αр should be smaller than the angle of the 

groove of the lens with the minimum angle αk min: 

αр < (90 ‒ αk min); (2) the length Ap of the cutting edge of 

the cutter (AB or AD in Fig. 2) must be greater than the 

width of the working surface ΔRk of the groove  

with the maximum inclined working surface: 

Ap > ΔRk
 
=

 
hk /sin αk max; (3) if possible, the inclination 

angle of the cutting edge βр between the face BAD and 

each of the faces DAE or BAE should be set to a value 

less than 90 degrees, but to the maximum possible one. 

This fact is related to the condition of tool wear 

resistance. The angle βр is usually defined during 

manufacturing the diamond tool and is set to the value 

βр = 83‒84 deg., measured for the inclination angle 

γ = 0 deg. 

To determine the angle of the tip of the cutter αp, a 

groove with the minimum relief angle (90 ‒ αk max) should 

be selected from all the previously calculated parameters 

of the lens grooves, and this value is then reduced by 2-

3 deg. The length of the cutting edge of the cutter Ap 

should be greater than the pitch of the groove with the 

maximum width ΔRk max
 
=

 
hk /sin αk max by 0.4‒0.6 mm. 

Usually, a diamond crystal with the defined angle at 

its tip αp and with the angle βр at its base for γ = 0 is 

provided. For calculating and forming the cutting edge 

inclination βp
*
 (the angles CDE and AFO in Fig. 2), it is 

possible to obtain from geometrical considerations the 

following expression for β1
*
, the inclination angle of 

the side face DAE to the front place BAD, for any value 

γ ≠ 0 deg.: 

     2tgtgcossinarctg1 p 
.   (1) 

The value of COF, required for positioning the 

tool in a special polishing machine for final treatment of 

the tool’s side faces, is equal to (180 ‒ β1
*
). Hence, the 

inclination angle β2
*
 of the side face DAF to the axis AO is 

        ,2tgtgcossinarctgcostgarctg

2

p

 

        (2) 

where the angle δ between the upper face of the cutter 

and its rear edge is equal to   pp  tg2tgarctg , 

where βр = BDE = DBE. 

Specific requirements are imposed for already 

calculated cutter parameters. During the process of 

turning the lens for forming the lens relief, the rear parts 

of the cutter must not touch the vertical non-working 

surfaces of the lens relief. If this requirement is not met, 

the geometry of the cutter must be corrected. 

Indeed, at some parameters of the microstructure of 

Fresnel lenses, such as radii Rk, depths hk and inclination 

angles αk of the working surfaces, as well as the 

parameters of the cutting part of the diamond cutter 

including the angle of the apex αр and the angle of the 

cutting edge βp, there is a possibility of a contact between 

the rear edge of the cutter and the edge of the groove 

formed by this cutter. To eliminate this effect, one should 

calculate the contact areas of the rear edge of the cutter at 

different values of the above-mentioned parameters of 

the grooves and the cutter angles. It can be obtained from 

geometrical considerations that the critical radius R
*
kk, for 

which the contact discussed above takes place, is equal to 

 
   .90290sintg2arctgcos

290costg





pk

pkkkk hR
   (3) 

We set the real values of the cutter parameters: the 

angle of the cutter tip αр = 50 deg. and the angle of the 

cutting edge βр = 84 deg. For this case, the back angle δ 

between the upper face of the cutter and its rear edge is 

equal to    .deg298.77tg2tgarctg  pp  From 

(3), a series of cutter contact lines Rkk for different relief 

depths hk depending on the angle of relief groove αk can 

be easily obtained. These data for Rkc are presented in 

Table 1. 

Changing the angle of the cutting edge by only one 

degree to βp = 83 deg. reduces the angle of the cutter 

back edge δ to the value δ = 73.529 deg., which 

significantly reduces the negative effect of touching the 

relief grooves by this back edge of the cutter, i.e. reduces 

the critical values of Rkc. The data similar to the ones 

given in Table 1 for δ = 77.298 deg., but for the angle 

δ = 73.529 deg., are given in Table 2. 

The dependences calculated by expression (3) at 

stated above cutter parameters is shown in Fig. 3 for 

βp = 84 deg. (solid lines) and βp = 83 deg. (dotted lines). 

In order to reduce the force of separating a fabri-

cated plastic lens from the metal stamp-matrix during 

thermo-pressing replication process, it is necessary to  

 

 

 
 
Fig. 3. Dependence of the critical radius Rkk on the prism angle 

αk for the relief depth hk: 1 ‒ 0.5 mm, 2 ‒ 0.4 mm, 3 ‒ 0.3 mm, 

4 ‒ 0.2 mm, and 5 ‒ 0.1 mm. Solid lines ‒ βp = 84 deg. dotted 
lines ‒ βp = 83 deg. 
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simulate and to form lateral non-working surfaces of the 

microprisms in the lens and in the matrix inclined by 

≈ 3 deg. [2]. For this aim, the spindle block of a 6P82 

type machine, used at the Institute for Information 

Recording, NAS of Ukraine for forming the circular 

microrelief, was modernized [2] to be able to be turned 

by an angle ± 5 deg. in order to form relief with a reverse 

angle of microprisms, which is different from zero value. 

A general view of the modernized spindle block of the 

6P82 type machine with a cutter and a cooling system 

during matrix manufacturing is shown in Fig. 4.  

 

 

 
 
Fig. 4. General view of the spindle block of the 6P82 type 
machine for forming circular microrelief with a diamond cutter 

and a cooling system. 

 

 

 

2.2. Method of thermo-pressing 

For manufacturing polymer plane-focusing lenses, in 

particular from polycarbonate, a special thermo-pressing 

system was used. The basis of this system was a 

hydraulic thermo-pressing unit, which consists of a 

hydraulic press with heating elements. The composition 

of the thermo-pressing system is as follows: (1) hydraulic 

pressing unit; (2) heating system; (3) cooling system; and 

(4) control scheme for thermo-pressing system.  

The hydraulic pressing unit provides the necessary 

force. Setting the pressure within 0.5–5.0 kg/cm
2
, the 

total pressing force to the stamp-matrix can be set within 

100–1000 kg. 

The lower heating element consists of a metal 

housing, in which a 700 W electric heater is installed, 

and channels for coolant flow. The required temperature 

of the lower heating element is set and regulated using a 

2ТРМ1-1 device. The maximum temperature value that 

can be set is 250 °C. 

The lower heating element is fixed to the bed of the 

pneumatic press installed on adjustable metal supports, 

with which parallelism of the lower heating element 

relative to the upper one is adjusted and a thermally 

insulating air gap is provided. 

The upper heating element consists of a housing, in 

which three electric heaters with a total power of 600 W 

are installed. It is intended for additional heating of the 

polymer blank of the lens and ensuring proper 

temperature regime of thermo-pressing. 

 

   Table 1. Critical radius Rkk as a function of αk for several values of hk: αp = 50 deg., βp = 84 deg., δ = 77.298 deg. 

 

hk , mm 
Microprism angle αk, degrees 

2 10 15 20 25 30 35 40 

0.5 12.650 10.830 10.290 10.100 10.210 10.650 11.510 12.960 

0.4 10.120 8.660 8.230 8.080 8.170 8.520 9.210 10.370 

0.3 7.590 6.498 6.174 6.060 6.126 6.390 6.906 7.776 

0.2 5.060 4.332 4.116 4.040 4.084 4.260 4.604 5.184 

0.1 2.530 2.166 2.058 2.020 2.042 2.130 2.302 2.592 
 

 

   Table 2. Critical radius Rkk as a function of αk for several values of hk: αp = 50 deg., βp = 83 deg., δ = 73.529 deg. 

 

hk , mm 
Microprism angle αk, degrees 

2 10 15 20 25 30 35 40 

0.5 9.6436 7.7149 5.7861 3.8574 1.9287 9.6436 7.7149 5.7861 

0.4 8.2582 6.6019 4.9537 3.3025 1.6512 8.2582 6.6019 4.9
37 

0.3 7.8445 6.2741 4.7067 3.1378 1.5689 7.8445 6.2741 4.7067 

0.2 7.6996 6.1597 4.6198 3.0799 1.5399 7.6996 6.1597 4.6198 

0.1 7.7835 6.2283 4.6701 3.1134 1.5567 7.7835 6.2283 4.6701 
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The required temperature of the upper heating 

element is set and regulated using the 2ТРМ1-2 device, 

the maximum temperature value of the upper element is 

200 °C. 

Development of a technological mode of thermo-

pressing consists in determining operating temperatures 

of the lower and upper heating elements and the pressure 

force of the hydraulic press. For polycarbonate, which is 

an optical structural material, the operating parameters of 

thermo-pressing process are experimentally determined 

as follows: 

 – pressure force of the hydraulic press of 600 kg;  

– heating temperature of the upper heating element 

TU = 100 °C; 

 – heating temperature of the lower heating element 

TL = 200 °C; 

 – cooling temperature of the lower element TC = 

40 °C.  

At such parameters, the duration of a thermo-

pressing cycle is ~7.0‒8.0 min. 

Using thermo-pressing method, we have 

manufactured multiple copies of plane-focusing lenses 

from optical polycarbonate with metal matrixes, made 

from alumina alloy W-95. A general image of an 

appropriate matrix #05c2m, formed by diamond 

microcutting according to our simulation data (illustrated 

in Fig. 1) is shown in Fig. 5a. The lens #05c2m-#02, 

manufactured by thermo-pressing method with this 

matrix, is illustrated in Fig. 5b. 

The obtained focal distribution of a passed 

collimated laser beam [17] for this lens for the 

observation distances L = 40‒42 mm is shown in Fig. 6. 

It can be seen from this figure that the distribution is 

practically flat; there is a very slight dependence of the 

light intensity on the L-value. The width of the profiles  

corresponds well to our simulation data for the diameter 

DV of the focal light spot, which is shown by dotted lines 

in Fig. 6 and corresponds to the value DV = 14 mm. All 

the profiles of the focal spots were obtained with an 

Image J 1.53 software [24]. 

 

Hence, this lens #05c2m-#02 is one of the optimal 

devices for automatic control systems equipped with 

registering photodetectors and having a sensitive area 

with the diameter DD = 14.0 mm and functioning in 

infrared spectral range. 

 

 

(a) 

 

 

(b) 

 
Fig. 5. General view of the manufactured metal matrix #05c2m 

(a) and corresponding lens #05c2m-#02 (b) having the light 

diameter DL = 50 mm, focal length f = 41 mm and radius 

rV = 7.0 mm. 

 

 

 

   
(a) (b) (c) 

Fig. 6. Focal light distribution for the lens #05c2-#02 (focus f = 41 mm, radius rV = 7.0 mm) for the observation distances 
L = 40 mm (a), 41 mm (b) and 42 mm (c). 
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3. Experimental investigation of plane-focusing optics 

for oblique light incidence 

The main feature of the transmitted light beams falling 

obliquely on the microprismatic structure is significant 

deformation of the focal light spot. Another peculiarity is 

the displacement of the light spot in the direction 

opposite to the inclination direction of the light beams. 

The above effect becomes more noticeable as the focal 

length of the lens increases. This fact is illustrated in 

Fig. 7, where the illumination distributions in the focal 

plane for the lens #05c1 having the focus f = 41 mm (a) 

and for the lens #19 with f = 25 mm (b), for nominal 

observation distances L = 41 mm (a) and L = 25 mm (b) 

are shown. The radii of the focal light spot for both 

lenses are the same and equal to rV = 4.5 mm, which is 

shown by a larger circle in all the images.  

The effect of focal spot deformation is not essential 

for concentrator photoelectric modules in solar 

energetics, since such concentrators are always equipped 

with a Sun tracking system to achieve the maximum 

efficiency of converting solar energy into electricity. 
 

 

 

However, for automatic control systems functioning with 

direction finding (DF) characteristics [17], the focal spot 

displacement when the lens is moving in the angular 

space, is very important, because this fact reduces a 

possible maximum tracking angle of the moving object. 

To obtain the optimal DF-characteristics, i.e. the 

linear characteristics with the maximum bearing angle 

φmax, it is necessary to coordinate the size of the focal 

light spot with the diameter DD of the sensitive surface of 

a photodetector. Enlarging of the spot diameter DV at 

reducing the observation distance L is illustrated in Fig. 8 

for the lens-original #05c1 having the nominal spot 

diameter DV = 9.0 mm for L = 41 mm. The diameter 

DD = 14 mm is shown here by a circle. For the distance 

L = 37 mm, the diameter of the focal light spot DV 

practically coincides with the diameter of the sensitive 

surface of photodetector DD. This is useful for obtaining 

the linear DF-characteristics [17]. Note, that linearity is a 

necessary condition for adequate functioning of any 

automatic control system for object tracking. 

When obtaining the real direction finding 

characteristics, the above diameter enlarging and the  

 

 

Fig. 7. Focal light spots for the lens #05c1 with the focus f = 41 mm and for the lens #19 with the focus f = 25 mm at the inclination 

angles φ = 0, 5, 10 and 15 deg. for nominal observation distances L = 41 mm (a) and L = 25 mm (b). The radius of the focal light spot 

rV = 4.5 mm. 

 

 
 (a) (b) (c) (d) (e) (f)  

Fig. 8. Focal light spot DV as a function of L-value for the lens #05c1: a ‒ L = 31 mm, b ‒ 33 mm, c ‒ 35 mm, d ‒ 37 mm, e ‒ 39 mm, 

and f ‒ 41 mm. Circles ‒ DD = 14 mm. 
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deformation of a homogeneous circular focal light spot 

affect the theoretical shape [17] of the DF-characteristics. 

The obtained DF-characteristics of the microprismatic 

lens #08 with the focus f = 41 mm and the focal light spot 

radius rV = 4.5 mm are shown in Fig. 9a. For the nominal 

observation distance L = 41 mm, the maximum bearing 

angle φmax is ~ 4.5 deg. for the linear “intensity-angle” 

zone, being just the working one. Decrease in the L-value 

increases the angle φmax up to the value of ~
 
8.5 deg. for 

L = 33 mm, but the DF-characteristics are distorted for 

small angles φ < 4.0 deg. 

The DF-characteristics for the lens #05c3-orig with 

the same focal length f = 41 mm but enlarged focal spot 

radius rV = 7.0 mm, made individually by diamond 

microcutting, are shown in Fig. 9b. For the nominal 

distance L = 41 mm, the maximum bearing angle is 

slightly enlarged to φmax ~ 6.0 deg. in the linear zone. For 

the smaller observation distance L = 33 mm, the focal 

spot diameter DV markedly exceeds the diameter of the 

used PD14M type photodetector, DD = 14 mm, so that 

the bearing angle increases to φmax = 10.0 deg. In this 

case, however, the DF-characteristics start from the 

negative light intensities and therefore are not suitable for 

proper functioning of any control system. 

 

 

 

 

Note that larger as compared to DV = DD = 14 mm 

focal light spot for the lens #08 (Fig. 9a, curve L = 37) 

results in practically the same DF-characteristic with the 

one for the lens #05c3-orig (Fig. 9b, curve L = 41). It 

means that the main parameter shaping the DF-cha-

racteristic is the diameter of the light spot moving across 

the sensitive surface of the four-plane photodetector. 

For the lens #15c1m-#05, which forms a light circle 

with rV = 4.5 mm but has the focal length f = 20 mm, 

similar DF-dependences are shown in Fig. 9c. For L = 

18 mm, the diameter of the light spot DV coincides with 

the diameter of the sensitive surface of the photodetector, 

DD = 14 mm. An almost linear characteristic is formed in 

the region of bearing angles up to φ ≈ ±8.5 deg. With 

further decrease in the observation distance to L = 

15‒17 mm, the diameter DV begins to exceed the value of 

DD, and the DF-characteristics for small bearing angles 

φ < ±2.0 deg. begin to start from negative intensities. 

However, for L = 15 mm, the maximum bearing angle 

increases to φmax ≈ ±12.0 deg., which is useful for 

monitoring moving objects. Comparing data similar to 

those shown in Fig. 9 makes it obvious that lower focal 

distances f lead to larger maximum bearing angles φmax in 

the linear zone of the DF-characteristics. 

 

 

   
(a) (b) (c) 

Fig. 9. A number of direction-finding characteristics: a ‒ for the lens #08 with the focus f = 41 mm and rV = 4.5 mm; b ‒ for the lens 

#05c3-orig with f = 41 mm and rV = 7.0 mm; c ‒ for the lens #15c1m-#05 with f = 20 mm and rV = 4.5 mm. 

 
 (a) (b) (c) (d) (e)  

Fig. 10. Focal light spots for the lens #05c2m-#02 with f = 41 mm at different θ-values: a ‒ θ = 00 deg., b ‒ 03 deg., c ‒ 06 deg.,  

d ‒ 09 deg., and e ‒ 12 deg. The circles have the diameter DD = 16 mm. 
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(a) 

 

 
(b) 

Fig. 11. Focal light spots for the lens #30 with f = 40 mm and 
rV = 1.5 mm: (a) computer modeling results, (b) calculation data. 

 

 

Our experimental results show that changes in the 

intensity distribution for focal light spots and spot 

displacement from the center as a result of the lens 

turning in the light beam are the main reasons for the 

decrease in the maximum bearing angle φmax. Fig. 10 

illustrates these changes for the lens #05c2m-#2 at a 

number of turning angles θ; a circle corresponds to the 

diameter DD = 16 mm. The initial spot diameter 

DV = 7.0 mm and the distance L = 41 mm. This lens is 

made by thermo-pressing method with the stamp-matrix 

#05c2m formed by diamond microcutting technique. 

To investigate the intensity distribution in the 

deformed focal spots, computer modeling [25] was 

performed. A computer model of lenses was created by a 

simulation software SolidWorks-2020 [26], and beam 

tracing through the lens model at different incidence 

angles θ was carried out using TracePro [27]. 

 

 

As an example of beam transmission modeling, 

Fig. 11a illustrates a computer modulated profile of 

illumination distribution in the focal light spot for the 

lens #30, obtained from the simulated beam path through 

this lens. Fig. 11b shows the same profile created during 

the calculation of the lens parameters. Both profiles 

practically coincide. On the one hand, this fact indicates 

the high quality of the calculations of the lens 

geometrical parameters. On the other hand, it confirms 

sufficient accuracy of computer modeling for light beams 

passing through the lens. 

The scheme of computer modeling at oblique beam 

incidence for the lens #05c2 is shown in Fig. 12a. A 

typical focal image of a passed beam through this lens for 

the inclination angle θ = 05 deg. in horizontal direction is 

shown in Fig. 12b. Red lines are the passed beams having 

the intensity of 66‒99 %, blue lines are the reflected 

beams with the intensity of 0‒33 %. 

The obtained simulation data on focal light spot 

profiles for the lens #05c2 with rV = 7.0 mm are shown in 

Fig. 13 for horizontal inclination angles θ = 0‒15 deg. 

and nominal focus length f = 41 mm. For the angle 

θ = 0 deg., the simulation data are fully consistent with 

the calculated values for the light spot diameter 

DV = 14.0 mm. The homogeneity level of the focal 

intensity distribution also coincides with the calculated 

data. However, with the increase of the angle θ, the total 

intensity of the passed beams is transformed into a single 

maximum, which moves from the center to the periphery 

of the image. The direction of the image movement is the 

opposite to the direction of lens inclination. 

All the obtained factors influence the shape of the 

appropriate direction-finding characteristics, so that 

further investigations of this phenomenon are needed to 

increase possible maximum bearing angles φmax for 

moving objects. 

At this, the created lenses can be effectively used in 

solar concentration modules [2]. The computational and 

experimental data have confirmed that the best way to 

focus solar radiation beams on the sensitive surfaces of 

photodetector matrices is to use transforming plane- 

 

 

   (a)    (b) 

Fig. 12. Scheme of computer modeling of a beam tracing through the model #05c2 lens for the angle θ = 15 deg. (a) and image of 

the focal spot for horizontal inclination θ = 05 deg. (b). 
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focusing lenses-concentrators that create a uniformly 

illuminated light circle in the focal plane. Such lenses are 

effective for constructing solar concentration modules 

with minimal thermal and Ohmic losses. 

4. Conclusions 

A simulation algorithm for creating plane-focusing 

microprismatic lenses, transforming refracted light beams 

into a uniformly illuminated light circle in the lens focal 

plane, and for forming stamp-matrixes for lens 

replication was developed. Calculations were performed 

to obtain the geometrical parameters of the lenses. These 

parameters are adopted for lens mass manufacturing by 

thermo-pressing method. 

According to the simulation results, the samples of 

specialized lens concentrators were manufactured from 

the optical polycarbonate by individual diamond micro-

cutting technique and by thermo-pressing method with 

the created stamp-matrixes. The experimental study of 

the optical and lighting characteristics of these samples 

showed full compliance of the experimental data with the 

theoretical characteristics. 

The focusing characteristics of the created lenses 

were investigated for the case of oblique light beam 

incidence onto the refractive surface of the lenses. 

Collimated light beams as well as computer modeling 

were used. The computational and experimental data 

confirmed that the focal light spot is markedly deformed 

even at small angles of inclination of beams of 5 to 

10 deg. This effect enhances with increase of the lens 

focal length. The position of the maximum intensity of 

beams also moves from the center to the periphery of the 

image with the increase of the inclination angle in the 

direction opposite to the slope of the incident light 

beams. 

 

 

 
For obtaining linear direction-finding characteristics 

of objects at the maximum bearing angle φmax, the size of 

the focal light spot DV should be coordinated with the 

diameter DD of the sensitive surface of a used four-plane-

photodetector. It is possible now to achieve the 

maximum value φmax
 
≈±

 
12 deg. with evaluable plane-

focusing lenses with the focus f = 15‒20 mm. 

The proposed specialized plane-focusing lenses-

concentrators can be effectively used in solar concen-

tration modules equipped with solar direction tracking 

systems, for diminishing Ohmic currents and thermal 

losses of photocells. The lenses for automatic control 

systems functioning with four-plane photodetectors should 

be additionally investigated for the case of oblique light 

incidence for specifying focusing characteristics of these 

lenses for the purpose of angular expansion of appro-

priate direction-finding characteristics of moving objects. 
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Плоско-фокусувальні Френелівські лінзи при нахиленому падінні світлових променів 

E.E. Антонов, В.С. Лисенко, Д.Ю. Манько, І.О. Мартинюк, В.В. Петров, В.Н. Зенін 

Анотація. Запропоновано алгоритм моделювання параметрів мікропризмових плоско-фокусувальних лінз 
Френеля. Розроблено відповідну технологію їх виготовлення. Такі спеціалізовані лінзи є більш ефективними у 

фотоелектричних модулях сонячної енергетики для концентрації світла у порівнянні з традиційними 
точковими лінзами Френеля. Плоско-фокусувальна оптика корисна також в оптичних системах управління з 
чотириплощинними фотодетекторами для автоматичного відстеження рухомих об’єктів. Зазначена оптика 

зазвичай використовується при нормальному падінні світла на світлочутливі поверхні. Однак фокусувальні 
характеристики лінз для випадку похилого падіння світла відрізняються від характеристик для нормального 
падіння. У роботі отримано фокусувальні характеристики плоско-фокусувальних лінз для похилого падіння 
світла на реєструючу поверхню. Спеціалізовані плоско-фокусувальні мікропризмові лінзи, виготовлені за 

результатами нашого моделювання, експериментально досліджено за допомогою колімованого лазерного 
випромінювання та методами комп’ютерного моделювання для випадку похилого падіння світла. 
 

Ключові слова: мікропризматичні плоско-фокусувальні лінзи, алгоритм моделювання, похиле падіння світла, 
комп’ютерне моделювання. 
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