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Abstract. One of the features of an intelligent transport system is the formation 

of communication channels between vehicles. Vehicle-to-vehicle communica-

tion will help reduce the number of road accidents. Li-Fi technology is considered 

as a method for communication. Li-Fi uses visible light for data transmission. A 

single source of radiation may not be sufficient to provide a certain signal level 

at the receiver, so multiple sources must be used. Also, signal transmission should 

be in all directions in the horizontal plane. The study addresses the problem of 

designing optical systems of circular radiation with several multidirectional 

sources. It proposes the modification of the ray mapping method for the task of 

designing optical elements for the Li-Fi wireless communication technology be-

tween vehicles. Also, it describes the algorithm for calculating optical systems of 

circular radiation for a signal source and signal receiver. Finally, the results of 

calculating and virtual prototyping of devices designed by the proposed method. 

Keywords: Nonimaging Optics, Freeform Surfaces, Optical Wireless Commu-

nication, Li-Fi. 

1 Introduction 

Currently, there is an increase in the number of vehicles on the roads, which causes 

certain traffic control problems. In the year of 2014, the global vehicle fleet consisted 

of more than 1.25 billion vehicles [1]. The number of vehicles on the road as well as 

the number of accidents is growing every day. According to the World Health Organi-

zation (WHO), more than 1.2 million people are killed and another 20–50 million are 
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injured in road vehicle accidents every year [2]. To prevent accidents and reduce traffic, 

it is essential to make the transport system intelligent. One of the features of the intel-

ligent transport system (ITS) is a vehicle to vehicle communication (V2V). V2V com-

munication technology allows vehicles to broadcast and receive signals in all directions 

(up to 10 times per second), creating 360-degree «awareness» of other vehicles [3, 4]. 

Possible transmitted messages include the following data:  

1. Vehicle speed. 

2. Car location and the direction of its movement.  

3. Driving lane change. 

4. Information about stability control and traction control. 

5. Information about the braking system and antiskid braking system. 

An equally important scope of development in terms of ITS is autonomous vehicles, 

or in other words, self-driving cars [5]. In order for a vehicle to become autonomous, it 

is necessary to assess the situation on the road while driving and track other vehicles 

nearby. One needs to exchange data with nearby cars for this to occur. Thus, the vehicle 

communication is an important part of ensuring the autonomy of the vehicles.  

At the moment, there are numerous research papers on various types of such com-

munication between vehicles based on DSRC, Wi-Fi [6-9] and Li-Fi technology [10, 

11, 12]. 

 Li-Fi uses visible or invisible optical wireless communication links that provide 

high-speed data transmission with low latency over spatially defined communication 

links, which makes it possible to design cellular networks and reduce cross-channel 

interference. Various aspects of the Li-Fi technology have developed rapidly over the 

past decade: various modulation schemes have been investigated [13], new emitters 

have been developed [14], and the integration of Li-Fi into existing networks has been 

studied [15]. To provide the vehicle communication via Li-Fi, a number of works sug-

gest using lighting equipment on the front and back of vehicles, as well as integrating 

it into traffic lights [16–20]. In these studies, the main focus is on electrical circuits and 

on common circuits for constructing communication networks. 

However, despite the active development of Li-Fi and the attempts to implement this 

technology for wireless vehicle communication, the present-day methodology of opti-

cal design for Li-Fi has been barely considered. As a rule, simple spherical lenses can 

be used for both a radiation source and a receiver. However, they may not fully corre-

spond to current trends, such as the miniaturization of Li-Fi transceivers to allow their 

integration into other devices. Scaling down the optics directly affects performance. 

The use of freeform optics can compensate for performance degeneration when devel-

oping compact structures customized for a specific application. 

A few works are devoted to the methods of designing refractive optical systems with 

freeform surfaces for radiation sources as well as radiation receivers within the Li-Fi 

communication systems. Thus, [21, 22] demonstrate the potential of modern optics with 

freeform surfaces for Li-Fi technology. 

Methods of designing optics for the radiation source and radiation receiver are dis-

cussed. An example of calculated optical systems confirms the effectiveness of the ray 
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mapping method [23, 24]. In [25], a hybrid optical system is proposed for a nearby 

source and receiver of radiation. 

The authors estimate the signal loss when the receiver is displaced from the source 

by a certain distance for the proposed optical system and compare it with a design in 

which the source and receiver are separated and each corresponds to its own optical 

system with spherical surfaces. The proposed optical systems have some disadvantages, 

such as:  

1. The narrow range of observation of the receiver' optical system is a radiation half-

angle of 17°. Systems operate at a small shift from the receiver optical axis from the 

source.   

2. The use of a single combined system does not provide signal transmission and re-

ception in all directions in the horizontal plane, which is necessary to ensure com-

munication between vehicles. 

3. For 360° radiation in the horizontal plane, one should use several optical systems 

with radiation sources. 

4. Optical systems have not been tested for efficiency at long distances, which may 

correspond to the distances between vehicles during vehicle communication using 

the Li-Fi technology.  

It is also worth noting that the experimental application of the Li-Fi technology with 

help of the vehicle front and rear lights does not provide signal transmission and recep-

tion in all directions in the horizontal plane, which is a significant limitation in com-

munication between nearby vehicles. 

This paper proposes a method for designing hybrid optical systems that emit and 

receive radiation from all directions in the horizontal plane, and also provides an exam-

ple of using such systems for the communication between vehicles using the Li-Fi tech-

nology. 

2 The initial optical scheme 

As mentioned earlier, the signal should be transmitted in all directions in the horizontal 

plane; simultaneously, the photodetector should be able to receive the signal from any 

direction in the horizontal plane. The use of a single radiation source imposes re-

strictions on the transmitted signal power; for this purpose, several sources have to be 

used to form a more powerful signal. The proposed layout of sources and their orienta-

tion is shown in Figure 1.  

LEDs are considered as radiation sources. The centers of the sources are located 

along a circle of a certain radius, the radiation direction of each source is oriented at a 

certain angle relative to the radiation direction of other sources so that the signal is 

transmitted in a horizontal plane at 360°. 

In such a system, both horizontal and vertical disposition of the photodetectors is 

possible, that make it possible to receive a signal from all directions in the horizontal 

plane. In this paper, we will consider the horizontal disposition of the photodetector.  
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Fig. 1. Spatial disposition of radiation sources  

The designed optical system is proposed to be placed on a vehicle roof to make the 

transmission and reception of a signal at 360° in the horizontal plane possible. Based 

on the size of passenger cars and the range of distances at which the Li-Fi system should 

operate, the field of view for the signal source and receiver can be determined. The 

height range of passenger cars is 1,300–2,100 mm. In this study, the minimum distance 

between vehicles is taken as 3 m and the maximum distance — as 10 m. These distances 

are determined based on the recommendations of experts and traffic regulations, which 

make it possible to avoid a collision with another vehicle. Graphically, the system op-

erating range can be represented by the scheme shown in Fig. 2. It follows that one can 

determine the required maximum radiation angle at which the radiation will propagate 

in the specified range. In this case, the half angle of radiation is 15°. 

 

Fig. 2. Li-Fi system operating range  

The initial design of optical systems for an emitter and a receiver is shown in Fig. 3a 

and Fig. 3b. The proposed scheme of the designed optical element for the emitter in-

cludes two working surfaces: the first one is cylindrical, and the second one is a 

freeform surface, which will be calculated. Light sources are located along a circle of a 

certain radius and are oriented at a certain angle. There can from 6 and more sources of 

light; the maximum number is determined based on the overall dimensions of the 

sources and restrictions on the overall dimensions of the optical system. The proposed 

scheme of the optical element for the receiver includes two freeform surfaces. The pho-

todetector is placed in the center of the optical system.  
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Fig. 3. Optical schemes for the Li-Fi emitter (a) and for the Li-Fi receiver 

3 Modified ray mapping method. Integral model of 

radiation source 

The classical ray mapping method works effectively for a single point of Lambertian 

radiation source. It is necessary to clarify the features of the coordinate system and 

calculation the total luminous flux for such a case. The light intensity of such sources 

is proportional to the cosine of the angle between the normal to the radiating surface 

and the direction of radiation. The value of the radiation flux in the range of angles φ1 

– φ2, α1 – α2 emitted by such a source is calculated by the formula [26]: 

 Ф =  ∫ 𝑑𝜑
𝜑2

𝜑1
∫ 𝐼0 ∙ 𝑐𝑜𝑠𝛼 ∙ 𝑠𝑖𝑛𝛼 𝑑𝛼

𝛼2

𝛼1
 (1) 

In the case of full light flux, the azimuthal angle φ will change in the range [0; 2π], the 

polar angle α will change in the range [0; π/2], and counted from the vertical plane,  I0 

is the light intensity in the direction (α = 0) perpendicular to the emitting surface of the 

LED. The coordinate system used in expression (1) is shown in Figure 4, when the 

radiating surface of the source is parallel to the horizontal plane, and the polar axis is 

pointed to the zenith. The way it is disposed, the maximum value of the light intensity 

I0 will correspond to the vertical direction. 

 

Fig. 4. Light distribution curve for Lambertian radiation source 
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However, the classical ray mapping method cannot be applied directly for the case 

when several multidirectional radiation sources are used in the system. To calculate an 

optical system with a single free-form surface, the ray mapping method must be modi-

fied. The algorithm for designing an optical system with free-form surfaces for several 

multidirectional radiation sources is shown in Figure 5. 

 

Fig. 5. Algorithm of the modified ray mapping method 

At first, it is determined how many sources will be used and how they will be oriented 

in space. The quantity of radiation sources is determined based on the data on the optical 

power of one source and the required optical power from the device. The use of several 

sources allows to increase the optical power of the emitted signal and transmit over 

longer distances than could be transmitted by only one source.  

The next step is the main feature of the proposed method – creation of an integral 

source model.  Radiation sources are considered not separately, but as a single integral 

source model, for which the radiation intensities in all directions are known. At this 

stage, it is necessary to consider in more detail the features and process of forming the 

integral source model.  

The integral source model is a table function in which the radiation intensity is de-

termined for all specified directions. The orientation of the coordinate system in the 

integral source model and in the device must be the same since the correctness of the 

calculations at further steps depends on this. Coordinate system orientations are shown 

in the figure 6. According to the proposed design of the optical system and the disposi-

tion of several radiation sources, the maximum light intensity should correspond to the 

directions lying in close proximity to the horizontal plane, as shown in Figure 3a (ar-

rows indicate the direction corresponding to the maximum light intensity I0). But with 

this orientation, the rotation axis of the light distribution curve (LDC) of the light source 

at the angle φ is perpendicular to the rotation axis of the LDC at the angle φ' of the Li-

Fi module transmitter device as a whole (see Figure 6a). The coordinates of each radi-

ation source are modified so that the direction of the source rotation axis coincides with 

the rotation axis of the LDC  output radiation, and the elevation angles θ are counted 

from the horizontal plane, where the radiation direction in the horizontal plane will 
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correspond to the angle θ = 0°, in the direction of the zenith θ = +90°, in the direction 

of the nadir θ = -90° (see Figure 6b). 

 

Fig. 6. Coordinate systems orientations for radiation source(left) and device (right) 

As a result of modifying the source coordinate system, the formula (1) for calculating 

the radiation flux in a given range of angles will take the following form: 

 Ф =  ∫ 𝑑𝜑
𝜑2

𝜑1
∫ 𝐼0 ∙ 𝑐𝑜𝑠𝜃 ∙ 𝑐𝑜𝑠𝜑 ∙ 𝑐𝑜𝑠𝜃 𝑑𝜃

𝜃2

𝜃1
 (2) 

In the case of full radiation flux, the azimuthal angle φ changes in the range [- π/2; 

+π/2], and the elevation angle θ changes in the range [- π/2; +π/2]. 

At the next sub step, the radiation intensities are summarized in all directions. The 

diagram (Fig. 7) shows the angle range φ’ for the optical system of circular radiation 

and the angle ranges φ for each radiation source. It can be seen from the diagram the 

radiation from which sources coincides in the direction for each angle φ’ of the circular 

radiation system. If the radiation directions coincide, the intensity from each source will 

be summed up. For example, in the range of angles φ’ from 0° to 30°, the total light 
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intensity of the circular radiation system will be comprised of the light intensities of 

sources 1, 2, 6, since each of these sources emits light in the directions of the range of 

angles φ’. The same will happen for all the ranges. The result is a table function I (θ, φ) 

for the system, and the full radiation flux will take the following form: 

 Ф =  ∫ 𝑑𝜑
𝜑2

𝜑1
∫ 𝐼(𝜃, 𝜑)𝑐𝑜𝑠𝜃𝑑𝜃

𝜃2

𝜃1
 (3) 

 

Fig. 7. The radiation diagram for 6 sources and their radiation crossing 

The photometric solid of the circular radiation system device is defined by a table func-

tion. The radiation intensity is determined for all directions θ’ and φ'. The radiation flux 

is calculated by the formula (3), where I (θ’, φ’) is a table function, the azimuthal angle 

φ’ changes in the range [0; 2π], the elevation angle θ’ changes in the range [–π /6; + π 

/6], as it was established from Fig. 2. 

After determining integral source model photometric solid and required photometric 

solid, it is necessary to segment them, that is, to divide it into several equal radiation 

fluxes. This operation is required to determine the corresponding boundaries for the 

angles φ, θ, in the direction of which the light flux is emitted. The operation of photo-

metric solid segmentation for both is the same, so we describe the procedure once.  

For numerical calculation of the integral, the boundary values of the angle ranges φ, 

θ are pre-assigned and the subintegral table function I(θ, φ) is defined. Next, it should 

be determined how many segments the photometric solid should be divided into. If by 

θ the number of segments is N, and by φ — M, the values of elementary flows will be 

as follows: 

 Ф𝑛 =
Ф

𝑁
  (4) 

 Ф𝑚 =
Ф

𝑀
 (5) 

To find the corresponding angles in which the flows of Фn, Фm are enclosed, it is nec-

essary to perform numerical integration of two integrals, having previously assigned 

step dφ, dθ. 
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 Ф′𝑛 =  ∫ 𝑑𝜑
𝜑2

𝜑1
∫ 𝐼(𝜃, 𝜑)𝑐𝑜𝑠𝜃𝑑𝜃

𝜃𝑖+1

𝜃𝑖
 (6) 

 Ф′𝑚 =  ∫ 𝑑𝜑
𝜑𝑖+1

𝜑𝑖
∫ 𝐼(𝜃, 𝜑)𝑐𝑜𝑠𝜃𝑑𝜃

𝜃2

𝜃1
 (7) 

The value of Ф’n is compared with Фn, if it is equal to or close to the desired value, the 

current angle θi+1 is written; otherwise, it is increased by the value dθ and the integral 

is calculated again.  

After the segmentation of both the photometric solid of the light source and the speci-

fied photometric solid is completed, arrays of input and output rays of the same resolu-

tion M x N are formed. Each array element has a row number and a column number (i, 

j). Array elements are defined as light rays with specified orientation in space (angles 

θ, φ). Each (i, j)-th ray of the light source has a corresponding output (i, j)-th ray. Each 

incoming ray with index (i, j) and direction (θ, φ) corresponds to an output ray with 

index (i, j) and direction (θ’, φ’). To construct a surface, one should perform a series of 

calculations for each element of the ray array, and perform this process sequentially 

from element to element. An array of rays can be traversed by rows or columns, for 

example, for each φ, one can calculate the coordinates of the surface vertices for all 

angles θ in the range [θmin, θmax].  

4 Constructing a freeform surface 

Let us consider the optical path through two refractive surfaces, which is shown in Fig-

ure 8. 

 

Fig. 8. the optical path through two refractive surfaces  

The first surface refracts the incident ray OA (with the angle of incidence θi) into the 

ray AB. The second surface refracts the ray AB into the beam BC (θi’). The refraction 

on the first surface is determined by Snell's law. To determine the coordinates of the 

vertex of the second surface, it is necessary to solve a set of equations on the basis of 

Figure 9. 
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Fig. 9. beam-plane intersection scheme  

Point p1 belongs to the first surface, point p0 belongs to the second surface, N is the 

normal at point p0, s is the unit vector, t is the scalar that defines the distance to point 

p, point p is unknown and belongs to the second surface. 

 {
(𝒑 − 𝒑𝟎) × 𝑵 = 0

𝒑 =  𝒑𝟏 + 𝒔 ∙ 𝑡
 (8) 

 𝒑𝟏 × 𝑵 + 𝒔 ∙ 𝑡 × 𝑵 − 𝑝0 × 𝑵 = 0 (9) 

 𝑡 =  
(𝒑𝟎− 𝒑𝟏)×𝑵

𝒔×𝑵
 (10) 

 𝒑 =  𝒑𝟏 + 𝒔 ∙ 𝑡 (11) 

As is obvious, the normal N belongs to the previous point p0 and the very first point p0 

should be assigned. In Figure 10, one can see points A0 and B0, which, according to the 

previous diagram, are points p1 and p0. Point A0 is set by crossing the extreme ray and 

the surface, point B0 is assigned arbitrarily, but in such a way that the thickness of the 

optical element is not zero and lies along the course of the refracted ray. The orientation 

of the N20 normal at B0 is also assigned arbitrarily, but this will affect the thickness of 

the optical element. This is how all the points for a single section are found, then the 

coordinates of the vertices are calculated for each φ. 

 

Fig. 10. scheme for finding surface coordinates for several rays  
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5 Method implementation 

In accordance with the elaborated method, a program with the help of which the optical 

system for the source was calculated was implemented in the Python programming lan-

guage. To calculate the optical system of the receiver, we used the method previously 

described in [27], according to which the freeform surface profile is calculated, and 

then a three-dimensional model is formed by rotation. 

Optical modeling was performed using a hybrid software complex Lumicept [28]. 

During the simulation, Fresnel reflections on optical surfaces were taken into account. 

Infrared LEDs Osram SFH 4170S A01 [29] with the optical power of 1,400 mW each 

are used as emitters. The receiver includes a Hamamatsu S10784 [30] photodiode with 

a spherical lens. 

The elaborated optical systems are shown in Fig. 11. The model used 12 extended 

light sources with a Lambert diagram of the light intensity distribution. The diagrams 

are oriented in such a way that the angle between the directions with the maximum light 

intensity of nearby sources was 60°. It emits 2 sources in each direction. The optical 

power of each source is 1,400 mW. The number of sources was selected according to 

the condition of ensuring the minimum-signal level on the photodiode at the maximum 

distance. The calculated optical systems are polygonal objects in the «obj» format, 

which is widely used in CAD systems [31]. 

 

Fig. 11. The designed optical system.  

A number of experiments were conducted in which the distance between Li-Fi systems 

in the horizontal plane varied from 3 m to 10 m, and the height varied from -0.8 m to 

+0.8 m. Figure 12 shows the dependence of the received signal power for a calculated 

optical system with a freeform surface and for a wide-angle spherical optical system at 

different positions in space. 
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Fig. 12. The dependence of the received signal power for different positions 

At a distance of 3 m between the systems, when using optical systems with freeform 

surfaces, the received signal level is not lower than -25 dBm. The use of spherical optics 

shows a decrease in the signal level to -30 dBm at the same spatial positions. When 

studying the signal level at a distance of 5 m, the optical system with freeform surfaces 

also shows better results compared to spherical optics: -27 dBm and -32 dBm, respec-

tively. At a distance of 10 m, spherical optics shows low performance and the signal 

level is -40 dBm; on the other hand, the optical system with a freeform surface provides 

a signal level of at least -32 dBm. Thus, the use of specially designed optical systems 

with freeform surfaces for both the receiver and the source shows good performance 

compared to the use of optical systems with spherical surfaces. 

6 Conclusion 

In this paper, we propose a solution that makes it possible to modify the mapping 

method of input and output rays for calculating the optical system for a Li-Fi module 

by introducing an integrated model of a source. The source optical system is a refractive 

optical system with an internal cylindrical surface and an external freeform surface. 

The receiver optical system contains two freeform refractive surfaces. The developed 

optical systems can be grouped into a hybrid optical system and placed on top of each 

other, providing a convenient location of the radiation sources and the receiver inside. 

The work shows the comparison of the performance of the calculated systems with a 

spherical optical system. This calculation method can be applied to real optical systems 

used in the Li-Fi technology of communication between vehicles. 
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