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ABSTRACT— In the present paper, the design of 

the laser transmitter section of a LiDAR system 

is described for autonomous vehicles. The optical 

system is designed to produce a linear laser beam 

with uniform intensity. The output beam from 

the diode laser has a non-uniform Gaussian 

profile. Conventional methods for converting 

this profile into a linear one often results in an 

uneven distribution along the line. In order to 

address this issue, a Powell lens is used. The 

Powell lens is an aspheric lens that transforms 

the incoming parallel beam into a linear beam 

with a uniform profile. In this type of lens, two 

parameters—the radius of curvature and the 

conic constant—must be selected to ensure 

uniform intensity across the entire laser line. In 

the present study, the diode laser intensity 

distribution, collimating lenses, and Powell lens 

are simulated using Zemax software. The 

collimating lens transforms the highly divergent 

laser beam into a nearly parallel beam, after 

which the Powell lens, with a radius of curvature 

of r=0.9 mm and a conic constant of -1.7, 

produces a linear laser profile with a divergence 

angle of 60 degrees. Experimental results 

confirm the accuracy of the design and 

simulation process. In the experimental tests, the 

power drop of the laser at the start and end of 

the laser line was measured to be less than 15%. 

 

Keywords: Powell lens, conic constant, 

uniform line beam, beam shaping, LiDAR  

I. INTRODUCTION 

High-power, nanosecond pulse lasers are key 

components of Light Detection and Ranging 

(LiDAR) systems. These elements are essential 

for autonomous driving and object detection 

[1]. In LiDAR systems for autonomous 

vehicles, in order to prevent collisions with 

pedestrians and other objects, it is crucial to 

determine the distance and angle of surrounding 

objects in a continuous and accurate way. One 

of the common distance measurement methods 

is called the time-of-flight, which calculates 

distance by measuring the time taken for light 

emitted from a source to reflect off an object 

and return. In rangefinder systems, because of 

the low divergence of the laser beam and the 

narrow field of view in the receiver, a fast 

scanner or multiple rangefinders are required to 

cover the area around the vehicle.  

For reducing the number of LiDAR systems 

and eliminating optomechanical systems 

responsible for beam scanning in front of the 

vehicle, it is preferable to convert the laser 

beam into a line. This linear beam can then be 

detected by an array of sensors to determine the 

distance and angular position of objects. 

However, due to the reduced beam intensity in 

this configuration, higher-power laser diodes 

are required. 

Most lasers produce circular or elliptical beams 

with Gaussian or near-Gaussian intensity 

profiles. While a Gaussian intensity distribution 

is useful for applications that focus the laser 

beam to a small point, there are other 

applications where a uniform intensity 

distribution is more optimal. For instance, in 

material processing, a uniform intensity 

distribution ensures consistent exposure across 

the entire illuminated area [2-4]. Similarly, 

when laser light is used for illumination, a 

uniform beam profile is essential for consistent 
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illumination characteristics. This will simplify 

image processing by ensuring uniform 

brightness, regardless of the object’s position in 

the illuminated area. Uniform illumination also 

enhances contrast and clarity [5-8]. 

Diffractive optics offers a highly effective tool 

for reshaping Gaussian intensity distributions. 

Specifically, these optics are used to produce 

nearly any desired intensity profile and a wide 

variety of patterns [9-11]. Diffractive optics 

work by creating interference between different 

diffraction orders to redistribute the incoming 

beam's intensity distribution. However, 

diffraction effects are inherently dependent on 

the wavelength. That is, a given diffractive 

element only operates within a narrow 

wavelength range. This wavelength sensitivity 

can be particularly problematic when pairing 

diffractive elements with diode lasers, as these 

lasers have a relatively broad wavelength 

bandwidth compared to other laser types. 

Additionally, there are considerable variations 

in nominal wavelength between lasers within a 

set. Diffractive optical elements (DOEs) 

inevitably direct some light into unwanted 

diffraction orders and generally have a limited 

working distance, outside of which the desired 

intensity pattern is not produced [12]. 

One of the common methods for generating a 

linear laser pattern is to use a cylindrical lens 

[13]. If we consider Gaussian laser emission 

and an ideal lens is used to expand the laser 

spot, the spot intensity will be high in the center 

and decrease towards the edges due to the non-

uniform of laser beam distribution. Moreover, 

spherical aberration from the lens causes further 

expansion of the line edges. This will result in 

an additional intensity drop at the laser line’s 

edges [13]. The edge intensity reduction in a 

LiDAR system’s laser line reduces the power of 

the transmitted signal, thus decreasing the 

likelihood of detecting the received signal from 

those directions. 

Another method for generating a laser line is to 

use a Powell lens. This method produces a laser 

line with a uniform intensity profile [5-8, 14-

15]. The Powell lens resembles a prism, but 

with a small radius at the apex, this will cause 

the spread of the laser beam only in one 

direction. In addition to creating a uniform 

linear pattern, this lens supports a lightweight 

and straightforward optical setup. 

The present paper focuses on converting the 

asymmetric profile of a high-power four-

channel diode laser into a symmetrical laser 

line. The simulations are conducted using 

ZEMAX software, and then validation is 

performed by experimental results.In Section 2, 

we explain the mathematical description of the 

Powell lens. Simulation of laser diode and 

optical elements will be discussed in Section 3. 

Section 4 contains the experimental results and 

the conclusion is presented in Section 5. 

II. MATHEMATICAL DESCRIPTION OF 

POWELL'S LENS 

In order to create a laser line pattern with 

uniform intensity, the central rays of the laser 

beam must experience greater divergence than 

the edge rays. In order to get this optical 

characteristic, we consider an optical element 

with a primary and a secondary surface. The 

primary surface of this optical element should 

be designed so that the rate of change in the 

slope of the rays is higher at the center of the 

surface, so that the faster divergence changes 

are seen in this central region. On the other 

hand, at the edges of this surface, the rate of 

slope change should be lower. The secondary 

surface of this optical element is designed to 

have no effect on beam uniformity; it induces 

simple refraction to increase the divergence of 

the rays without interfering with the uniformity 

of the beam distribution. One of the most 

important considerations in designing this 

element is the practical limitations of 

manufacturing. Any discontinuities on the 

surface should be avoided to ensure a smooth 

design. 

The Powell lens is a cylindrical aspheric lens 

composed of a conical surface with a small 

radius of curvature and a relatively large conic 

constant, along with a flat surface. The conical 

surface in the (y, z) plane is described by the 

following equation [16]: 
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where c=1/R is the curvature of the surface, and 

Q is the conic constant. The design of such a 

lens depends on the laser beam diameter, the 

divergence of the output beam, the refractive 

index of the lens material, and the orientation of 

the lens relative to the incoming beam. For a 

given beam diameter, with the lens material 

identified and its refractive index known, only 

two parameters need to be considered: the 

radius of curvature and the conic constant. In 

the Powell lens, the value of Qc ranges between 

0.25 and 50 [17,18]. 

In designing the Powell lens, if the beam 

diameter changes, the optimal radius also 

changes by the same factor, without any change 

to the conic constant. The numerical value of 

this product is unusual for ordinary optical 

surface. Optical systems typically consist of 

elements with spherical or flat surfaces. 

Aspheric surfaces generally have conic 

constants with magnitudes below 1. Only a 

small percentage of surfaces have conic 

constants with magnitudes greater than 1, and 

in such cases, their radius of curvature is 

typically greater than 10 mm. Thus, it is rare for 

an optical system to have surfaces with a conic 

constant and curvature product greater than, for 

example, 0.1. However, this characteristic is 

seen in the Powell lens. 

A key point regarding the Powell lens is that the 

radius of curvature must be smaller than the 

input beam diameter. In this condition, the 

generated laser line is uniform. By decreasing 

the radius of curvature, the intensity 

distribution shifts toward the edges, while a 

larger radius shifts it toward the center of the 

line. 

III. SIMULATIONS 

A.  Simulation of Laser Diode and Its 

Collimator  

The diode laser considered for the LiDAR 

system is a 125 watt laser from OSRAM with a 

wavelength of 915 nm. This laser consists of 

four diode bars, providing the required power 

for the LiDAR system. The specifications of 

this laser are shown in Table (1). 

Table 1. Specifications of the considered Diode Laser. 

Parameter Value 

Center wavelength 915 nm 

Spectral bandwidth (FWHM) 8 nm 

Number of channels 4 

Peak output power 125 W 

Beam divergence (FWHM) parallel to pn-

junction 
10 o 

Beam divergence (FWHM) perpendicular 

to pn-junction 
25 o 

Laser aperture (FWHM) parallel to pn-

junction 
220 µm 

Laser aperture (FWHM) perpendicular to 

pn-junction 
10 µm 

 

The beam pattern provided by the manufacturer 

enables simulation in Zemax software. The 

laser's output beam profile at a distance of 1.1 

mm from the exit port of diode laser is shown 

in Fig. 1, where the beam profile of each laser 

bar can be observed. 

 
Fig. 1. Intensity pattern of laser bars at a distance of 

1.1 mm from diode laser 

The divergence of the laser output beam is 

approximately 25°×10°. In order to put the 

Powell lens in front of the laser, the output 

beam must be collimated. For this purpose, an 

aspheric lens with the laser placed at its focal 

point is used. The collimating lens has a focal 

length of 4.05 mm, and its second surface being 

an even aspheric surface, described by the 

following equation [16]: 

 

2
2 4

1 21/2
2 2
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 (2) 

where the coefficient 
1 8to   are aspheric 

parameters that define departure from spherical 
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surface. In the simulation we used 
2 5to   in 

order to produce a collimated laser beam. The 

values of these parameters are given in Table 2. 

Using this lens, the beam divergence is reduced, 

resulting in beam dimensions of 3.8mm×2mm 

(H×V) after the collimating lens. 

Table 2. the values of aspheric parameters of 

collimating lens.  

Parameter Value 

1  0 

2  -5.136×10-3 

3  -9.111×10-4 

4  1.138×10-4 

5  -4.15×10-5 

6  0 

7  0 

8  0 

 

B. Powell lens simulation 

In order to examine the effect of radius of 

curvature and conic constant of the Powell lens 

on the beam intensity uniformity, a Powell lens 

have been simulated in Zemax software. The 

specifications of the simulated Powell lens are 

presented in Table 3. The Powell lens 

simulation have been conducted in the non-

sequential mode of Zemax using a Toroid 

surface, defined by Equation (1). 

In this simulation, the conic constant has been 

initially set to -0.5, and the radius of curvature 

has been varied between 0.5 mm and 1.3 mm. 

The changes in the output beam profile from the 

Powell lens at a distance of 100 mm are shown 

in Fig. 2. 

Analysis of the beam profile exiting the Powell 

lens shows that with a smaller radius of 

curvature, the beam intensity shifts toward the 

edges of the laser line and the beam divergence 

is larger than expected value. As the radius of 

Powell lens increases, the intensity distribution 

becomes gradually uniform and the beam 

divergence decreases, but with larger radius of 

curvature, the intensity distribution shifts 

toward the center of the laser line and the beam 

divergence angle of the beam becomes smaller. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 2. The intensity distribution of the laser line after 

the Powell lens for (a) r= 0.5 mm, (b)r=0.7 mm, (c) 

r=0.9 mm , (d) r=1.1 mm, (e) r=1.3 mm  

In the second step, a radius of curvature of 0.9 

mm has been chosen for the toroid surface, and 

the conic constant has been varied between -1.1 

and -2.1. The results of these adjustments are 

shown in Fig. 3. As observed, increasing the 

absolute value of the conic constant shifts the 

spot intensity distribution from the center 
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towards the edges and the laser divergence 

decreases. Therefore, it is concluded that 

reducing the radius of curvature transfers 

energy towards the edges of laser line and 

increase the beam divergence, while increasing 

it focuses the beams towards the center and 

decrease the beam divergence. Also, lowering 

the absolute value of the conic constant 

concentrates the beam in the middle region of 

the line and decreases the beam divergence, 

while increasing this value causes a shift in the 

beams towards the edges of laser line and 

increase the beam divergence. 

Table 3. Specifications of the Simulated Powell 

Lens. 

Parameter Value 

Beam diameter 2 mm 

Output beam divergence 60 o 

Lens material BK7 

Wavelength 915 nm 

Lens thickness 9 mm 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 3. The intensity distribution of the laser line after 

the Powell lens with r=0.9 mm and (a) Q=-1.1, (b) 

Q=-1.4, (c) Q=-1.7 mm , (d) Q=-1.9, and (e) Q=-2.1  

Thus, in designing a Powell lens, the product of 

the conic constant and the surface radius of 

curvature is a critical factor in determining the 

intensity distribution of the laser line. In order 

to determine the final values for the radius of 

curvature and conic constant of the Powell lens, 

laser distribution has been considered as 

uniform along the line, so that only a 15% 

power difference between the edges and centre 

of the laser line has been allowed. Based on this 

criterion, the best intensity distribution has been 

achieved with a lens by radius of 0.9 mm and a 

conic constant of -1.7. Figure 4 shows the 

designed lens. 

 
Fig. 4. Powell lens geometry for laser line 

generation. 

After the collimating lens, the Powell lens is 

placed at the distance of 1.5 mm from the 

collimating lens. The Powell lens is aligned 
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such that its apex is oriented along the y-axis, 

which is the fast axis of the laser. Figure 5 

illustrates the arrangement of the laser, 

collimating lens, and Powell lens. According to 

this setup, the Powell lens expands the laser 

beam along the x-axis, which is perpendicular 

to the plane. 

 
Fig. 5. Arrangement of laser diode, collimating lens 

and Powel lens in ZEMAX software 

The laser beam intensity pattern at a distance of 

150 mm from the laser is shown in Fig. 6. Based 

on this figure, the laser illuminates the target as 

a line with uniform intensity and a divergence 

angle of 60 degrees. 

 
Fig. 6 Laser intensity pattern after Powell lens at a 

distance of 150 mm 

IV. EXPERIMENTAL TESTS 

Based on the simulations, the collimating and 

Powell lenses were purchased according to the 

software data and positioned in front of the 

diode laser. The results were then analyzed. 

Figure 7 shows the pattern obtained from the 

diode laser in the lab before the collimating 

lens. In order to capture this intensity pattern, a 

microscope objective lens with a 40X 

magnification was used. This lens projected the 

cross-section of the diode laser output onto a 

screen placed at the distance of 160 mm. A 

CCD camera without an IR cut filter captured 

the image of the laser spot on the screen. Since 

the CCD camera’s front lenses were non-

removable, it could not be used directly in the 

optical setup, and the laser pattern on the screen 

was recorded and displayed by the camera. 

 
Fig. 7 Magnified near field pattern of the laser beam 

After placing the collimating lens, a small laser 

spot was formed at a distance of 50 mm, as 

shown in Fig. 8. As observed, the laser spot 

appears as an ellipse along the laser’s slow axis. 

The beam diameter upon exiting the collimating 

lens is 2 mm, matching the input beam diameter 

to the Powell lens in the previous simulation 

section. Hence, with the Powell lens positioned 

after the collimating lens, the desired linear 

beam profile was achieved. Figure 9 shows the 

laser profile at a distance of 150 mm from the 

laser. 

 
Fig. 8. Laser beam profile at a distance of 50 mm 

from the collimating lens 

Laser power measurements at various points 

along the laser line reveal that the intensity drop 

at the line edges is less than 15%. The intensity 

was measured using a photodiode, which was 

moved along the laser line, recording intensity 
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at 10 mm intervals. This intensity profile is 

displayed in Fig. 9. 

 
Fig. 9 Uniform laser line produced at a distance of 

150 mm from the diode laser 

V. CONCLUSION 

The Powell lens is a cylindrical aspheric lens 

that converts an incoming laser beam into a 

uniform linear distribution. The radius of 

curvature of the aspheric region of Powell lens 

is very small, and its conic constant is relatively 

large. Simulations showed that if the aspheric 

region of lens (radius of curvature of lens) is too 

small, the highest intensity shifts towards the 

edges of the output beam, and resulting in a 

completely non-uniform intensity distribution. 

As the radius of curvature increases, the 

intensity distribution becomes more uniform. 

Optimal uniformity is achieved when the width 

of the curved region of the lens is slightly 

smaller than the laser spot dimensions. If the 

width of this region exceeds the diameter of the 

incoming beam, the edges of the beam become 

narrower, and the central intensity of laser line 

increases. 

In the present investigation, a diode laser profile 

was transformed into a laser line using a Powell 

lens. In this process, a collimating lens with f 

=4.5 mm converted the nonuniform beam of 

laser bar into a spot of 2mm x 3.8 mm. The 

Powell lens, with a radius of curvature of 0.9 

mm and a conic constant of -1.7 converted the 

laser beam into a laser line with a 60-degree 

divergence angle. Throughout this process, the 

laser power drop at the line edges was measured 

to be less than 15%. 
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