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Abstract: We present a new type of Light Detection And 
Ranging (LiDAR) sensor based on a variable lens pair 
prism. This system combines the principles of macro- 
and microscanners to exploit the advantages and elimi-
nate most of the disadvantages of both system types. We 
describe the concept of this new LiDAR sensor and exam-
ine the system performance by simulation. Afterwards, we 
investigate the spot shape and beam profile with respect 
to the main system parameters such as the gap between 
lenses, the deflection angle, and the measurement dis-
tance. Furthermore, we present solutions to optimize the 
variable lens pair prism to achieve an ideal spot shape and 
beam profile in the entire field of view (FoV).
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1   Introduction
In addition to established sensors such as cameras, 
radar, or ultrasonic sensors, Light Detection And Ranging 
(LiDAR) sensors become increasingly important in the 
context of highly automated driving (HAD) and autono-
mous driving. Most current LiDAR sensors are based on 
at least one rotating or oscillating active component [1]. 
Macroscanners usually consist of a rotor including one 
or more lasers and/or detectors to scan the field of view 
(FoV). In contrast, microscanners deflect one or few laser 

beams with an oscillating mirror. Another type of LiDAR 
sensor uses passive components such as mirrors on a rotor 
to generate one scanning direction. All existing systems 
have different limitations concerning their performance.

In terms of redundancy and sensor fusion, LiDAR 
sensors are intended to be an inherent component of the 
sensor setup in HAD vehicles. For distance and velocity 
determination, LiDAR uses the principle of time-of-flight 
(ToF) measurement. This means the system emits a laser 
pulse and measures the time until a detector in the LiDAR 
sensor receives a reflected or scattered signal. Using the 
speed of light, the information about the elapsed time is 
converted into a distance [2]. There are two different types 
of LiDAR sensors: flash systems that illuminate the entire 
FoV at once [3] and scanning systems with a few laser 
beams that are moved across the FoV. The area observed 
by a scanning LiDAR sensor [4], the FoV, is limited by
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due to time tToF for maximum measurement distance, reso-
lution δh and δv, and frame rate fps.

Flash LiDAR sensors require very high illumina-
tion power to simultaneously achieve both a signifi-
cant measurement distance and a large FoV. Lasers 
that provide sufficient illumination power are currently 
still too expensive and too large for automotive LiDAR 
sensors. For this reason, most of the LiDAR sensors and 
prototypes developed so far utilize, at least in part, a 
scanning principle.

In general, scanning systems are subdivided in two 
main groups: macroscanners and microscanners. The 
essential characteristic of a macroscanner is the combina-
tion of a rotating and a static part (rotor-stator system). 
There are different types of macroscanners, dependent on 
the placement of active components such as emitter and 
receiver. Usually, macroscanners with active components 
on the rotor have high rotating masses and power losses 
due to wireless energy transfer. However, scans of a very 
large horizontal FoV (up to 360°) are possible. In addition 
to that, only a limited amount of lasers and/or detectors 
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can be placed on the rotor, which limits vertical resolution 
[5–8].

Scanning systems with all active components on the 
stator use a passive component, e.g. a mirror, on the rotor 
to deflect the laser beam into the FoV. This arrangement 
enables reduction of the rotating mass and power losses. 
The rotation axis of the mirror can be orthogonal, parallel, 
or tilted with respect to the emitting beam direction. In all 
cases, there are only a few lasers and/or detectors aligned 
to the mirror and thus, the vertical resolution is discrete.

For mirror-based scanners with an orthogonal design, 
the main scan direction cannot be used because the 
mirror reflects the incoming beam back towards the laser. 
As a result, the orthogonal setup is optimized for a mirror 
rotation position of 45°. Because of the maximum reflec-
tion angle and the described tilted setup, a horizontal FoV 
from 15° to 165° is possible. On the downside, the optical 
path is also used to deflect the backscattered beam on the 
detector. Thus, the receiving aperture is limited by the 
projected area of the mirror. In other words, the receiving 
aperture depends on the rotational position of the mirror 
and has an asymmetric relation over the deflection range. 
Another aspect is the rotation speed combined with the 
beam reflection resulting in a doubled angular velocity of 
the scan. This increased angular velocity results either in 
the necessity of a high pulse repetition frequency of the 
laser or a reduced horizontal resolution [9–13].

On the contrary, a parallel setup scans with the 
angular velocity of the rotation, and the horizontal FoV 
is unlimited (360°). The most significant disadvantage 
of this setup is a varying vertical FoV due to the rotation. 
For example, a vertical line would rotate around its center 
during one rotation of the rotor and become a horizontal 
line for rotation angles of 90° and 270° [14, 15]. Setups 
with other tilt angles combine the properties of the paral-
lel and orthogonal setups.

The second category of scanning LiDAR sensors 
are microscanners that use two-dimensional oscillat-
ing mirrors instead of rotor-stator combinations. The 
main advantage of these systems is a very high vertical 
resolution. However, the maximum deflection angles of 
micro-mirrors limit the vertical and horizontal FoV. In 
comparison with macroscanners, only the horizontal FoV 
(about 50°–60°) is significantly smaller [16, 17]. Unlike 
all setups mentioned above, micro-mirror systems are 
restricted in terms of the beam size. Two effects cause this 
limitation: first, the very small mirror size and, second, 
the impossibility to perform a beam expansion without 
reducing the scanning angle or losing the continuous 
vertical scanning capability. A small beam causes either 
a reduced measurement range or a non-eye-safe system.

2   Concept of a LiDAR sensor based 
on a variable lens pair prism

The fundamental approach is similar to the orthogonal 
setup of a macroscanner described above [9–13]. The main 
difference in the setup is a lens pair that is used instead 
of the mirror. The lens pair has the same purpose as the 
rotating mirror, i.e. to deflect the laser beam in the hori-
zontal FoV. However, in this setup, the main scanning 
direction is available. As before, beam deflection in the 
second direction is independent of the horizontal deflec-
tion, whereby, various concepts for the vertical scan are 
conceivable. In particular, a one-dimensionally oscillat-
ing mirror (see (3) in Figure 1) is the concept of choice 
in the lens pair-based LiDAR sensor. The combination of  
an oscillating mirror and a lens pair enables sufficient 
horizontal FoV and high vertical resolution.

As one might expect from Figure 1, at large angles 
of rotation, there is a reflection on the plane side of the 
rotating lens (4). This reflected beam leaves the sensor 
as a false signal, but is previously diverged by the static 
lens (5). Even with a highly reflective object at a short dis-
tance, the potential back reflex is of very low intensity. In 
addition, an appropriate coating on the lens surfaces can 
further reduce the false signal.

In the receiving path, the backscattered light passes 
through the lens pair first. Hence, the deflection gener-
ated during the transmission is inverted (see Figure 1B). 
Thus, after passing the lens pair, the received light propa-
gates almost without horizontal angle, i.e. parallel to the 
optical axis. Similar to the orthogonal setup [9–13], the 
center of the receiving path is obscured, but in this case 
by the oscillating mirror. However, as the backscattered 
light floods the entire lens diameter and is focused on the 
detector, the received signal is only attenuated in propor-
tion to the area covered. As shown in Figure 1C, the verti-
cal scan direction is not reversed but focused on different 
segments of a detector array. Accordingly, the transmit-
ting and receiving paths use the same horizontal axis but 
different vertical axes. Therefore, the entire setup can be 
described as semi-coaxial.

In general, the lens pair consists of two lenses, where 
one is positioned on the rotor (rotating lens, RL, (4) in 
Figure 1) and the other one on the stator (static lens, SL, 
(5) in Figure 1). The lenses are arranged opposite each 
other so that they form a prism-like optic together. In 
order to enable unrestricted rotation of the RL along 
the SL, the facing surfaces of the lenses need to have a 
similar curvature. Additionally, the RL rotates around the 
center of its curved surface. According to these boundary 
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conditions, the RL is plano-convex and the SL is plano-
concave with the curved surfaces facing each other. To 
prevent possible contact, there has to be a gap between 
the RL and the SL. In principle, both lenses can have a 
spherical curved surface, but cylindrical lenses are pre-
ferred because they have almost no effect on the vertical 
scan.

The rotation of the RL results in a varying angle 
between the planar surfaces of the RL and the SL. Simpli-
fied, this angle can be interpreted as the apex angle of a 
prism. Thus, the lens pair can be described as a prism with 
variable apex angle or, in short form, as a variable lens 
pair prism (VLPP). Because of the variable apex angle, 
a nonlinear relation between the rotation angle and the 
deflection angle results for the VLPP. There are two addi-
tional parameters, the refractive index of the lens mate-
rial and the gap between the lenses (LG), influencing the 
angle relation. In Figure 2, the angle relation for lenses 

made of borosilicate glass (BK7) with a refractive index of 
1.52 for light at the wavelength 532 nm is shown. The blue 
graph displays the simplified prism relation, while the red 
graph represents the real VLPP with an LG of 1 mm.

As indicated in Figure 2, the approximation of the VLPP 
by a prism with varying apex angle is acceptable for the 
VLPP with small lens gaps and rotation angles up to 60°.

A valuable side effect of the nonlinearity in the angle 
relation of the VLPP is the reduced angular velocity, 
slower than the rotation speed, in the center of the hori-
zontal scan. From this, more time for scanning in this part 
of the FoV becomes available, and hence, a higher resolu-
tion can be achieved.

In the following sections, the investigation of the 
operating principle of the VLPP is described, focusing 
mainly on the transmitting path and the properties of the 
system in the measurement range.

3   Simulation setup to observe the 
spot shape generated by a VLPP

The spot shape generated by the VLPP is of particular 
interest for optimizing the LiDAR sensor in terms of 
system properties and performance. Thus, a setup for 
an optical simulation program (in this case, OpticStudio 
[18]) is introduced, by which the spot parameters can be 
simulated. In the environment of the simulation program, 
only geometrically optical calculations are performed. 
Diffraction effects can be neglected due to the macroscopic 
structure of the system.

Figure 1: Schematic drawing of a LiDAR sensor based on a lens pair. (A) Perspective overview: the main components such as detector (1), 
two focusing lenses (2a) and (2b), oscillating mirror (3), rotating lens (4), and static lens (5). (B) Top view: the horizontal deflection by 
the lens pair (C) Side view: the receiving path in the vertical direction.
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In order to interpret the simulated data, the light 
source used must be specified first. As most lasers have 
a Gaussian mode at their output, in the simulation 
program, a Gaussian source with a full divergence of 0.15°, 
1 W emitted power, and one million rays is modeled. The 
beam radius, evaluated for the 1/e2 restriction of the inten-
sity distribution in a Gaussian beam before passing the 
VLPP, is 2.25 mm.

The Gaussian source illuminates a VLPP consisting of 
two lenses, where one can be rotated around the center 
of its curvature. The RL has a 50.8  mm × 53  mm plane 
surface and a curved surface with a radius of 26.35 mm. 
The counterpart is the SL with a plane surface of the same 
dimensions, whereas the radius of the curved surface is 
−26.35  mm. Regarding the curved surface, the lenses fit 
together completely. In addition, the SL is 2 mm thick at 
the thinnest point.

To observe the spot shape and profile over the entire 
horizontal FoV, the three main influencing parameters 
are varied. To limit the simulation effort, the deflection 
angle δ, measurement distance z, and LG are alternat-
ingly adjusted in discrete steps. The deflection angle is 
indirectly configured by rotation of the RL in a way that 
simulations can be taken every 10° from 0° to 60° deflec-
tion. Corresponding to the deflection angles, detector 
screens are positioned in the FoV with measurement 
distances of 1 m, 5 m, 10 m, 50 m, and 100 m with respect 
to the exit point of the beam on the SL. Observing these 
screens during ray trace simulation allows to record 
cross sections or rather spot profiles of the transmitted 
beam. An important parameter of the detector screen 
definition is the amount of pixels it should have. This, 
in combination with the amount of simulated rays, 
always results in discrete spot profile resolutions. On 
the other hand, the amount of pixels scales directly with 
the simulation time and the data volume. As a com-
promise, 1000 × 1000 pixels are used most of the time. 
Because of beam divergence and other effects caused by 
the VLPP, screen sizes have to be reviewed and, if neces-
sary, adjusted for every measurement distance, LG, and 
deflection angle.

The third parameter is the gap between the lenses 
needed to avoid contact. This variable size is a design 
parameter of the VLPP. Therefore, the impact of the LG 
on the spot shape is investigated. The evaluated discrete 
steps of the LG are 0 mm, 0.1 mm, 0.5 mm, 1 mm, 1.5 mm, 
and 2 mm.

To compare the spot size at different measurement 
distances, a reference is needed. Therefore, the spot at 
the exit point is evaluated for every LG and deflection 
angle.

4   Interpreting spots by evaluation 
of simulated data

Data simulated with the setup described in Section 3 can 
be displayed in OpticStudio. Unfortunately, the evalua-
tion of these data sets is very limited in the program envi-
ronment. Only the visual interpretation of the spot profile 
can be performed reasonably easily. In order to derive 
relations between system parameters and their effect on 
system performance, the data sets of the spots have to be 
evaluated in detail. Therefore, several steps necessary to 
interpret the data are presented.

First, the data sets are read in succession to obtain the 
detector screen information. Here, the irradiance on each 
detector pixel as well as the size and number of pixels in 
both dimensions of the screen represent the most impor-
tant basis for evaluation. Second, the spot profile can be 
interpreted based on the definition of a Gaussian beam. 
The centroid 〈xc(z)〉 in the x direction is calculated for each 
spot according to
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where x and y are the positions of the pixels on the detec-
tor screen, z is the measurement distance, and E is the irra-
diance of each pixel [19]. Because of the discrete detector 
screen resolution, the integrals are substituted by sums, 
which results in
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Consequently, the variance 〈x2(z)〉 in the x direction is 
given by
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As the standard deviation is the square root of the 
variance and the beam radius r of a Gaussian beam is 
defined as twice the standard deviation, we obtain for the 
x direction
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Centroid, variance, and beam radius in the y direction 
can be determined analogous to Eqs. (2)–(5). The radius and 
centroid for both directions are sufficient to draw the spot 
ellipse thus indirectly fitted (see an example in Figure 3).

As shown in Figure 3, the calculation described allows 
an interpretation of the cross section through a Gaussian 
beam. However, a reference is necessary for a meaning-
ful evaluation of the generated spots. As the influence of 
the VLPP is investigated, the reference of the system with 
exception of the deflection angle is an unchanged propa-
gating beam. For the calculation of the reference spot 
radius at various measurement distances z, we use

 x;ref x;0 divtan( )r r z θ= + ⋅  (6)

with the spot radius rx;0 at the exit point on the SL and the 
beam divergence θdiv in the x direction. Analogously to 
Eq. (5), the reference spot radius in the y direction is deter-
mined. Because of the positioning of the detector screens 
described in Section 3, the centroid of the reference spot 
is always in the center or rather the origin of the detector 
screen. Thus, by evaluating the centroid of the simulated 
spots, their positional uncertainty can be determined.

Further criteria for comparison of the simulated spot 
and the reference spot are their overlap area, the optical 
power on this area, and the shape conformity of the spots. 
The shape conformity is evaluated by comparing the 
length of the semi-axes of the spot to the length calcu-
lated in Eq. (6). In order to obtain a reliable statement, all 
criteria are set in relation to the reference spot properties. 

Thus, we get values that represent the ratio for how well 
the overlap area corresponds to the area of the refer-
ence spot (area ratio). In the same way, it is determined 
how much of the optical power of the reference spot hits 
the overlap area (optical power ratio) and how well the 
lengths of the semi-axes of the simulated spot correspond 
to the semi-axes of the reference spot (shape conformity).

5   Influences of system parameters 
on spot shape

The first series of simulations clarifies the influence of the 
deflection angle on the spot shape and profile. Therefore, 
the gap between the lenses is set to 0  mm. Figures 4 to 
6 show the influence of the deflection angle on centroid, 

Figure 3: Example of a spot profile by means of its irradiance 
distribution with the fitted ellipse (magenta) and the reference 
spot (green). This diagram represents a spot for total transmitting 
power of 1 W, a measurement distance of 10 m, a LG of 1 mm, and a 
deflection angle of 10°.
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shape conformity, and optical power ratio for different 
measurement distances. As described in Section 3, the 
deflection angle and measurement  distance are varied in 
discrete steps. To get a visual impression of the influence 
of these parameters in some of the graphs, lines are drawn 
between the simulation results.

As presented in Figure 4, deflection angles of up to 
50° have almost no effect on the position of the centroid. 
In addition, only the horizontal position of the centroid 
is affected because the VLPP generates the horizontal 
deflection angle and does not significantly change verti-
cal beam propagation. Deflection angles greater than 50° 
yield to a shift of the centroid in a continuous way. This 
can be explained by the eccentricity of the rotating lens. 
The thickness of the RL used in the simulations is smaller 
than the radius of curvature, which leads to an eccentric-
ity of the plane surface of the RL relative to the center of 
rotation. Therefore, the RL rotates out of the optical path 
of the laser beam. At deflection angles greater than 50°, a 
part of the laser beam misses the RL and is not deflected. 
This part of the laser beam is absent in the spot evalua-
tion, whereby the calculation of the centroid and the 
semi-axes is affected. The centroid shifts to values greater 
than zero, and the semi-axes become slightly shorter than 
for a complete Gaussian beam.

As suggested by theoretical considerations, the simu-
lation proves that the deflection angle generated by the 
VLPP only influences the conformity of the horizontal 
spot shape (see Figure 5).

Figure 6 shows that despite the reduced spot size, 
the optical power ratio remains constant for all measure-
ment distances and deflection angles. This means that 
with increasing deflection angle, the optical power is 
concentrated on a smaller area. In other words, the beam 
becomes an oblate ellipse in the horizontal direction. This 

behavior originates in the prism-like setup of the VLPP. 
While passing, prisms deform a round beam to an ellipti-
cal beam depending on the total deflection. The greater 
the deflection angle, the more the beam is deformed.

Further simulation series allow for the evaluation of 
the influences caused by the gap between the two lenses 
at different deflection angles and measurement distances. 
Based on a representative example with a measurement 
distance of 10 m, the essential consequences of the neces-
sary LG are described below.

As before, only the horizontal position of the centroid 
is influenced by the VLPP (see Figure 7). Because of the 
asymmetric gap between the lenses, the influence on the 
spot shape is also not symmetric, resulting in various spot 
shapes and, consequently, a shift of the centroid. This 
effect gains impact with increasing deflection angle and 
increasing LG. Furthermore, the position of the centroid 
is unpredictable and may vary widely depending on the 
simulated setup (see deflection angle of 60° in Figure 7). 
This suggests that the calculation described in Section 4 is 
not appropriate for every spot shape.

Considering the conformity of the spot shape pre-
sented in Figure 8, a minimum in the horizontal direction 
is identifiable for each deflection angle depending on 
the LG. Additionally, with increasing LG, the conformity 
decreases before the minimum and rises afterward. This 
behavior indicates a focal length, which shifts accord-
ing to the LG or the deflection angle. The reason for this 
focal length is due to a parasitic air lens caused by the 
gap between the lenses. In the simulated setup, the radius 
of curvature of both lenses is identical, whereby the gap 
between the lenses is constant in the z direction. There-
fore, the radial gap respective to the rotation center is not 
constant, which leads to a variation of the parasitic air 
lens with the deflection angle. Accordingly, the air lens 
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focal length varies with the deflection angle and with the 
gap between the lenses on the optical axis.

The area ratio shown in Figure 9 confirms the effect 
of a parasitic air lens. The smaller the LG and the greater 
the deflection angle, the shorter the air lens focal length.

Figure 10 shows that the power ratio remains between 
80% and 100% as long as the simulated spot is smaller 
or equal to the reference spot. However, all optical power 
affects a small area if the spot is focused. This means that 
very high irradiances can occur due to the focal length of 
the air lens. To ensure the eye safety of the entire sensor, 
the focused spot would limit the permissible laser power 
emitted. Another effect of the parasitic air lens can be seen 
in Figure 10 for deflection angles of 50° and 60°. The high 
divergence caused by a short focal length of the air lens 
leads to very large spots. Thus, the optical power spreads 
on this large area, and only a small fraction of the optical 
power hits the area of the reference spot. Furthermore, the 
horizontal resolution is affected by the inhomogeneous 
spot sizes.

According to the simulation results, the influences 
of the VLPP on the spot shape and the spot profile are 
not negligible. Hence, the next section introduces a few 
system adjustments by which the characteristics of the 
VLPP can be optimized.

6   Correcting spot shape by 
adjusting system parameters

In order to obtain better system characteristics for large 
deflection angles, the geometry of the RL is changed. 
One approach is to increase the thickness so that the 
cross section corresponds to a semicircle. With this 
configuration, due to geometrical considerations, 
the maximum deflection angles should be achievable 
without cutting off the laser beam. Additionally, the 
radius of the SL is adjusted to create a radially constant 
gap. As in Section 5, the LG is varied in discrete steps, 
but for each step, the radius of curvature rSL of the SL is 
modified according to

 SL RL LG ,r r d= − +  (7)

where rRL is the radius of curvature of the RL, and dLG is 
the gap between the lenses on the optical axis. The radi-
ally constant gap influences the relation of the deflection 
angle to the rotation angle. This adjustment makes the 
relation independent of the LG.

The simulation of this adjusted VLPP demonstrates 
better results for deflection of a laser beam. For example, 
the centroid of the simulated spots always hits the center 
of the reference spots (see Figure 11). Only for large deflec-
tion angles, a shift of the centroid can be identified in 
the horizontal direction. This result originates from the 
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increased thickness of the RL. Because of the thicker lens, 
the exit point of the laser beam on the plane surface of 
the SL shifts toward its edge. Hence, a small part of the 
laser beam hits the side face of the SL instead of its plane 
surface. The angle of incidence on this side face is rotated 
by 90° to the plane surface, resulting in total internal 
reflection. Thus, this part of the laser beam is not deflected 
in the same direction and is missing in the spot evalua-
tion. As already described for the effects of the eccentricity 
of the RL, this missing part of the laser beam leads to a 
shift in the centroid.

The conformity of the semi-axes shows a behav-
ior similar to that of a VLPP described in Section 5 (see 
Figures 8 and 12). Still, a parasitic air lens is existent, 
but with a different range of focal lengths. Compared to 

the same LG, the focal length becomes shorter for small 
deflection angles, and greater deflection angles show the 
reverse effect. Therefore, the focal length of the parasitic 
air lens changes less over different LG and deflection 
angles.

Compared to the results in Figure 10, the optical power 
ratio illustrated in Figure 13 is more regular. This results 
from the lower influence of the parasitic air lens. Still, the 
simulation results are not completely satisfactory.

7   Summary and outlook
We present a new type of LiDAR sensor based on a vari-
able lens pair prism. This system combines the principles 
of macro- and microscanners to obtain the advantages 
and eliminate most of the disadvantages of both system 
types. The concept of this new LiDAR sensor and the 
examination of the system performance by simulation are 
described. An approach to evaluate the spot shape and 
beam profile is introduced. The focus is the simulation 
and interpretation of the influences of important system 
parameters such as the gap between the lenses and deflec-
tion angle on the spot shape and beam profile.

One important result is that the gap between the 
lenses acts like a lens itself. As the gap is required to 
realise the system without abrasion, a way is investigated 
to reduce the effect of this parasitic air lens. An adjust-
able parameter for optimization is the radius of curvature 
of the lenses. Adjusting the curvature to obtain a radi-
ally constant gap between the lenses causes the relation 
between the  deflection angle and the rotation angle to be 
independent of the LG. Additionally, the influences of the 
parasitic air lens on the spot shape become symmetric and 
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Figure 11: Position of the centroid in the horizontal and vertical 
direction over the gap between the lenses at different deflection 
angles. A VLPP with a semicircle RL and a radial constant gap 
between the lenses.
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Figure 12: Conformity of semi-axes of the simulated spot ellipse 
to the reference spot ellipse over the gap between the lenses at 
different deflection angles. A VLPP with a semicircle RL and a radial 
constant gap between the lenses.
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Figure 13: Optical power ratio of overlap area to reference spot over 
the gap between the lenses at different deflection angles. A VLPP 
with a semicircle RL and a radial constant gap between the lenses.
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less intense. By increasing the thickness of the rotating 
lens, to get a semicircle in the cross section, the behav-
ior of the VLPP, especially for large deflection angles, is 
improved.

Knowing the influence of the parasitic air lens 
allows a counteracting design of the laser beam before 
the VLPP. Thus, specified spot properties in the field of 
view may be achieved by adjusting the beam properties 
such as divergence and radius. At this, the beam proper-
ties should be designed for one selected LG so that they 
have the smallest possible deviations over the deflection 
angle range.

In conclusion, the introduced LiDAR sensor allows 
independent scans in horizontal and vertical direc-
tion, in which both scanning systems do not affect one 
another.
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