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Abstract
Aerial displays for providing road information require long-distance image formation and a compact installation space. 
This paper proposes a compact optical system for forming long-distance floating images by introducing a Fresnel lens in an 
aerial imaging by retro-reflection (AIRR) optical system. In the conventional AIRR optics, since the aerial image position 
is the plane-symmetrical position of the light source with respect to the beam splitter, the installation space for forming a 
long-distance aerial image becomes huge. Our proposed method uses the virtual image formed by a Fresnel lens as the light 
source in an AIRR optical system. This leads to a much longer distance from the beam splitter to the aerial image than the 
distance from the beam splitter to the light source. We developed a prototype long-distance floating aerial display system 
using a large-scale Fresnel lens. As a result, the distance from the LED panel to the beam splitter was halved. Furthermore, 
we used two beam splitters to form two aerial images by using a single LED panel. Long-distance floating images could be 
formed 3.4 m and 4.6 m away from the beam splitters and could be seen with the naked eye.
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1  Introduction

In our research, we consider new forms of traffic information 
display. Current traffic information displays are a hazard due 
to their risk of falling and causing accidents. The issue is 
how to avoid installing them overhead on the road. Further-
more, recently smart cities have been studied as the future 
of cities [1, 2]. As cities change, traffic information display 
systems are also expected to change [3]. We propose a new 
method of traffic information display using aerial display 
technology. Aerial display is a technology that uses optics 
to converge light from a light source to form a real image in 
the air. Recently, the technology has been gaining interest 
in the fields of digital signage, entertainment, etc. [4]. The 
display unit itself is installed away from the road, and only 

aerial images are displayed above the road. In this way, the 
images can be displayed in front of the driver's eyes without 
coming into contact with the vehicles. We consider that this 
is the main advantage of road displays using aerial displays. 
To provide road information, a large aerial image is needed. 
We used Aerial imaging by retro-reflection (AIRR) [5], 
which has the advantage that it is excellent for large scale 
applications. In addition, different types of applications for 
AIRR optics have been reported. Polarized AIRR (p-AIRR) 
improves the brightness of aerial images [6]. A combination 
of AIRR optics and two acrylic spheres has been proposed 
[7]. An aerial interface system combining aerial displays, 
user tracking systems and virtual reality (VR) spaces has 
been reported [8]. AIRR technology has the potential to be 
used as an aquatic display [9]. These developments show 
that the AIRR optical system has a high degree of freedom 
in the optical components and design. Thus, we consider that 
AIRR optics can be employed in our application. We have 
previously proposed an aerial image formation device for 
road infrastructure by using AIRR and developed a large-
scale prototype [10]. We raised various issues in our previ-
ous paper, such as the brightness of the display and how it 
displays images in congested situations, etc. In particular, we 
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considered the long-distance floating of aerial images to be 
a major challenge. Due to the principle of AIRR, the posi-
tion where the aerial image is formed is plane-symmetrical 
with respect to the beam splitter. Thus, to form a long-dis-
tance floating aerial image, the distance of the light source 
from the beam splitter must be extended, which leads to 
a decrease in brightness. One of the solutions is to use a 
Fresnel lens. In the previous study [11], the possibility of 
extending the distance was confirmed. However, the size 
of the Fresnel lens meant that aerial images could not be 
observed with the naked eye.

The aim of the work described in this paper was to 
develop a prototype optical system by using a large-scale 
Fresnel lens and to confirm the feasibility in practical appli-
cations. In addition to the use of lenses in the prototype, 
two parallel beam splitters are used to form aerial images at 
different locations. We observed the aerial images formed 
by the prototypes with the naked eye. Therefore, we con-
firmed that the use of Fresnel lenses enabled the formation 
of longer-distance floating aerial images and more compact 
equipment than in the previous work [10]. In addition, we 
discuss some issues faced in practical applications. Prelimi-
nary results from this study were presented at LDC2023 
[12]. In this paper, in particular, we study the relationship 
between the axial magnification of the lens and the position 
of aerial imaging.

2 � Principles of long‑distance floating 
with AIRR by use of Fresnel lens

Figure 1 shows the principle of the conventional AIRR. 
AIRR consists of three elements: a light source, a retro-
reflector, and a beam splitter. The light emitted from the light 
source is light reflected by the beam splitter. This reflected 

light is reflected in a direction along the incident direction 
by the retro-reflector. The retro-reflected light converges to a 
position that is plane-symmetrical with the light source with 
respect to the beam splitter.

In this work, we utilized virtual image formation with a 
Fresnel lens. As shown in Fig. 2, the light source is placed 
at a position within the focal length of the Fresnel lens. The 
light emitted from the light source is refracted by the Fresnel 
lens to form an enlarged virtual image. The object position 
and the image position satisfy the lens maker's equation:

where a is the distance from the light source to the Fresnel 
lens, b is the distance from the virtual image to the Fresnel 
lens, and f is the focal length of the Fresnel lens. Next, we 
explain the lens magnification [13]. Lateral magnification 
β, which is the ratio of image length to object length meas-
ured in planes that are perpendicular to the optical axis, is 
obtained by the following equation:

Axial magnification α is the magnification in the optical 
axis direction of the optical system. Specifically, the axial 
magnification is the ratio of the movement of the image to 
that of the object along the optical axis. The following equa-
tion holds for lateral magnification and axial magnification:

where Δx is the minute movement of the object along the 
optical axis, and Δx′ is the minute movement of the image.

We propose an optical system that uses the virtual image 
of a light source as the source for aerial display, as shown 
in Fig. 3. Light rays from the virtual image are reflected by 
the beam splitter. The light reflected by the beam splitter is 
reflected in a direction along the incident direction by the 
retro-reflector. The light transmitted through the beam split-
ter converges to form an enlarged aerial image of the light 
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Fig. 1   Principle of aerial imaging by retro-reflection (AIRR) Fig. 2   Virtual image formation with a Fresnel lens
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source. As a result, the distance from the beam splitter to 
the aerial image is longer than the distance from the beam 
splitter to the light source. The use of a Fresnel lens also 
has the effect of making the AIRR optics thinner [14]. Next, 
we explain the vanishing distance. The vanishing distance 
is the distance at which a driver cannot see the sign in the 
course of driving, as shown Fig. 4 [10]. It is considered as 
an evaluation factor for road signs. The following equation 
can be obtained depending on the viewing angle of the aerial 
image:

where S is the vertical height of the aerial image, and θ is 
half the viewing angle of the aerial image.

3 � Experiments using a large‑scale Fresnel 
lens

We developed a prototype aerial display for providing road 
information. Figure 5 shows the configuration of our pro-
totype system. For the light source, we used an LED panel 
that displays “stop” in kanji, as shown Fig. 9a. The character 

(4)LA =
S

2tan�
,

size was 120 mm × 120 mm. The luminance was about 
2700 cd/m2. The LEDs have an average half value angle 
of 120° for both sides. The beam splitters were made of 
1800 mm × 900 mm tempered glass plates. Figure 6 shows 
a photograph of the Fresnel lens used. The specifications 
of the Fresnel lens are shown in Table 1 [15]. The distance 
a from the light source to the Fresnel lens was 800 mm. 
The distance b from the virtual image to the Fresnel lens 
was 2400 mm. The distance d1 from the Fresnel lens to the 
beam splitter 1 was 1.0 m. The distance d2 from the Fresnel 

Fig. 3   Our proposed optical system that forms an aerial image that is 
magnified by a Fresnel lens

Fig. 4   Vanishing distance for aerial image with AIRR

Fig. 5   Configuration of our prototype using multiple aerial LED 
signs. LS light source, VI virtual image, FL Fresnel lens, BS beam 
splitter, RR retro-reflector, AI aerial image

Fig. 6   Photograph of the large Fresnel lens used in the experiment
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lens to the beam splitter 2 was 1.2 m. The retro-reflector 
was made of a transparent polymer formed into hexagonal 
shapes, as shown Fig. 7. This is a prototype reflector created 
to reduce wave diffraction. Wave diffraction is due to the size 
of the corner-cubes in the retro-reflector. This sample prod-
uct has a larger corner-cube in the retro-reflector than con-
ventional products. A number of these retro-reflectors were 
connected to form a size of about 700 mm × 800 mm. In 
this experiment, two aerial images were formed by a single 
light source. The optical system was configured using opti-
cal see-through AIRR [16] by means of two beam splitters. 
The positions of the aerial images AI1 and AI2 were b + d1 
(3.4 m) from beam splitter 1 and b + d1 + d2 (4.6 m) from 
beam splitter 2, respectively. In the conventional method, 
the distance from the light source to the beam splitter must 
be b + d1. On the other hand, the distance is a + d1 in the pro-
posed method. We have (a + d1)∕

(

b + d1
)

= 1.8∕3.4 = 0.53 . 
Thus, the distance from the light source to the beam splitter 
was reduced by about 53%.

The formed aerial images were visible with the naked eye. 
Figure 8 shows images viewed from the front. The image 
formation position was confirmed to be in agreement with 
the theoretical position.

Next, we checked the size of the aerial image. A screen 
was placed at the image formation position, and we meas-
ured the size of the aerial image on the screen. The size of 
the aerial image was about 360 mm × 360 mm, as shown 

Fig. 9b. This is 3-times as large as the light source. The 
lateral magnification β was 3. Thus, we confirmed that 
the theory is correct. Next, we measured the aerial image 
luminance. As the luminance meter, we used a Prometric 
Y-29. The Prometric Y-29 is called an imaging luminance 
meter and can measure the luminance of 2D images. As a 
result of the measurements, the average luminance values 
of the aerial images were 13 cd/m2 for AI1 and 20 cd/m2 
for AI2, in Fig. 10.

Next, we discuss the viewing angle of the aerial image. 
We first measured the vanishing distance for this experi-
ment. We checked at which position the entire aerial image 
was visible. As a result, the vanishing distance was about 
7.0 m. Equation (4) gives the viewing angle of the aerial 
image. The viewing angle was about 3 degrees (θ = 1.47°).

Next, we compared the aerial images when AI1 was 
3.4 m and 4.6 m to examine the trend when the floating 
distance was increased. We set d1 = 2.2 m when AI1 was 
4.6 m. Figure 11 shows the aerial image in the experi-
ment. The two aerial images were compared with the 
naked eye. As a result, the 4.6 m image seemed a little 
blurred. We used an imaging luminance meter to measure 

Table 1   Fresnel lens specifications

Material PMMA

Thickness 3 mm
Size 1400 mm × 1050 mm
Focal length 1200 mm
Pitch 0.112 mm
Lens design Aspheric

Fig. 7   The photograph shows a retro-reflector sample used in the 
experiment. The left figure shows a single reflector. The right figure 
shows the actual use of the system

Fig. 8   Aerial image formed by the prototype. The left figure shows 
AI1 and the right figure shows AI2

Fig. 9   a Light source LED panel without Fresnel lens. b Screen 
observation of the aerial image
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the luminance. As a result, the average values for the aerial 
images were 24 cd/m2 for 3.4 m and 22 cd/m2 for 4.6 m, 
in Fig. 12.

4 � Experiments to check the relationship 
between lens magnification and image 
formation position

We studied the relationship between the axial magnification 
of the lens and the position of aerial imaging. The theoretical 
values obtained from Eq. (3) were compared with the actual 
image formation position. When the light source is at a + Δx, 
the position of the aerial image is b + Δx’ + d1 from the beam 
splitter, and we confirmed by experiment that this relation-
ship was indeed established. The experimental setup used to 
measure the position of aerial imaging is shown in Fig. 13. 
LED lights were used as the light source. Other components 
and positions were the same as those for the experimental con-
ditions described in Sect. 3. The light source was moved by 
5 mm, and the position of the aerial image was measured three 
times. The results of the experiment are shown in Fig. 14. The 
results showed that the image was formed in the theoretically 
predicted position. In conventional AIRR optical systems, the 
aerial image moves to a position equal to the distance moved 
by the light source. In the proposed method, the aerial image 
moves more than the distance moved by the light source due 
to the lens effect. We consider this to be the major advantage 
of this method.

Fig. 10   Imaging luminance results. The left figure shows AI1 and the 
right figure shows AI2

Fig. 11   The results of aerial image at different floating distances. 
The left figure shows a floating distance of 3.4 m, and the right figure 
shows a floating distance of 4.6 m

Fig. 12   Imaging luminance results. The left figure shows a floating 
distance of 3.4  m, and the right figure shows a floating distance of 
4.6 m

Fig. 13   Experimental setup to measure the relationship between axial 
magnification of the lens and the position of aerial imaging
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5 � Discussion

Now we discuss the findings revealed by the experiments. 
It is necessary to improve the brightness and sharpness. 
We first discuss brightness. The target luminance value for 
red images to be visible outdoors is over 1600 cd/m. The 
brightness of our display was not sufficient for outdoor use. 
In principle, the brightness of the aerial image of AIRR is 
about 25% of the brightness of the light source. Therefore, 
the light source itself must be made brighter to meet the tar-
get. However, brighter light sources alone will not achieve 
the target. One of the causes could be that not all the light 
from the light source is being used. Due to the wide light dis-
tribution angle of the LED display used as the light source 
in this study, some light does not pass through the Fresnel 
lens. We will consider finding a light source with the best 
conditions to eliminate such wasted light. Next, we discuss 
sharpness. Sharpness was improved by the retro-reflector 
with reduced wave diffraction. However, the aerial image 
still became more blurred as the image formation distance 
increased. We think that the Fresnel lens is one of the causes. 
We consider the following three factors to be responsible for 
blurring: the first is scattering in the grooves of the Fresnel 
lens; the second is lens aberrations; and the third is wave dif-
fraction. If these factors can be improved, we believe that the 
sharpness of aerial images can be improved. We would like 
to consider the optimum Fresnel lens conditions to improve 
image quality in future.

Next, we consider the viewing angle of the aerial images. 
The viewing angle in this experiment was about 3°. This 
angle could be due to the size of the retro-reflector used, 
because the reflector was smaller than the lens in this experi-
ment. If the beam splitter and reflector are large enough, the 
estimated viewing angle in this experimental setup is 24.5°. 
However, it is expected to narrow further depending on the 

image formation position. For use on roads, we consider that 
the target image formation position is 10 m or more. There-
fore, the distance a needs to be even larger than in the pre-
sent conditions. The angle of the light ray narrows as the light 
source approaches the focal point. We consider that the issue 
is to determine the right components for the road conditions, 
including the brightness mentioned earlier.

Next, we consider the sense of floating. We asked some 
people to confirm how they saw the aerial image. As a result, 
more than half said they did not see floating. We consider that 
in order to investigate what the causes are, we first need to find 
out what people are focusing on. To this end, we would like to 
introduce eye tracking [17] in future work.

Next, we discuss the position of the aerial image formation, 
which is based on the distance required for a vehicle to stop. 
For example, the distance for a vehicle travelling at 40 km/h 
to brake to a stop is about 20 m. Due to the vanishing distance 
and other factors, drivers are likely to notice the display further 
than 10 m from the image formation position. If the image 
formation position is at least 10 m, it is possible to stop with-
out hitting a wall or other object within a stopping distance 
of 20 m. Thus, for practical use as a road display, we need to 
change the image formation position depending on conditions 
such as vehicle speed and the location of the system. In the 
experiment, the image formation position was 4.6 m, and the 
vanishing distance was 7.0 m. Since the distance required for 
a vehicle traveling at 20 km/h to stop is about 10 m, we believe 
that our system can be used as a display for 20 km/h vehi-
cles. We would like to conduct further experiments at longer 
distances in the future. Furthermore, if image formation at a 
distance of 10 m or more can be achieved, there is a possibility 
that an aerial image can be formed inside a car. Aerial images 
can be formed inside the vehicle through the front or rear win-
dow, as shown in Fig. 15. The drivers of vehicles behind can 
see the same display. We would like to investigate this as one 
possible display method during congestion.

Fig. 14   Measurements of the position of aerial imaging. Blue lines 
are theoretical values, red dots are measured results. Δx is the minute 
movement of the light source along the optical axis

Fig. 15   Diagram of aerial image formed in a vehicle
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6 � Conclusion

We have developed a prototype system using a large-scale 
Fresnel lens for providing aerial road information by form-
ing two aerial images at different distances. As a result of 
our experiments with the prototype, we confirmed that a 
magnified aerial image was formed at an extended floating 
distance by using a Fresnel lens. We also realized space sav-
ing by enlarging the size of the small light source.
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