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Abstract: Diffractive lens has advantages over traditional reflective lens, such as light
weight, high folding compression ratio, high tolerance for surface figure error and low
manufacturing costs. It provides a new technical approach for a lightweight LiDAR
ranging system. In this work, a laser radar system based on a diffractive lens receiver
system has been designed. The receiver system is a hybrid structure consisting of an eight-
level diffractive lens, a collimation set and a convergence set. Combined with the single
photodetector, the designed laser radar system can simultaneously achieve measurements
at near-field distances of 6.0 m, 9.9 m, and 16.1 m and far-field distances of 851.2 m.
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1. Introduction

A laser radar, commonly known as LIDAR (Light Detection and Ranging), is a remote
sensing technology that uses laser light to measure distances to objects [1-4]. As demand
increases for high-resolution, integrated, and lightweight solutions in laser radar, particu-
larly for large-aperture applications, research on laser radar systems is steadily expanding.
A laser radar system based on a diffractive lens uses diffractive lens as part of the receiving
optical system to focus and collect reflected laser signals from targets [5,6]. In such a system,
the use of diffractive lens offers unique advantages in terms of lightweight design, high effi-
ciency, customization, reduced aberrations, and cost-effectiveness. Moreover, by leveraging
the characteristic of energy concentration at the focal point for the designed wavelength,
diffractive lens-based optical receiving systems are highly valuable in applications where
monochromatic light is used for detection.

In 1972, the US Atmospheric Research Center developed an airborne laser radar
system using a dye laser as the pulse light source and using a Fresnel lens as the light signal
receiving part. This system, with a diameter of 38 cm and weighing 60 kg, was aimed
at providing spatial distribution data of aerosols in the stratosphere [7]. In 2014, NASA
developed a differential absorption LIDAR system with a diameter of 30.5 cm, designed
for detecting ozone distribution at heights ranging from 100 to 500 m. The receiver of this
system consisted of a Fresnel lens and a polycarbonate cone bonded together, with a mass
of 0.91 kg [8].

Research on laser radar receiving systems based on diffractive lenses began relatively
late in China. The Xi’an Institute of Optics and Precision Mechanics of the Chinese Academy
of Sciences completed the design of a diffractive laser radar receiving system with a
diameter of 1 m based on the Schupmann achromatic model [9]. In 2022, the Aerospace
Information Research Institute of the Chinese Academy of Sciences introduced a solution
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for a dual-wavelength laser radar system with a 2 m aperture. This system was developed
in response to the demand for three-dimensional imaging of the Earth and ocean depth
measurement, utilizing harmonic diffractive technology and coherent detection techniques.
However, there has been limited public reporting on the specific design methods and
performance verification results of the diffractive receiving system [10,11].

The creation of diffractive optical elements is a sophisticated field that has seen signifi-
cant advancements in recent years, with various techniques available for their production.
These techniques are crucial for applications such as beam shaping, optical data storage,
and laser systems. The main methods for producing DOEs include photolithography,
Electron-beam Lithography (EBL), grayscale lithography (GSL), direct laser writing (DLW),
Nanoimprint Lithography (NIL), 3D Printing and Holographic Lithography. The ongoing
development in this field is driven by the demand for more efficient, higher performing,
and cost-effective optical components [12-18]. Two prominent techniques for producing
DOEs are photolithography and grayscale lithography, because they can both offer high
contrast, which is crucial for precise pattern transfer [14,19]. But photolithography requires
less complex equipment and is generally more cost-effective.

In this research, a laser radar system based on a lightweight diffractive lens receiver
was designed. The receiver system features a hybrid structure consisting of a diffractive lens,
a collimation set, and a convergence set. The diffractive lens used in the receiver system
has eight levels, an F-number of 1.78, and a diffraction efficiency of 78.2%. Combined
with a single photodetector, the designed laser radar system can achieve measurements at
near-field distances of 6.0 m, 9.9 m, and 16.1 m and far-field distances of 851.2 m.

2. Materials and Methods
2.1. Diffractive Lens

Compared with the traditional Fresnel lens, staircase diffractive surfaces lenses can
achieve a reduction in light loss without increasing surface roughness, enabling the realiza-
tion of optical designs that approach the scalar diffraction limit. Other than that, staircase
diffractive surfaces lenses can increase the light flux efficiency of optical heads, which is
particularly useful in applications requiring high light efficiency. So they can perform better
in chromatic aberration control compared to Fresnel lenses, which is crucial for achieving
chromatic correction and improving image quality. These advantages make staircase diffrac-
tive lenses promising for high-precision optical systems and imaging technologies [20-22].
The photolithography of the eight-level lightweight diffractive lens (as shown in Figure 1)
is carried out using an LDW system (DWL66+, Heidelberg, Germany) with a positioning
error of 100 nm (30). The pattern transfer process is performed using a Reactive Ion Etching
machine (RIE600, developed by the Institute of Optics and Electronics, Chengdu, China). A
schematic diagram of the diffractive pattern fabrication process is shown in Figure 2. The
lightweight diffractive lens is made by designed optical level polyimide film (the thickness
of the film is 25 pm) with high dimensional stability, high mechanical strength and high
optical homogeneity [23,24]. The photolithography of the flexible polyimide membrane is
conducted by a vacuum-assisted self-contact method [25].

Figure 1. The illustration of eight-level lightweight diffractive lens.
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Figure 2. A schematic diagram of the eight-level lightweight diffractive lens fabrication process.

2.2. Receiver System

The receiver system is a hybrid structure consisting of an eight-level lightweight
diffractive lens, a collimation set and a refocus set. The schematic is shown in Figure 3. The
reflected signal from the target passes through the diffractive lens and reaches the variable
pinhole, which acts as a field diaphragm to suppress background light from reaching
the detector. The collimation set (#64-765, Edmund, Barrington, NJ, USA) and the spike
filter are both used to filter out wavelengths other than the designed wavelength. Finally,
the light is focused on the detector by the refocusing system to enable the collection and

Filter ﬂ

detection of the return signal.

Diffractive lens Collimation set U
Refocus set

Figure 3. Optical structure of the receiver system in laser radar system (The red solid line represents
the optical path of the vertically incident receiving system, and the green dashed line represents the
non-vertically incident optical path).

2.3. Laser Radar Distance Test System

The light path in the laser radar system based on a diffractive lens is illustrated in
Figure 4. First, a laser pulse (1064 nm) is emitted by the laser, and the energy of this pulse
is split into two parts after passing through the beam splitter (1:99). One part of the laser
energy (1%) is directed onto the target surface of the photodiode (PIN, DET100A2, Thorlabs,
Newton, NJ, USA), generating an electrical pulse signal. The arrival time of this pulse
signal is recorded as the start time, t1. The other part of the laser energy (99%) is directed
toward the target, and the energy of the echo after diffuse reflection from the target is
collected by the receiving system and focused on the target surface of the single-photon
detector (GM-APD, CD3565H SPAD, Excelitas, Pittsburgh, PA, USA). The arrival time of the
electrical pulse signal generated at this point is recorded as the end time, t,. By measuring
the round-trip time interval of the light pulse, At (At = t, — t1), the distance between the
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LIDAR and the target object can be calculated using the formula L = c-At/2, where c is the
speed of light. In the system, time-correlated single-photon counting (TCSPC) is used to
achieve effective detection of target distance [26].

TCSPC

PIN
Target

Beam splitter

Collimator

N =i
GM-APD

Receiving system

Figure 4. Schematic of the laser radar distance test system.

3. Results and Discussion
3.1. The Design of the Lightweight Diffractive Lens

The diffraction efficiency of the primary lens is a key factor in determining the system’s
throughput, which directly affects the detection accuracy of optical receiving systems in
laser radar applications. When incident light passes through the surface microstructure,
it is diffracted into the desired working order, achieving the goal of converging the beam
through the diffractive lens. We designed and analyzed parameters for diffractive lenses
with 2, 4, and 8 steps separately, based on the aforementioned laser radar system, operating
in the 1064 nm wavelength band. The theoretical diffraction efficiency for each lens
configuration was then assessed, as shown in Table 1. According to the Huygens—Fresnel
integral method, simulations were conducted using Zemax software (2014) to obtain the
point spread function (PSF) results for diffractive receiving objectives with two, four, and
eight steps [27,28]. Figure 5b,d,f illustrates the point spread functions (PSFs) for diffractive
lenses with two, four, and eight steps. These data aim to describe the optical system’s
response to a point light source. Primarily, it refers to the distribution of light intensity
formed on the image plane after a point source passes through the diffractive lenses with
two, four, and eight steps. The PSF data can be directly correlated to the system’s resolution
and image quality. The PSF results (Figure 5a,c.e), where the black curves represent
continuous surface simulations and the red curves represent simulations for two, four, and
eight-step structures), indicate that for on-axis object points at infinity, the image quality of
eight-level diffractive receiving objective is the best, with a more concentrated intensity
distribution on the focal plane. Additionally, as shown in Figure 5b,d,f, the theoretical
diffraction efficiency of the eight-step diffractive lens is approximately 94.78%, significantly
higher than the efficiency of 80.96% for the four-step lens and 40.53% for the two-step
lens, as summarized in Table 1. Based on these findings, an eight-step diffractive lens is
proposed for the laser radar system to achieve higher measurement accuracy.

Table 1. The parameter of the diffractive lens.

Parameter Eight Levels Four Levels Two Levels
Effective aperture (mm) 50 50 50
Working wavelength (nm) 1064 1064 1064
Focus (mm) 300 300 300
Smallest linewidth (um) 1.6 32 6.4
Etching depth of each level (nm) 290 590 1180

Theoretical diffraction efficiency 94.78% 80.96% 40.53%
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Figure 5. Theoretical simulation results of Huygens PSF and diffraction efficiency for (a,b) two—level,
(c,d) four—level and (e,f) eight—level diffractive receiving objective lens (The black dash curves
represent continuous surface simulations and the red curves represent simulations for two, four, and
eight-step structures).

3.2. The Fabrication and Performance of Eight-Level Diffractive Lens

The eight-level diffractive lens was fabricated by photolithography and was made in
optical-quality lightweight polyimide substrate with ®50 mm diffractive pattern (Figure 6a).
The etching depth and linewidth of each level were measured by confocal microscopy. The
partial structure profilometer test results are shown in Figure 6b. The depth of each level is
uniform (268 nm) across the whole diffractive pattern. The linewidth increases from the
outer edge to inner edge. The smallest linewidth is 1.5 um. The diffraction efficiency of
the fabricated diffractive receiving objective was tested, and a diffraction efficiency testing
setup was constructed. The measured average diffraction efficiency result was 78.2%. The
reason for the lower diffraction efficiency compared to the theoretical values is mainly due
to alignment errors and overlay errors during the fabrication process.

Figure 6. (a) The picture of eight—level lightweight diffractive lens. (b) The partial structure
profilometer test results of eight—level phase profile.



Photonics 2025, 12, 86

6 0f 8

3.3. Distance Test

To validate the feasibility of applying a diffractive lens-based receiving optical system
in a laser radar system, short- and long-distance ranging experiments were conducted. The
constructed photon-counting LiDAR ranging device is shown in Figure 7. The laser with a
central wavelength of 1064 nm has a repetition frequency of 5 kHz, a pulse width of 10 ns,
and a laser divergence angle of 1 mrad. The beam splitter has a splitting ratio of 1:99. The
photosensitive surface diameter of the photodiode (PIN) is 9.8 mm. The single-photon
detector (SPAD) used is the CD3565H SPAD produced by Excelitas, with a dead time of
41.3 ns and a photon detection efficiency of 2.8%. The time resolution of the TCSPC module
is 512 ps. The designed eight-level diffractive lens was used in the system as part of the
receiving system. The aperture of the diffractive lens is 50 mm, with a field of view of
0.9 mrad and an average diffraction efficiency of 78.2%.

Target building

Figure 7. Photo of the long-distance test system and target.

The experiments were conducted at night under good weather conditions. In the
short-distance ranging experiments, a white paper (210 mm x 297 mm) was used as a
target. The obtained photon-counting histograms for the echo of the A4 paper target are
shown in Figure 8a—c. In the figures, the horizontal axis represents the measured distance,
and the vertical axis represents the number of echo photons counted. From the short-range
test results, it can be observed that the distances between the A4 white paper and the
experimental setup are 6.0 m, 9.9 m, and 16.1 m, which are consistent with the actual
distances of 6.0 m, 10.0 m, and 16.0 m, respectively. This demonstrates that the designed
diffractive optical system applied to the LiDAR receiving end is effective and capable of
successfully performing short-range measurements.
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Figure 8. The histogram of laser radar echo photon counts distance results of (a—c) short-distance
ranging experiments. And (d) long-distance ranging experiments.
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In the long-distance ranging experiments, a tall building was selected as the target and
its distance was measured. The obtained photon-counting histogram for the echo of the
building is shown in Figure 8d. In the figure, the horizontal axis represents the measured
distance, and the vertical axis represents the number of echo photons counted. From the
long-range test results, it can be seen that the measured distance between the building and
the experimental setup is 851.2 m, which is consistent with the actual distance (853 m). This
effectively demonstrates that the designed diffractive optical system applied to the LIDAR
receiving end is effective and capable of successfully performing long-range measurements.

4. Conclusions

A set of laser radar optical receiving systems was designed and fabricated. In the
system, the primary mirror is an eight-step lightweight diffractive lens. It was fabricated in
accordance with current diffractive lens manufacturing capabilities. Testing and analysis
indicate that the laser radar system based on this diffractive lens can measure near and far
targets at distances of approximately 6.0 m, 9.9 m, and 16.1 m and 851.2 m, respectively.
Compared with the traditional laser radar system, the diffractive lens offers advantages
such as high design flexibility, lightweight construction, and looser surface tolerances.
Conducting research on laser radar optical systems based on diffractive lens is of significant
importance for advancing the development of lightweight laser radar optical systems for
spaceborne, airborne, and shipborne applications.
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