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Abstract

Strong light interference severely degrades imaging system performance. This paper presents a novel
Digital Micromirror Device (DMD)-based imaging system for robust strong light suppression and
long-distance detection. Our design strategically places the DMD at the primary image plane,
utilizing a large F-number objective for extended depth of field. The relay imaging system employs
a tilted image plane in a near-symmetric configuration to effectively balance DMD-induced
aberrations, simplifying alignment and achieving a compact, high-performance layout. The DMD's
regional flipping capability enables precise, dynamic suppression of strong light. Experimental
results from a fabricated prototype demonstrate superior imaging quality (MTF > 0.3 at 167.3 Ip/mm)
and exceptional suppression of intense laser interference, ensuring clear image acquisition in
challenging lighting. This system offers an efficient solution for high-quality, long-range imaging in
strong light environments.

Keywords: digital micromirror device (DMD); strong light suppression; optical design; detecting and
imaging system

1. Introduction

Imaging systems are indispensable in a myriad of advanced applications, including autonomous
driving, medical diagnostics, industrial inspection, and surveillance, where high sensitivity, rapid
response, and precision are paramount. However, the performance of these critical systems is
frequently compromised by the presence of strong light interference, such as laser dazzling, intense
specular reflections, or direct sunlight exposure. Such interference can lead to sensor saturation,
blooming artifacts, and severe degradation of image quality, rendering the captured data unreliable
or unusable for subsequent analysis and decision-making [1-5]. The ability to maintain clear and
accurate imaging under these challenging conditions is thus a persistent and significant engineering
challenge.

To mitigate the adverse effects of strong light interference, researchers have explored both
passive and active strategies. Passive techniques often involve optical limiting materials, such as
linear [6,7], nonlinear [8,9], and phase-change materials [10-12], which typically demand high
excitation thresholds and often suffer from irreversible degradation or limited dynamic range under
prolonged strong illumination [13,14]. Active methods, on the other hand, include mechanical
shutters and spatial light modulators (SLMs). Mechanical shutters can effectively block incident light
above a certain intensity, but they operate globally and do not enhance image quality in localized
glare conditions [15]. Conventional SLMs, particularly those based on liquid crystal technology, offer
variable attenuation but are often plagued by low light efficiency (typically below 42% with liquid
crystal on silicon (LCOS) technology) and introduce phase distortions due to birefringence, especially
problematic in broadband imaging applications [16-19]. These limitations underscore the need for
more efficient and precise light modulation techniques.
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Digital Micromirror Devices (DMDs) have emerged as a promising alternative for pixel-level
light field modulation due to their high efficiency, rapid switching speed, and precise spatial control
[20,21]. Existing DMD-based systems have demonstrated capabilities in strong light suppression. For
instance, Zhou et al. proposed a relay imaging system employing off-axis and tilt strategies for
aberration correction [22]. However, their work, and many other existing systems, often struggle to
simultaneously achieve high image quality and robust long-range detection capabilities. Ritt et al.
developed a laser interference suppression method integrating three-channel band compensation
with DMDs, showing effectiveness in various environments [23]. Nevertheless, this approach
suffered from inadequate channel separation, leading to incomplete suppression. Subsequent work
by Ritt et al. introduced a dual-channel camera system with optical multi-band components to
improve channel separation; however, the inherent complexity and the DMD's flipping mechanism
still resulted in signal loss within the interference band, often causing imaging distortion [24]. These
prior efforts highlight the ongoing challenge in developing a DMD-based system that offers both high
optical performance and effective, distortion-free strong light mitigation across a broad range of
applications.

This study addresses these limitations by presenting the design of a novel anti-strong light
detection and imaging system based on a DMD, featuring an optimized relay imaging configuration.
Our system strategically positions the DMD at the primary image plane, with the detector at the
secondary image plane, ensuring a direct and precise pixel-level mapping. For long-distance
detection and imaging, the objective imaging system is designed with a long focal length and a large
F-number, providing an extensive depth of field. A key aspect of our design lies in the relay imaging
system, which employs a near-symmetric configuration with a tilted image plane. This innovative
approach effectively compensates for the unique aberrations introduced by the DMD in a convergent
light path, a significant improvement over conventional off-axis designs by simplifying alignment
and adjustment, leading to a more compact layout and superior aberration control. The regional
flipping capability of the DMD is then leveraged to dynamically steer strong light away from the
sensor by switching affected micromirrors to —12° from their normal +12° state, thereby achieving
precise and localized strong light suppression. The optical path is further folded using mirrors to
achieve a compact system footprint. Simulation results demonstrate the system’s high image quality,
achieving a modulation transfer function (MTF) of 0.3 at 167.3 Ip/mm, with maximum field curvature
and distortion well-controlled at 0.11 mm and 0.64%, respectively. Experimental results with a
fabricated prototype confirm both the good imaging performance and the effective suppression of
strong light interference.

2. Optical Design

2.1. System Configuration and Working Principle

The operational principle of the system is illustrated in Figure 1. The detection and imaging
system consists of an objective imaging assembly, a relay imaging group, a detector, a control unit,
and a series of reflectors. It functions within a two-stage imaging configuration, where the DMD acts
as the primary image plane, and the detector serves as the secondary image plane, maintaining
precise pixel-level mapping between the two.

In operation, incident light first traverses the front objective group, converging onto the DMD’s
focal plane to form an intermediate image. After being reflected by the DMD, the light beam is relayed
through the relaying system to the focal plane of the detector to achieve secondary imaging.
Reflectors are strategically positioned to fold the optical path, enhancing the system's compactness
without compromising optical performance. The control system comprises an FPGA and a DMD
control board, which are respectively used for image processing, generating mask patterns, and
sending instructions to control the deflection of the DMD, by adjusting the tilt angles of individual
DMD mirrors to achieve high-precision spatial light modulation.
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Figure 1. Working principle of the imaging system.

2.2. Detector Parameters and Determination of Focal Length

For an imaging system, the F-number typically ranges from 3 to 5. For larger depth of field (DOF)
of whole system, thereby enhancing the imaging performance of the system when capturing images
at long distances, the F-number of this system is set to 5. Meanwhile, based on practical applications,
the system's field of view (FOV) is +4.6 degrees. The focal length f can be calculated by the Equation
(1):

f=h/2tanw (1)

where } is the diagonal length of detector, @ denotes the magnitude of the half-angle of the field of
view. Since the system utilizes an IMX490 detector with dimensions of 8.69 mm x 5.63 mm and a
diagonal length of 10.36 mm. System focal length calculated as 81.6mm, since F number is 5, clear
aperture is 16.3mm.

2.3. Objective Imaging System Design

The objective imaging system is responsible for collecting light from the scene and forming a
primary image onto the DMD. The magnification of the relay system is determined by the DMD size
and detector size, is 0.6, which in turn determines that the focal length of the front-end system is 136.5
mm and its F-number is 8.5. For objective imaging system, the DOF is essential for maintaining sharp
focus over a wide range of object distances, a critical requirement for long-range surveillance and
detection applications. To realize a large F-number, the back focal length of the entire system has
been increased. The resulting optical layout of objective imaging system is depicted in Figure 2, and
the corresponding key parameters are summarized in Table 1.

Table 1. Key parameters of Objective Imaging System.

Parameters Data
F# 8.5
Focal Length 136.5 mm
DMD Size 0.7inch (17.78 mm)
DMD Micromirror Size 13.68 um
DMD Resolution 1920 x 1080
MTF 371p>0.5

In the design process of the system, it is essential to prevent light that has not been reflected by
the DMD (as reflective component) from entering the relay optical system prematurely. For the
present system, this requirement is specifically manifested in the necessity of increasing the distance
between the DMD and the first optical mirror of the relay optical system. This is achieved by carefully
optimizing the angle of incidence onto the DMD and the subsequent reflection angle. As shown in
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Figure 3, when the distance between the first optical mirror of the relay optical system and the DMD
surface is 80mm or larger than 80mm, the relevant requirements will be met.
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Figure 2. Schematic diagram of the Objective Imaging System.

— 4?1 —

Figure 3. Schematic diagram of DMD reflection optical path.

The image quality of the objective imaging system is evaluated using the Modulation Transfer
Function (MTF). As shown in Figure 4, the MTF of the objective imaging system exceeds 0.7 at 40
Ip/mm and clings closely to the diffraction limit, which satisfies the design requirements.

MTF of Objective Imaging System

0.5

OTF

0 4.0 80 120 160 200 240 28.0 32.0 360 400

Spatial frequency: Lp/mm

Figure 4. MTF of Objective Imaging System.

2.4. Relay System Design

The relay system's primary function is to re-image the light modulated by the DMD onto the
detector, while also correcting for aberrations introduced by the preceding optical elements,
especially those flipping from the DMD. A significant challenge in integrating DMD into imaging
systems, especially in convergent light paths, is the introduction of aberrations due to the non-planar
nature of the DMD's active surface and the angular deflection of its micromirrors. Traditional off-axis
designs often lead to increased complexity of the system and introduce significant off-axis
aberrations.

When light reflects off the tilted micromirrors of the DMD, it effectively creates a virtual tilted
object plane for the subsequent relay system. Consequently, within the rotational plane defined by
the reflected and incident optical axes, optical path differences arise between the light beams passing
through different micromirrors [25], As shown in Figure 5. By tilting the detector plane at a specific
angle relative to the optical axis, we can effectively compensate for the field-dependent aberrations,
particularly astigmatism and field curvature, that are inherently introduced by the DMD's operation.
So the relay system design here is the implementation of a near-symmetric configuration with a
deliberately tilted image plane for aberration balancing rather than traditionally off-axis
configuration. The layout of the optical system is shown in Figure 6, and the key parameters of the
relay optical system are summarized in Table 2.
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Figure 6. Schematic diagram of the relay optical system.

Table 2. Key parameters of the relay optical system.

Parameters Data
Lateral magnification 0.22
CMOQOS size 8.69 mm x 5.69 mm
CMOS pixel size 3 um x 3 um
CMOS resolution 2880 x 1860
NA 0.04

3. Results

3.1. Overall Evaluation

The key parameters of the relay optical system are summarized in Table 3. To facilitate
optimizing the whole system, the objective imaging system and the relay optical system were first
integrated, followed by independent optimization of the relay system. The optical path was then
folded to create the final anti-strong light detection and imaging system, as illustrated in Figure 7.

When the imaging system is used for normal imaging, its operating state is as shown in Figure
7, all micromirrors are deflected by +12°, focusing all incoming light onto the detector's focal plane to
form a clear image as shown in Figure 7 (a). Conversely, when all micromirrors deflect by —12°, as
shown in Figure 7 (b), all light is reflected away from the detector, preventing any light from entering
the detection system. Both the front objective and the relay lenses are aligned parallel to the optical
axis without tilt, which simplifies the assembly and calibration processes.

The MTF was used to evaluate the imaging resolution of the system. Based on the detector pixel
size, the Nyquist frequency is calculated to be 167.3 Ip/mm. The MTF curve of the optical system is
presented in Figure 8. It is evident that the MTF values across the entire field of view are close to the
diffraction limit, with a value of 0.3 at 167.3 Ip/mm, indicating excellent imaging performance.
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Figure 7. Schematic diagram of the imaging system: (a) All micromirror +12°; (b) All micromirror -12°.
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Figure 8. MTF of the imaging system.

The relative illumination of the detection and imaging system is shown in Figure 9. The
illumination remains near unity over the entire field, demonstrating high and uniform imaging

brightness on the detector.
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Figure 9. Relative illumination of the imaging system.
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Table 3. Key parameters of the imaging system.

Parameters Data
F# 2.5
Focal Length 81.6 mm
Filed of View 4° x 6°
Entrance Pupil Diameter 16.3 mm
MTF 167.3 Ip/ mm > 0.3

Field curvature and distortion, which do not degrade image quality but may cause displacement
of the image points, are also critical metrics for optical system evaluation. As depicted in Figure 10,
the maximum field curvature is 0.11 mm, and the maximum distortion is 0.64%. Both values are well
controlled, indicating effective suppression of these aberrations. The final design ensures that the
system delivers high resolution and minimal distortion across its operational field of view.

4.84 T 4.84

+Y

2.5 2.5

0.20 -1.0 0 1.0
Millimeters Percent

E—0.4861-Tangential E---0.4861-Sagittal
HF—0.5876-Tangential EA---0.5876-Sagittal F—0.4861 AA—0.5876 B—0.6563
F—0.6563-Tangential E---0.6563-Sagittal

Figure 10. Field curvature/distortion of the detecting and imaging system.

3.2. Stray Light Analysis

As shown in Figure 7 (b), when all micromirrors of the DMD deflect by -12 degrees, no light in
the entire system enters the detector for imaging. However, since ideal lenses do not exist in practice,
it is necessary to conduct stray light analysis to verify the extent to which the system introduces stray
light. The stray light analysis was performed on the detection and imaging system. The light source
was configured as a uniform spot with a radius of 18 mm, operating at a laser wavelength of 588 nm
and an output energy of 1 W. An aperture with an inner diameter of 24.3 mm was positioned in front
of the lens assembly. A schematic of the stray light simulation setup is presented in Figure 11.

Figure 11. Schematic diagram of stray light simulation.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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The fields of view (FOVs) used in the analysis and the simulated optical power entering the
system behind the aperture for each FOV is summarized in Table 4.

Table 4. Input optical power for different FOVs.

FOVs X Y Input optical power /W
1 0 0 0.42948
2 0 2.5 0.46276
3 0 4.6 0.45166
4 4.6 0 0.45008
5 4.6 4.6 0.44869
6 -4.6 4.6 0.44849

Parameters of the optical lenses and mechanical structures are provided in Table 5.

Table 5. Key parameters of lenses and structural components.

Components  Reflectivity (%) Transmittance (%) Scattering rate (%) Absorptivity (%)

Mirror 98.5 0 0.5 1
Lens 0.1 99.5 0.3 0.1
Struct 0.27 0 14.73 85

The DMD measures 25 x 25 mm and comprises 1000 x 1000 micromirrors. It is important to note
that discrepancies between the simulation model and the actual DMD structure may introduce
certain errors in the results. Analysis indicates that when the MEMS tilt angle is set to —12°, only laser
light from Field of View 1 and Field of View 2 reaches the detector surface. The stray light energy
distribution on the detector is illustrated in Figure 12.

1 Total Irradiance Map 1 Total Irradiance Map

76543210-1-2-3-4-5-6-7 76543210-12-3-4-5-6-7
0.1 7 7 0.1 7 7
6 6 6 6
5 5 5 5
0.032 3 A 0.032 3 B
3 3 3 3
0.01 32 > 0.01 52 >
g1 1 21 1
3202 £ 0 3202 N -
g -1 E - 1
le3 - -2 2 le-3 - 2 2
3 3 3 3
le-4 4 4 le-4 4 4
5 5 5 5
le-5 6 6 le-§ 6 6
¢ 7 7 ¢ 7 a7

76543210-1-2-3-4-5-6-7 76543210-1-2-3-4-5-6-7

X (millimeter) X (millimeter)

le-7 Light Throughput Rate: 0.0221%  Angle: -12° le-7 Light Throughput Rate: 0.0122%  Angle: -12°
State: all off State: all off
Filed of View: 1 (0, 0) Filed of View: 2 (0, 2.5)
(@ (b)

Figure 12. Total stray light energy on the detector: (a) Field of View 1; (b) Field of View 2.

As shown in Figure 12 (a) and Figure 12 (b), the stray light is relatively dispersed across various
fields of view. Specifically, the Light Throughput Rate is 0.0221% for Field 1 and 0.0122% for Field 2.
And the energy distribution of the resulting stray light is illustrated in Fig. 13. As depicted in Figure
13 (a) and Figure 13 (b), the Light Throughput Rate is 0.0216% for Field 1 and 0.0119% for Field 2.
This suggests that the stray light introduced by the DMD is of a very small order of magnitude.
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Figure 13. Stray light energy distribution caused by protective window: (a) Field of View 1; (b) Field of View 2.

4. Experimental and Resulting

Based on the analysis results, a prototype was fabricated, and the integration and assembly of
the optical system and control system were completed, as shown in Figure 14. Figure 14 (a) presents
the front view of the system, Figure 14 (b) shows the internal structure of the system, where the
control system comprises a DLP control board and an FPGA, and DMD is embedded in the optical
system. Field experiments were conducted to assess the optical performance of the DMD-based anti-
strong light imaging system designed to suppress strong light interference. The experimental setup
is illustrated in Figure 15.

I DLP Control Board
A AR

Optical System
Control System (DMD Embedded)

(a) (b)

Figure 14. Structure of the imaging system prototype: (a) Front view; (b) Internal structure.

Figure 15. Experimental equipment.
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Imaging tests were performed on a target located 1 km away. A comparison between the image
captured by the proposed system and that from a 60-megapixel smartphone is presented in Figure
16, showcasing the superior clarity and image quality of the designed optical system. It is worth
noting that, compared with mobile phones or cameras, the images captured by this system are mirror
images of the actual scenes.

Figure 16. Performance comparison of the imaging system: (a) Imaging system imaging; (b) Smartphone

imaging.

To evaluate the strong light suppression capability, an interfering laser operating at a
wavelength of 520 nm was positioned 5 meters from the entrance pupil of the imaging system, fully
filling the entrance pupil. The people and buildings in the scene are located 70 meters away from the
detector. The imaging performance of the detector, both before and after laser interference
suppression and before and after algorithm processing, is shown in Figure 17.

(©)

Figure 17. Imaging performance before and after laser interference suppression: (a) Original imaging; (b) Before

suppression (4.68x10+ mW/cm?); (c) After suppression.

The original scene is depicted in Figure 17 (a). Under laser interference, the imaging performance
of the detector is shown in Figure 17 (b), where a bright spot appears at the center of the interfering
laser. Strong glare effects spread outward from this spot, accompanied by radial glare streaks,

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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significantly obscuring the background information. The power density of the laser interference at
the entrance pupil is 4.68 x 10* mW/cm?, at which point the glare nearly fills the entire frame.

After laser interference suppression by DMD regional flipping and imaging processing, the
detector's imaging is shown in Figure 17 (c). The brightness of the interfering laser spot is greatly
reduced, and the energy entering the detector is substantially diminished. Meanwhile, the glare in
the image is significantly weakened, allowing for clear visibility of the background and figure.

5. Discussion

In this study, a DMD-based anti-strong-light detecting and imaging system was developed. A
high-quality and compact secondary imaging optical system was designed, and the DMD was placed
at the primary image plane to ensure precise laser suppression during DMD deflection. Furthermore,
a prototype integrating the control system, imaging system, and glare suppression execution system
was developed and manufactured. Finally, experiments were carried out to verify the glare
suppression performance of the detection system.

Compared with Ref. [15], our prototype can achieve active strong light suppression without
shutting down the shutter, which guarantees that the detection system can continuously output
images under strong light interference. In contrast to Refs. [23,24], the optical design in this study is
simpler and has stronger spectral adaptability.

However, as shown in Chapter 4, during the experiments, when strong light was directly
incident on the image, the stray light introduced by the system severely affected image observation:
even though the power of stray light is theoretically much lower than that of the laser core, large
green spots still appeared in the images.

The possible reasons are as follows:

1. The sources of stray light may be more extensive: the laser emits from the fiber aperture with
inherent diffraction effects; in the enclosed prototype, light may undergo multiple reflections among
the prototype housing, imaging lenses, and DMD, and such a complex process is difficult to simulate
and calculate.

2. Lasers have excellent monochromaticity, and the visual effect caused by the same light
intensity is stronger than that of sunlight.

3. The DMD has a complex structure, which includes not only millions of micromirrors but also
structures such as hinges and gaps, making accurate modeling difficult to implement.

Therefore, we must point out the following limitations of this study: we only analyzed the stray
light potentially introduced by the system at the geometrical optics level, without considering the
diffraction effects that may accompany the laser emission from the optical fiber. Meanwhile, due to
the functional limitations of the software, the operating state of regional DMD flipping mentioned in
this work was not analyzed; instead, only a simple overall DMD deflection of —12° was adopted. The
insufficiently precise modeling of the DMD may also lead to deviations between simulations and
experiments. Although this does not affect the authenticity of the data in this paper, it limits the
guidance of the simulation and experimental results for practical applications.

6. Conclusions

This study successfully designed, optimized, and experimentally validated a DMD-based anti-
strong-light detection and imaging system, specifically tailored for long-distance applications. The
optical architecture presented integrates a long-focal-length objective, which provides an extensive
depth of field crucial for remote sensing. A key feature of the system is an off-axis relay system
incorporating a deliberately tilted image plane. This configuration effectively corrects aberrations,
particularly those introduced by the DMD's non-planar operation, ensuring precise pixel-to-pixel
correspondence between the DMD and the detector for accurate strong light suppression. Optical
simulations confirmed robust imaging performance, with a MTF value exceeding 0.3 at 167.3 Ip/mm
across the full field of view. Experimental validation demonstrated the system's capability to clearly
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image scenes at 1 km while effectively mitigating laser interference by dynamically redirecting
incident light, thus preventing sensor saturation. This research provides a robust, high-performance
solution that significantly enhances imaging capabilities in challenging, glare-intensive
environments, making it highly suitable for applications in surveillance, autonomous navigation, and
remote sensing.
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