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SUMMARY

The existing infrared target simulation system with a total internal reflection (TIR) prism has the problem
of low imaging contrast ratio, whichwill seriously affect the quality of the simulated image. This study pro-
poses a design method of optimized TIR prism (OTIR) based on Snell’s law in medium-wave infrared
(MWIR) to solve the problem. The radiation theory is used to construct the constraint model of the
OTIR prism in the MWIR target simulation system. Further, this study investigates the influence of
different states of the digital micromirror device on the beam direction and derives the design equation
of the OTIR prism composed of three prisms based on Snell’s law. Finally, the designedOTIR prism is simu-
lated and experimentally verified. The simulated results show that the OTIR prism of the compact MWIR
target simulation system can enhance the contrast ratio. The experimental results show that the output
contrast ratio of the simulation system at 700 K is about 298:1. In the specified temperature range, the
contrast ratio of the infrared target simulation system increases with the increase of the light source tem-
perature. Thus, the OTIR prism has the function of improving the contrast ratio of MWIR target simulation
system.

INTRODUCTION

Infrared target simulation system can simulate the real physical characteristics of targets and is widely used in the ground test of space-borne

andmissile-borne detection systems.1–3 As a supplement to visible-light target simulation technology, it canmake up for the shortcomings of

visible light and laser to a certain extent, meet the requirements of all-weather observation and multi-information collection of the target

detection system, and improve the environmental adaptabilities of the target detection system.4 Imaging contrast ratio is one of the indica-

tors to measure the imaging quality of the rice tissue target simulator, which is related to incident light intensity, display contrast ratio of the

digital micromirror device (DMD), optical transfer function of the imaging lens, and so on.5 DMD-type infrared target simulation system ex-

hibits scattering, reflection, diffraction, and other phenomena, resulting in a significantly reduced contrast ratio of infrared target simulation

system, and the imaging performance cannot meet the simulation requirements. With the development of medium-wave infrared (MWIR)

detection system,6–8 how to improve the imaging contrast ratio of MWIR target simulation system has become one of the urgent problems.

In the MWIR target simulation system, the structure of the telecentric optical path has the advantage of high uniformity in the projection

image. Moreover, the lower energy utilization can be improved by plating anti-reflection film on the surface of the optical element. Some

researchers have studied the contrast ratio of MWIR target simulation system with a telecentric structure. For example, Dupuis et al.9 devel-

oped a DMD infrared scene projector for an infrared tracking system, measured the limiting factors of contrast ratio in the infrared target

simulation system, and generated a new concept based on structured illumination of the projector DMD where the structure is dynamically

provided by a source-conditioning DMD operating in binary mode. A contrast ratio of 250:1 is reached in the spectral range of 3–5 mmbands

and the temperature of 785 K. Beasley et al.10 gave a detailed overview of the Micromirror Array Projector System (MAPS) of Optical Tech-

nology Company of the United States. In the MWIR, a contrast ratio of 90:1 is reached when the DMD is illuminated with a light source tem-

perature of 523 K temperature. Zhang et al.11 designed a set of infrared dual-band visual simulation optical system based on DMD and real-

ized a dual band and large exit pupil distance of telecentric light path by using direct illumination.When the blackbody temperature is 300+C,

the minimum and maximum simulated temperatures are 31:6+C and 250+C, respectively. So the temperature difference is 215:4+C, and the

normalized contrast ratio of the system reaches 0.98. However, the total internal reflection (TIR) prism structure was not used in the

1School of Opto-Electronic Engineering, Changchun University of Science and Technology, Changchun 130022, Jilin, China
2Opto-Electronic Measurement and Control Instrumentation, Jilin Province Engineering Research Center, Changchun 130022, Jilin, China
3Key Laboratory of Opto-Electronic Measurement and Optical Information Transmission Technology, Ministry of Education, Changchun 130022, Jilin, China
4Lead contact
*Correspondence: duzongyu2021@163.com
https://doi.org/10.1016/j.isci.2024.108918

iScience 27, 108918, February 16, 2024 ª 2024 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:duzongyu2021@163.com
https://doi.org/10.1016/j.isci.2024.108918
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.108918&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


aforementioned studies, resulting in the back intercept of the system being too large, which increased the size of the system. Generally, tele-

centric structures with TIR prisms in infrared target simulation systems are characterized by high homogeneity, facilitate system miniaturiza-

tion, and allow separate designs of the illumination and projection systems.12 Some scholars have designed the infrared target simulation

system with a telecentric structure of a TIR prism. For example, Pang13 designed a TIR prism with an imaging contrast ratio of 0.61 normalized

to the wavelength band of 3–5 mmand an energy utilization rate of 64.5%. But the corresponding blackbody temperature was not mentioned.

The aforementioned research shows that TIR prism can shorten the back intercept and compact the system structure. However, after intro-

ducing the TIR prism, the contrast ratio of the system is reduced.

Therefore, this study proposes an OTIR prism for a compact MWIR target simulation system with the background of multi-band target sim-

ulators of ultraviolet, visible,MWIR, and long-wave infrared to improve the contrast ratio in the simulation systemof theMWIR target and tomeet

the practical application requirements of the detection system of MWIR target. To improve the contrast ratio of the telecentric structure of TIR

prismused inMWIR imaging, the constraintmodel of theOTIRprismwas constructed, thedesignmethodofOTIRprismbasedonSnell’s lawwas

proposed, and the OTIR prism of 3–5 mm band was designed. This study reduces the stray light and improves the imaging quality of the MWIR

target simulation system. It provides a research idea for improving the contrast ratio of infrared target simulation systems.

RESULTS

Optical system composition of MWIR target simulation

AnMWIR target simulation systemwith a telecentric structure is proposed to improve the contrast ratio of theMWIR target simulation system

with TIR prism in the telecentric structure, which mainly consists of a blackbody light source, optical illumination system, relay system (OTIR

prism, DMD), and projection system, as shown in Figure 1. The blackbody emits infrared beam. The concentrating prism group is used to

converge the beam and shape it. The OTIR prism is used to reduce the system size and derive the DMD off-state beam from the projection

system. A DMD is used to simulate the scene target, and the projection system mirror set is used for beam collimation.

The light emitted from the blackbody is concentrated by the optical illumination system and then directed into the OTIR prism and uni-

formly illuminates the DMD. The DMD simulates the MWIR target, and the projection system collimates the simulated target to form parallel

light, which is provided to the MWIR target detection system for functional detection.

Principle of TIR prism and design idea of OTIR prism

The angle between the illumination and projection beam is limited by the deflection angle of DMD. It is easy to cause some edge rays of the

two beams to overlap and interfere with each other, and also easy to cause mutual blocking. To avoid the aforementioned situation, the op-

tical splitting systemmust be added to ensure the compact structure and the rationality of the system’s optical path. The splitting of TIR prism

generally uses two prism structures, as shown in Figure 2. From the deflection characteristics of the DMD,14 the angle between the incident

and reflected rays is 24� after the light is modulated by the DMD. ic is the critical angle of total reflection of the prismmaterial. The light will be

fully reflected to theDMDwhen the angle of incidence at the prism slope is greater than ic . At the same time, it is also necessary to ensure that

the projection beammodulated by the DMD is transmitted through the prism, and the angle of incidence of any light in the projection beam

when it passes through the prism again is less than the critical angle; i.e., when i1 < i2 < ic is satisfied, the light can be transmitted through.

It is well known that themicromirror on the DMDhas three working states, i.e., on-state, flat-state, and off-state.15 Although the flat-state is

inactive, there is still a short time zero position when the micromirror changes from the on-state to the off-state. During DMD operation, the

surrounding non-working area of DMD can also be considered a flat-state. The protective glass of DMD reflects the light beam and can also

be regarded as flat-state. In addition, the hinges below the DMD can create scattered light in the projection system. These factors introduce

stray light into the optical system and reduce the contrast ratio. The F-number of the infrared target simulator projection system is usually

between 2.4 and 3, and corresponding beam aperture angle is 9.4�–11.7�. The TIR prism will cause the flat and scattered beams, etc., to enter

the projection system. Therefore, the OTIR prism should be improved based on TIR prism function to realize that the beam in flat-state and

off-state is far away from the projection system and enhance the contrast ratio of the infrared target simulator.

Figure 1. Schematic of the optical system of MWIR target simulation system
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Constraint model construction of OTIR prism

To improve the contrast ratio of the MWIR target simulation system, the relationship between the contrast ratio and the constraint model of

the OTIR prism needs to be clarified. Contrast ratio is usually calculated in two ways: the OFF/ON (FO) contrast ratio and the American Na-

tional Standards Institute (ANSI) contrast ratio. The FO contrast ratio is more suitable for a dynamic projection system, where the contrast ratio

C is Equation 1, defined as the ratio of the luminosity or luminous flux of a display that is all white to all black.

C =
Lon
Loff

(Equation 1)

where C is the contrast ratio, Lon is the output brightness of the all-white screen, and Loff is the output brightness of the all-black screen.

It can be seen that when Lon alone increases, Loff alone decreases, or both occur at the same time, the higher the contrast C, the greater the

difference between light and dark in the simulated image. To improve the contrast ratio of the system, the radiation brightness of the back-

ground light should be reducedwhen the target brightness is constant. Since the background light intensity usually reaches the system image

plane by scattering and reflection, its energy transmission process is consistent with the basic radiation transmission theory. The fundamental

radiation transmission of the background light energy is shown in Figure 3.

The meta-illuminated area dF2 received by the illuminated surface dA1 emitted by the radiation flux dA2 is given by Equation 2.

dF2 =

�
cos 41

dA2 cos 42

r2

�
L1
E1

E1dA1 = GCF $BSDF$dF1 (Equation 2)

where L1 is the radiation luminance of themeta-illuminated area, 41 is the angle between the normal line of themicrofacet and the center line,

42 is the angle between the normal line of the receivingmicrofacet and the central line, r is the length of the connection between the center of

two microfacets, GCF is the solid angle of the light source microfacet to the receiving microfacet, BSDF is the surface bidirectional scattering

distribution function, dF1 is the radiation flux of the light source surface, and E1 is the irradiance of the source microfacet.

To suppress the background brightness and improve the contrast ratio, it is necessary to reduce the receiving radiation flux dF2 of micro-

facet. This can be achieved by lowering GCF. The GCF value of stray light transmission at each stage is reduced by setting stray light sup-

pression structures such as shading, blocking rings, and eliminating stray light diaphragm.16 In this study, we design an OTIR prism based

on the Snell principle to achieve the modulation of the DMD off-state and flat-state beam to reduce the GCF, reduce the brightness of back-

ground radiation Loff , and improve the contrast ratio C of the system. The comparison between the TIR prism and the OTIR prism principle

that enhances the contrast ratio is shown in Figure 4.

According to the modulation principle of the DMD,17,18 combined with the requirements of the illumination system and projection system

in the design of TIR prism,19,20 the contrast ratio enhancing OTIR prism should meet the following three conditions.

(1) The light beam of the illumination system can be fully reflected in the OTIR prism and uniformly illuminate the DMD, which can pass

through the OTIR prism into the projection system after being reflected by the DMD.

(2) The off-state and flat-state beam, which meet total reflection on the OTIR prism, are far away from the projection system, and the on-

state beam refracts enter the projection system when the DMD-reflected beam passes through the OTIR prism.

(3 )The light beam entering the projection system should be parallel to the DMD optical axis.

Figure 3. Schematic diagram of basic radiation transmission

Figure 2. Schematic diagram of TIR prism
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The beveled edge angle of OTIR prisms generally refers to the second surface of the DMD-reflected beam passing through the prism and

the direction of the perpendicular DMD optical axis, whichmainly relies on this beveled edge angle to achieve the function. Owing to the fact

that hypotenuse angle of theOTIR prism cannot simultaneously meet the aforementioned conditions, according to the analysis, the design of

at least three prisms is needed to improve the contrast ratio of the OTIR prism.

OTIR prism angle design theory

The prism angle of the beveled edge determines the direction of the beam modulation. The first OTIR prism is used to turn the beam irra-

diated by the illumination system and uniformly illuminate the DMD. The second prism is used tomodulate the beam direction of DMD in the

off-state, flat-state, or on-state. The third prism is used to orient the beam from the OTIR prism parallel to the DMD optical axis to ensure it

enters the projection system.

The primary purpose of the first prismG1 is to uniformly illuminate theDMDwith the incident light from the illumination system, as shown in

Figure 5A. The angle q1 of the beveled edge of the prism has to satisfy two conditions, i.e., the upper edge light ray AB incident to the beam

on the beveled edge of the MN should have an angle of incidence h1 greater than the critical angle and the lower edge light ray CD, which is

reflected from the beam via the DMD, has an angle of incidence h2 to the bevel MN that is less than the critical angle.

The light cone angle of the illumination beam incident on the DMD is arctan
�
1
2F

�
, and the angle between the illumination beam’s upper

edge and the projection system’s optical axis is 2qDMD � arctan
�
1
2F

�
. The angle becomes arctan

�
1
2F

�
after the reflection in the on-state of

the DMD. When the beam is first incident on the beveled MN, Snell’s law and total reflection condition can be used to calculate that

Equation 3 should be satisfied. Similarly, by calculating the conditions that should be satisfied by the beam reflected from the DMD

into the beveled MN, it can be concluded that the beveled edge angle q1 of the first prism should satisfy Equation 4, as follows:

q1 = arcsin
na

ng min
� arcsin

2qDMD � arctan

�
1

2F

�

ng min
(Equation 3)

arcsin
na

ng min
� arcsin

2qDMD � arctan

�
1

2F

�

ng min
% q1 % arcsin

na

ng max
� arcsin

arctan

�
1

2F

�

ng max
(Equation 4)

where q1 is the beveled edge angle of the first prism; na is the refractive index of air, ng min and ng max are theminimumandmaximum refractive

indices of the prism material at 3–5 mm, respectively; qDMD is the deflection angle of DMD; and F is the F-number of the system.

The second prism G2 is the essence of the OTIR prism that distinguishes it from the TIR prism and is designed to realize the beam

modulation of DMD on-state and off-state. Figures 5B and 5C show the beam direction of the DMD in the on-state and off-state, respec-

tively. There are two incident bevels for the light, one of which is parallel to the bevel MN of G1, with a certain air interval in the middle, so

all the DMD-modulated light can pass through this bevels. The second bevel PQ plays the role of modulating the beam. The design of the

bevel angle of G2 is similar to the principle of the first prism G1. The angle I between the lower edge of the light reflected by the DMD

and the optical axis is given by Equation 5. According to Snell’s law, the angle q2 of the beveled of the second prism can be derived as

Equation 6, as follows:

I = 2qDMD +

�
2qDMD � arctan

�
1

2F

��
(Equation 5)

q2 = arcsin
1

nmax
� arcsin

4qDMD � arctan

�
1

2F

�

nmax
(Equation 6)

where q2 is the second prism beveled edge PQ angle.

Figure 4. Principle comparison between TIR prism and OTIR prism

(A) TIR prism.

(B) OTIR prism.
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The third prismG3 ensures that themain light is parallel to theDMDoptical axis. The side of the prism near the beveled edge of the second

prism is inclined, parallel to the inclined plane PQ of the second prism, with a certain air interval in the middle, and the other side should be

perpendicular to the optical axis. The beam direction in the on-state of the DMD is shown in Figure 5D.

The OTIR prism angle’s design can determine the beam’s optical path direction. In the MWIR target simulation system based on Snell’s

law, the angle between the upper edge of the illumination beam and the optical axis of the projection system is related to the F-number of the

system. The aforementioned equations are applied to infrared target simulation systems with different prism materials and F-numbers.

OTIR prism thickness design theory

During the design process of the OTIR prism, thickness is also an important parameter. A too thick prism will not only cause the loss of light

energy but also increase the working distance of the projection system. A prism that is too thin illumination cannot fully illuminate the DMD,

which is equivalent to reducing the size of the DMD and will change the resolution of the target simulation system, which is not allowed.

The central wavelength is used to design the thickness of prismG1. The angle of the lower edge ray with the central wavelength is analyzed

as 2qDMD � arctan
�
1
2F

�
. As shown in Figure 6A, when the ray EF is incident along the lower edge of DMD, the fully reflected light is reflected

exactly to the upper edge G of the DMD. It is considered that this is the minimum thickness of the OTIR prism, and the thickness L1 of the first

prism can be calculated as Equations 7 and 8, as follows:

L1 = KH = KJ +HJ = GX +HJ (Equation 7)

Figure 5. Schematic design of prism angle

(A) First prism.

(B) The second prism of the DMD on-state.

(C) The second prism of the DMD off-state.

(D) Third prism.
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L1 =
D

tanð2q1+εÞ+tan ε

+
D

2
$tan q1 (Equation 8)

where D is the diagonal line length of DMD and ε is the refraction angle corresponding to the central wavelength.

For the thicknessG2, to avoid the actual machining and adjustment, the edge of the Q point perpendicular to the plane is involved in im-

aging on the image plane, affecting the imaging contrast ratio. Therefore, this study uses the DMDon-state of the upper edge light. To deter-

mine the thickness of the second prism, the position y needs to be determined, as shown in Figure 6B. According to the geometric relation, y

and the thickness of the second prism L2 can be derived as Equations 9 and 10, respectively.

y =

y

tanðbÞ � L1

tan q0
� D

2
� l tan a (Equation 9)

L2 =
2y

tanðbÞ � 2L1 (Equation 10)

where l is the distance betweenDMDand prism, b is the included angle between the light reflected to the lower edge of the secondprism and

the optical axis of DMD, b = arcsin
arctan

�
1

2F

�

2:2 , and a is the angle between the reflected light and the optical axis at the lower edge of DMD.

According to the geometric relation, as shown in Figure 6C, the thickness L3 of G3 is given by Equation 11.

L3 = d0 tan q2 + l0 (Equation 11)

where d0 is the distance of TR and l0 is the distance of TY in Figure 6C.

Using Equations 3, 4, 5, 6, 7, 8, 9, 10, and 11, the model of OTIR prism with improved contrast ratio can be calculated by substituting the

corresponding data. In this way, all the on-state beams reflected by DMD enter the projection system. However, the flat-state and off-state

beams reflected by DMD are all reflected on the second surface of the prism G2 and move away from the projection system.

DISCUSSION

Contrast ratio simulation analysis of OTIR prism

ZnS is chosen as the material for the design of the OTIR prism with a compact refractive index in the band of 3–5 mm. Combined with the

design index of the MWIR target simulator, the F-number of the system is 2.633, the diagonal length of DMD is 17.78 mm, and the deflection

angle isG12�. Since the DMD is composed of millions of image elements, to fit the reality in the simulation, the surface microstructure of the

DMD is deflected by G12� using a scale structure in the simulation software. As shown in Figure 7, the designed infrared target simulation

system was constructed by TracePro software when q2 is in a certain angle and the DMD is in the on-state.

Energy utilization is another factor to measure the OTIR prism in addition to contrast ratio, which should be considered in the study. The

energy utilization rate of the OTIR prism is closely related to the optical efficiency of the whole system and is mainly affected by the energy

utilization rate of the internal and external surfaces of the prism and the thickness of the prism on the light energy absorption. The energy

utilization rate t of the OTIR prism is shown in Equation 12.

t = t41 3 t42 3 ð1 � t3Þ (Equation 12)

Figure 6. Schematic design of prism thickness

(A) First prism.

(B) Second prism.

(C) Third prism.
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where t1 is the transmittance of the outer surface of theOTIR prism, t2 is the transmittance of the inner surface of theOTIR prism, and t3 is the

light energy loss of the thickness of the OTIR prism.

The energy utilization rate of the outer surface of theOTIR prism is mainly affected by the anti-reflection film, which is taken to have a trans-

mission rate of 98%. The loss of the beam passing through the inner surface of the OTIR prism through the air layer is relatively high, with a

transmission rate of about 97% on each side.21 The thickness of theOTIR prismwill also affect its energy absorption, with a decrease in energy

utilization rate as the prism thickness increases.

As q2 increases, more light from flat-state is reflected by the second surface of the second OTIR prism, with the higher contrast

ratio. However, the L2 also increases, and the energy utilization decreases. In infrared systems, the FO contrast ratio is also calcu-

lated by the ratio of luminous flux. Combining the contrast ratio equation and tracing 100,000 rays in the simulation software, the

relationship between the contrast ratio and energy utilization ratio of the infrared target simulation system with q2 was obtained, as

shown in Figure 8.

It can be seen from the figure that the second prism does not exist when q2 = 0+. The corresponding structure is the two-block TIR prism.

The contrast ratio of the system is lower at this point, but the energy utilization is higher. With the increase of the angle of the second OTIR

prism, the contrast ratio of the infrared target simulation system also increases. And when it increases to a certain value, the contrast ratio

reaches a maximum value and remains constant. On the contrary, the energy utilization of the target simulation system decreases with the

increase of the angle of the second OTIR prism, but the range of change is compact.

It shows that the OTIR prism can enhance the contrast ratio of the system. The designed parameters are substituted into the equations in

section 3, while a certain air spacing, typically less than 10 mm, is left between each prism to prevent scattering.22 Owing to the limitation of the

manufacturing process, the air interval D = 0:001mm is designed in this study. Considering the processing difficulty of the OTIR prism and

the design requirements of the MWIR target simulation system, the design results of the OTIR prism are shown in Table 1. Figure 9 shows

the simulated beam directions for different states of the DMD in the IR target simulator according to the design results in Table 1. Figures

9A–9C correspond to the simulation results when the surface micromirror of the DMD is +12�, 0�, and �12�, respectively.

Figure 8. Relation curves of contrast ratio, energy utilization ratio and q2

Figure 7. TracePro simulation diagram of MWIR target simulation system
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In the simulation software, the DMD is used as the image plane in the illumination optical system, and the uniformity of the image plane

should be ensured, so the simulated image plane is larger than the actual image plane. The light threshold is set to 0.1, showing the high-

energy light’s path. It can be seen from the figure that the on-state beamenters the projection system, while the flat-state and off-state beams

are far away from the projection system.

Experimental verification

The system is experimentally verified to verify the imaging contrast ratio of theMWIR target simulation system. Figure 10A shows the physical

diagram of the OTIR prism with improved contrast ratio, and the physical diagram of the MWIR target simulation system is shown in Figure

10B after the system is installed.

AnMWIR thermal imager was used to test the infrared target simulation system for the experiment. The temperature of the thermal imager

ranges from�10�C to +1,200�C. The temperature of the light source ranges (room temperature) from +20�C to +700�C. To avoid deviations

caused by external environmental factors, each time the temperature of the light source is changed, the measurement is carried out after the

temperature of the light source is stabilized (during the experiment, themeasurement is carried out at an interval of 5min after the light source

is raised to the specified temperature). At the same time, to avoid measurement errors, the contrast ratio on different temperature values is

measured repeatedly. The experimental measurement data are substituted into Equation 1, and the relationship between the imaging

contrast ratio of the system and the variation of the blackbody temperature at different temperature values is obtained by combining Planck’s

formula, as shown in Figure 11.

When the blackbody is set to 300 K, the high temperature and low temperature of the output image of theMWIR target simulation system

are 294.63 K and 292.07 K, respectively. The contrast ratio is 1.113:1. When the blackbody is set to 700 K, the high temperature and low tem-

perature of the output image of the MWIR target simulation system are 576.82 K and 301.5 K, respectively, and the contrast ratio is 298.025:1.

The background temperature drifted by 9.43 K during this process, indicating that the influence of stray light was compact. It can be seen from

the experimental results that the contrast ratio of the telecentric structure with the OTIR prism is improved compared with other structures of

the MWIR target simulation system.9,10 Figure 12 shows the simulated images of DMD in full-on and full-off state at 700 K and the output

images of the simulated system with black and white grid input. The test results show that the optical system designed in this study can fully

meet the requirements of MWIR target detection systems.

Conclusion

This study proposed a design method for OTIR prism to improve the contrast ratio of MWIR target simulation system with the TIR prism

telocentric structure based on Snell’s law. The design model of OTIR prism for improving contrast ratio is constructed from the perspective

of the radiation principle. A three-block OTIR prism with an energy utilization rate of 75.1% is designed to achieve that the DMD off-state

and flat-state beams are totally reflected and away from the projection system while the on-state beams are refracted and enter the pro-

jection system. It solves the problem of partial stray light entering the projection system, thus improving the contrast ratio of the MWIR

target simulation system with the telocentric structure of the TIR prism. The simulation results showed that, as the angle of the second

Table 1. Design parameters of OTIR prism

Prism serial number qi Li

1 21� 22 mm

2 21� 13.430 mm

3 0� 6.720 mm

Figure 9. Beam tracing results on different DMD states

(A) on-state.

(B) flat-state.

(C) off-state.
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prism increases, the contrast ratio of the MWIR target simulation system also gradually increases to a certain value, which has the effect of

enhancing the contrast ratio. The experimental analysis showed that the contrast ratio of the MWIR target simulation system increases with

the increase of the temperature of the light source at 300–800 K. When the temperature is 700 K, the contrast ratio of the system is about

298:1. The imaging effect of the MWIR target simulation system has been improved, and it has the characteristics of high contrast ratio.

This design provides a theoretical basis for the design of an infrared target simulation system. The infrared target simulation system based

on OTIR can be widely used in the ground detection of infrared target detection systems, multi-spectral detection systems, and other

infrared detection systems.

Limitations of study

The diffraction phenomenon of DMD reflects different levels of light, which reduces the contrast. The wavelength of the present design in this

study is 3–5 mm, which is about 5 times different from the single-pixel image element of the DMD, but it will still be slightly affected. With the

gradualminiaturization of single-pixel image elements of spatial lightmodulation devices, the diffraction phenomenonwill becomemore and

more obvious. In order to better improve the contrast of the target simulation system, the diffraction phenomenon needs to be quantitatively

analyzed and studied in the future.
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Figure 12. Output image of simulation system at 700 K

(A) DMD is full-off state.

(B) DMD is full-on state.

(C) Input is black and white grid image.
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1. López-Alonso, J.M., José, M.L., Brian, M.,
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, measurement procedures and data can be directed to the lead contact, Gaofei Sun

(duzongyu2021@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.

� The codes are available on reasonable request from the lead contact.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

OpticStudio Zemax Zemax

Tracepro Lambda Research Tracepro

Nomenclature and units

C contrast ratio [/]

Lon output brightness of the all-white

screen [cd/m2]

Loff output brightness of the all-black

screen [cd/m2]

dA1 meta-illuminated area [m2]

dA2 illuminated surface [m2]

dF2 radiation flux [lm]

L1 radiation luminance of the meta-illuminated

area [cd/m2]

41 angle between the normal line of the

microfacet and the center line [�]

42 angle between the normal line of the receiving

microfacet and the central line [�]

R length of the connection between the center of

two microfacets [m]

GCF solid angle of the light source microfacet to the

receiving microfacet [�]

BSDF surface bidirectional scattering distribution

function [/]

dF1 radiation flux of the light source surface [lm]

E1 irradiance of the source microfacet [W/m2]

(Continued on next page)
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Modeling

The modeling experiments were conducted mainly on the TracePro optical software developed by Lambda Research, Inc. in the United

States. The lenses of the illumination optical system and projection optical system designed using Zemax software were imported into

Tracepro.

Firstly, we study the radiation theory and construct the constraint model of OTIR prism in the MWIR target simulation system; we analyze

the influence of different states of DMDon the beamdirection, derive the design equation of OTIR prism composed of three prisms based on

Sneer’s law, and design the main parameter and profile of OTIR prism. (Figures 5A–5D and 6).

Second, the designed OTIR prism was simulated in Tracepro. Both the illumination optics and projection optics designed in Zeamx were

imported into Tracepro and jointly simulated with theOTIR. Through the simulation, the overall shape of theOTIR prism is determined first to

avoid the effect on the beam due to the aperture of theOTIR prism. It should be noted that the surface andmaterial properties of the lens will

be lost during the import process, and thematerial of the prismneeds to be set tomatch the refractive index andAbbe number in Zemax. Also

set the surface transmittance of the lens and prism. And the scale structure (i.e., surfacemicro-reflector) is set for the DMD to simulate the real

deflection of the DMD by setting the scale structure. Next, the simulation of the second prism of the OTIR prism at different angles obtained

different contrast results (Figure 8), to determine that the simulation is consistent with the actual calculation results, so as to determine the

model of the OTIR prism.

Continued

Nomenclature and units

G1 First prism [/]

G2 Second prism [/]

G3 Third prism [/]

q1 beveled edge angle of the first prism [�]

na refractive index of air [/]

ng min minimum refractive index of the prism material

at 3-5mm [/]

ng max maximum refractive index of the prismmaterial

at 3-5mm [/]

qDMD deflection angle of DMD [�]

F F-number of the system [/]

q2 second prism beveled edge angle [�]

MN Beveled edge of first prism [/]

PQ Beveled edge of second prism [/]

YZ Beveled edge of third prism [/]

D diagonal line length of DMD [mm]

ε refraction angle corresponding to the central

wavelength [�]

l distance between DMD and prism [mm]

b ncluded angle between the light reflected to

the lower edge of the second prism and the

optical axis of DMD [�]

a angle between the reflected light and the

optical axis at the lower edge of DMD [�]

t energy utilization rate of the OTIR prism [%]

t1 transmittance of the outer surface of the OTIR

prism [%]

t2 transmittance of the inner surface of the OTIR

prism [%]

t3 light energy loss of the thickness of the OTIR

prism [%]
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After determining the model

Monte Carlo ray tracingmethod is used. Monte Carlo ray tracing is a probability-based statistical algorithm that simulates the propagation of

light rays through a scene by randomly sampling the rays to achieve realistic scene rendering. The number of rays is chosen to take into ac-

count both "the more rays the more realistic" and "the number of rays does not significantly improve the realism after a certain level of in-

crease". After completing the tracing, the beam tracing results of the OTIR prism in different states of the DMD can be obtained directly.

(Figure 9).
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