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A B S T R A C T

The mid-wave and long-wave dual-band infrared scene projector (IRSP) is a practical instrument to test various
infrared imaging systems in the experiment of hard-ware-in-the-loop (HWIL) simulation. It comprises two il-
lumination modules and a telecentric projection module with dual field of view, covering atmospheric bands
from 3.7 μm to 4.8 μm and 8 μm to 12 μm. In order to prevent the influence of temperature changes on the
quality of projected images, the appropriate operating temperature range should be predicted during the de-
velopment and design stages. In this paper, the integrated design of optical components is proposed, focusing on
improving the temperature adaptability. Taking into account the different thermal environments faced by the
illumination and the projection modules, opto-thermal analyses are carried out using finite element analysis
(FEA) models respectively. According to the conditions of heat transfer, temperature field and the corresponding
displacement field are calculated based on the quasi-static-processing approach. The least squares algorithm is
adopted to fit the thermally induced deformation data for determining the Zernike polynomials of each lens’s
surface. And the optical performance of the IRSP is evaluated with the help of a ray-tracing software. The
numerical simulations and the laboratory testing results show that the IRSP has good temperature adaptability in
the temperature range from 10 °C to 35 °C.

1. Introduction

Dual-band infrared scene projectors used in hardware-in-the-loop
(HWIL) simulation experiments, providing a series of simulated scenes
that accurately reproduce the spectral, spatial, temporal, and radiant
intensity characteristics of real world, and has been increasingly con-
cerned to replace some high cost out-field tests of dual-band infrared
imaging systems [1,2]. According to the working principle of the unit
under test (UUT), dual-band IRSP should have the ability to control the
radiant intensity in each band independently [3–7]. As a result, two
scene generation devices (SGDs) are usually employed to generate
spectrally separated images. And they are fused and projected onto the
UUT. Two kinds of SGDs are usually used in dual-band IRSP, resistor
array and digital micro-mirror device (DMD).

The resistor array is a mature technology. Early representative
systems based on two resistor arrays include the Kinetic Kill Vehicle
hardware-in-the-loop simulation (KHILS, 2004) facility from the Eglin
Air Force Base, and the Seeker Experimental System (SES, 2006) within
Optical System Test Facility (OSTF) from the Massachusetts Institute of
Technology (MIT) Lincoln Laboratory [8,9]. Currently, the most

representative dual-band IRSP is designed by Santa Barbara Infrared
(SBIR) in 2013, employing two newest MIRAGE-XL resistor arrays
[10,11]. These IRSPs usually cover atmospheric bands from short wave
infrared (SWIR) to long wave infrared (LWIR), using the reflective off-
axis optical structure to avoid chromatic aberration correction. How-
ever, they still have obvious shortcomings such as poor uniformity,
complex thermal control in the aspect of device and high fabrication
cost, difficult alignment and testing.

DMD has the advantages of its wide spectral response, high spatial
resolution, good uniformity, and low device cost. Two-DMD based dual-
band IRSPs are usually designed as refractive type to satisfy the lighting
requirements of DMD [12]. In addition to considering the chromatic
aberration caused by wide spectral bands, this optical structure over-
comes main shortcomings of the configuration based on resistor array.
Accordingly, the two-DMD based IRSP designed by Optical Sciences
Corporation (OSC, 2009) or OPTRA Inc. (2012) only operates in two
sub-bands of medium wave infrared (MWIR) [13–15]. They apply to
test MWIR threat detection system, such as missile warning system,
severely restricting the scope of application.

In our dual-band IRSP, we use two DMDs to compose the scene
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generation module, which is used in MWIR and LWIR regions in con-
junction with two illumination modules and a common telecentric
projection module. It overthrows an inertial thinking that the MWIR
and LWIR dual-band IRSP is designed by using resistor array based
reflective optical structure, significantly reducing fabrication cost and
the difficulty of alignment and testing. Meanwhile, it greatly improves
the quality of projected image. Except for the difficult correction of
chromatic aberration, we are also faced with another serious problem,
that is, the great difference of thermal properties between IR-trans-
mitting glass and metallic materials. Simultaneously, considering the
temperature change in the periods of operation, fabrication, and
alignment, we should reasonably predict the suitable operating tem-
perature range for improving the temperature adaptability of the IRSP.

In this paper, the opto-mechanical design of the IRSP is first dis-
cussed in detail. The temperature adaptability of illumination and
projection assemblies are analyzed by finite element analysis (FEA).
Then the heat induced deformation data of the IRSP is analyzed with
Zernike polynomials, with the optical performance being evaluated by
ray-tracing software. The preliminary results of laboratory tests are
presented finally.

2. Opto-mechanisms design of the IRSP

The schematic diagram of our dual-band IRSP is depicted in Fig. 1.
The illumination modules have the same opto-mechanical structure and
specific bandpass filters (BPFs) corresponding to each infrared band.
Two DMDs are synchronously controlled to generate images of different
bands at the same time. By using thermoelectric coolers, the window of
DMD is temporarily stabilized below 2 °C, which is the dew point of the
experimental environment. The main specifications of the IRSP are
listed in Table 1.

The tilt angle of DBC relative to projection axis is 30°. According to
Snell’s law, the MWIR DMD is mounted on a 30° angled mounting plate
(bracket). And the LWIR DMD is mounted on the six-axis stages for
adjusting the relative position between DMDs to register the images.
After adjusting, axes of DMDs and DBC are coplanar with projection
axis. The square micro-mirrors of DMD flip +12° or −12° around the
diagonal. In order to enable the “on” state beam to exit along the
projection axis, the elevation angle between the illumination axis and
DMD axis is 24°, and the azimuth angle is 45°, as shown in Fig. 2(a).

Accordingly, as shown in Fig. 2(b), the LWIR illumination module is
mounted on a 45° angled mounting plate, while the MWIR illumination
module is mounted on a combined bracket consisting of 60° and 45°
angled mounting plates. And they are located on both sides of the
projection axis. In addition, all the customized brackets are machined
from one solid extruded shape, and every mounting surface has been

precision-machined to achieve± 1 arcmin angular tolerance and
0.025mm flatness.

2.1. Optimized opto-mechanisms design of illumination module

The housing of the illumination module is also machined from one
solid, which is similar to the angled mounting plate, and all the
mounting surfaces are precisely machined to achieve the desired ac-
curacy. The realized design of the illumination module is presented in
Fig. 3. The flat mirrors with 6:1 diameter-to-thickness ratio are in-
tegrally designed with the mirror mounts. In order to have the same
CTEs for different components, the mirrors, mounts and housing are
made of the same material. For isolating the optical surface from the
mounting surface, there is a ring slot on the circumference of the
mirror. And a circular groove is machined on the mirror’s mounting
surface, significantly reducing the precision machining area. There are
three parallel mounting pads with thread holes on the mount, which are
used to keep the mirror in normal position and connect to the housing.
In addition, by single point diamond turning (SPDT), the proper flatness
of all mounting surfaces, especially optical surfaces, can be ensured
[16,17].

The blackbody shell temperature will rise to about 45 °C during
operation, and the lens 2(9) is heated slowly by continuous irradiation,
which will lead to the change of the axial temperature gradient of il-
lumination module. A FEA model is used for predicting the adaptability
of the structure to the axial temperature loading, and the heat source is
set on the blackbody exit surface. Taking LWIR as an example, after
introducing the thermal environment, initial conditions, and boundary
conditions to the FEA model, the temperatures at all mesh points are
calculated to obtain the temperature distribution, which is shown in

Fig. 1. Schematic of the two-DMD based dual-band IRSP.

Table 1
Specifications and performances of the IRSP.

Parameter Value

Spectral ranges 3.7–4.8 μm and 8–12 μm
Field of view ±3.75° and±1.875°
Focal length 133.6 mm and 267.2 mm
Image contrast 200:1 (MWIR); 10:1 (LWIR)
Max apparent temperaturea ≥600 K (MWIR); ≥400 K (LWIR)
Video interface VGA; HDMI
Array size of DMD 1024×768
Pixel pitch of DMD 13.68 μm
Sensor area of DMD 14.1 mm×10.5 mm

a The IRSP apparent temperature is dependent on the temperature of
blackbody source, and the temperature range is determined by the simulated
scenes.
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Fig. 4(a). The materials of lens and mirrors are germanium and alu-
minum respectively, and the material properties are shown in Table 4 in
the next section.

It can be seen that the increase of temperature mainly concentrates
on the position of lens 2(9). But temperatures on other positions are
stabilized below 25 °C, close to initial temperature. The reason is that
the optical elements are discretely mounted on the housing, sig-
nificantly reducing the heat transfer between each other. The non-
uniform temperature field causes the structure to deviate away from the
nominal defined shape, so we perform the stress-strain analysis

according to the obtained temperature field. The reference temperature
for the undeformed illumination module is assumed to be 20 °C. As
shown in Fig. 4(b), the displacements of mesh points for the optical
elements are less than 8 μm.

Considering the additional impact of ambient temperature change,
the elastomeric mounting is used to fix the lens near the source [18]. As
shown in Fig. 3, the lens (2)9 is held in place by the fixture to align
within the cell 1, then the elastomer is injected into radially oriented
holes until the space around the lens is filled. Furthermore, the ma-
chined surface of the fixture is coated with mode release, thereby the
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Fig. 2. Opto-mechanical structure and spatial layout of the IRSP. (a) A simplified local space coordinate system is established to show the spatial angle between
incident beam and exiting beam of DMD. (b) Opto-mechanical system of the IRSP.
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fixture can be removed after curing. The elastomeric ring can minimize
stress buildup within the optical element caused by axial temperature
loading. The axial length of the elastomer layer equals the edge thick-
ness of the lens, and the particular thickness of the elastomer is given
by:

= − −
− − −

t D ν α α
α α ν α α

(1 )( )
2[ ( )]e

l e c l

e c e l e (1)

where Dl is the diameter of the lens, νe is the Poisson’s ratio of the
elastomer layer. Besides, αe, αc and αl are the CTEs of the elastomer, lens
and cell, respectively. When subjecting to radial gravitational loading,
the decentration of the lens is expressed as:

=
− −

δ m t
πD t E ν ν

2
[(3 2 ) (1 )]l

l e

l l e e e
2 (2)

where ml is the lens weight, tl is the edge thickness of the lens, Ee is the
elastomer Young’s modulus. The calculation parameters of Eqs. (1) and
(2) are given in Table 2.

From Eq. (1), the radial thickness of elastomer layer te is 0.742mm,
but the actual thickness is 0.8mm instead of the calculated value,
which is a design choice. From Eq. (2), the calculated decentration of
the lens 2(9) δl is 0.0478 μm under radial gravitational loading, which
can be ignored for reducing the illumination uniformity.

2.2. Opto-mechanisms design of projection module

The projection module is mainly composed of the DBC, projection
lens, stepper motor, encoder, and the brackets. As shown in Fig. 5(a), all
the lenses are assembled in respective barrels by optical centering
processing and assembling technology. As for the rear fixed group, the
air space between lens 16 and 17 is too small for a separator, whose
solution is that the lenses are respectively bonded to the cells by in-
jecting a ring of 3M 2216 epoxy, then the air space is controlled by the
separator between cells. The similar method is adopted to control the
air space between lens 17 and 18. Furthermore, the metal-to-glass in-
terface on convex surfaces is machined on a tangent plane to reduce
installation stress.

The DBC is mounted on the projection lens by the angled mounting
plate, which is considered as a flexible plane-parallel plate.
Accordingly, the semi-kinematic mounting is chosen for DBC, as shown
in Fig. 5(b). There are six flat pads with threaded holes symmetrically

distributed on both sides of the base plate. And the DBC is pressed
against the three pads on one side by three spring clips. The base plate
is installed on the angled mounting plate via other three pads for
eliminating the bending moments introduced by the localized irregu-
larities on the supporting surface as far as possible. In addition, the clips
are designed as cantilevered beams, with the minimum preload im-
posed by the clips being given by:

= ∑F m f aD smin (3)

where mD is the weight of the DBC, fs is the safety factor that is usually
equal to 2, and a∑ is the total acceleration caused by gravity and dy-
namic loadings. From Eq. (3), the required minimum preloads Fmin is
1.590 N, and the corresponding deflection of a spring clip is determined
as:

= −ν F L E bt NΔ (1 )(4 ) ( )c c c
2

min
3 3 (4)

where νc and Ec are material Poisson’s ratio and Young’s modulus re-
spectively, L is the clip’s free length, b and tc are the width and the
thickness of the clip respectively, and N is the quantity of employed
clips. The stress caused by deflection is calculated by:

= F L bt NS 6 ( )cΔ min
2 (5)

The calculation parameters of Eqs. (4) and (5) are given in Table 3.
According to Eq. (4), the deflection Δ is 0.012mm when imposing the
minimum preloads. From Eq. (5), the corresponding stress within the
clip SΔ is 15.27MPa. The realized value of Δ should be greater than the
minimum, and the actual value is specified as 0.1mm. Because the
relationship is linear between the defection and the stress, the value of
SΔ is deduced as 127.25MPa, which is much less than the material
(Spring steels) yield strength 343MPa. Although the DBC is insensitive
to lateral motions, we still use three pegs made of polytetra-
fluoroethylene (PTFE) to avoid excessive displacement.

3. Opto-thermal analysis of the projection lens

Based on the principle of energy conservation and Fourier’s law, the
temperature distribution of subject can be expressed by the second
order partial differential equation as follow [19]:

⎜ ⎟
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Fig. 4. Thermal analysis of illumination module based on FEA model. (a) Temperature field change induced by axial temperature loading. (b) Thermally induced
structural deformation.

Table 2
Calculation parameters of Eqs. (1) and (2).

Lens 2(9) Elastomer layer Cell 1

Diameter Dl (mm) Weight ml (kg) Edge thickness tl (mm) CTE αl (°C−1) Poisson’s ratio νe CTE αe (°C −1) Young’s modulus Ee (MPa) CTE αc (°C −1)

22 8.35×10−3 4 6.1× 10−6 0.499 300.6× 10−6 3.448 23.6× 10−6
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where cp is the heat capacity, ρ is the density, T is the temperature, k is
the thermal conductivity, where ∂T/∂τ represents that temperature
changes with time, ∂T/∂x, ∂T/∂y and ∂T/∂z represent temperature
gradients respectively, and where Qv represents the heat source term.

DMD chip is the only potential heat source on the axis of projection
lens. However, it can be eliminated by dissipating heat back, not being
connected to the projection lens and controlling thermal accumulation
effect via thermoelectric coolers. Accordingly, we can infer the heat
source term Qv is equal to 0. In addition, the coating on the lens absorbs
about 2% of radiant flux and converts into heat, which is much less than
exchanging heat with ambient air. Accordingly, it can be seen that the
heat loss or gain is mostly driven by ambient temperature, and the heat
conduction only occurs between the bottom of bracket and the optical
bench.

It is assumed that under different environmental conditions, the
temperature range is 10–40 °C and the duration is twelve hours. Since
there is no additional heat source, such temperature variation is ob-
viously isotropic. The convection coefficient is set as a variable field
distribution. And the conduction coefficient is treated as a constant
because the surface temperature of the optical bench is almost constant.
According to the conditions of heat transfer, the calculated temperature
distribution of projection lens is shown in Fig. 6(a). The non-uniformity
of temperature distribution is caused by the differences between phy-
sical properties of materials. When heat is transferred to different parts
of the projection assembly, thermal strain is built up, resulting in
structural deformation. For isotropic linear elastic solid, the thermal
strain is given by:

= −ε α T τ T[ ( ) ]0 (7)

where α is CTE of the material, T(τ) is instantaneous temperature, and
T0 is the stress-free initial temperature. The temperatures of optical
elements averagely increase by 15 °C. According to Eq. (7), Q345 steel
is more reasonable than 6061 Al as the elastic holding material of DBC,
which can effectively avoid the loosening caused by temperature
change.

The ambient temperature changes slowly, thereby the method of
quasi-static processing is used for analyzing the non-stationary thermal-
stress. Namely the ambient temperature changing process is decom-
posed a series of heat steady states to get the structural response

according to the temperature distribution that corresponds to each time
step. We impose the temperature field on the structural model of pro-
jection lens, and calculate the displacement of the grid point through
the solver, as shown in Fig. 6(b).

It can be seen that the thermally induced displacements of metallic
elements are larger than the optics due to the difference of material
CTEs. And the displacements of mesh points are all less than 5 μm for
optical elements, which shows the opto-mechanisms design of projec-
tion lens is reliable within the current temperature range. The standard
values of the material properties used in FEA are listed in Table 4 [20].

The thermally induced displacement data obtained from FEA need
to convert to sag deformation values for evaluating the optical perfor-
mance. The nominal shape of each optical surface is defined as:

∑=
+ − +

+s
cρ

K c ρ
a ρ

1 1 ( 1) i
i

i
2

2 2
2

(8)

where ai represents the coefficient of even aspheric surface (i=1, 2, 3,
…), s the surface sag, c the surface vertex curvature, K the conic con-
stant, and ρ the radial position. The sag deformation is expressed as
[21]:

= −
∂

∂
+s z

s ρ
ρ

x yΔ Δ
( )

Δ Δ0 2 2

(9)

where Δx, Δy, Δz are components of displacement vector along x, y and
z direction respectively. The projection lens has 18 optical surfaces.
Taking the aspheric surfaces for example, the converted sag deforma-
tion date from Eq. (9) can be fitted in terms of Zernike polynomial as:

∑=
=

∞

s ρ ϕ a Z ρ ϕΔ ( , ) ( , )
j

j j
1 (10)

where ϕ represents the azimuth angle, aj represents the coefficient of
each Zernike term (j=1, 2, 3,…). The ability of Zernike polynomials is
limited on capturing high-frequency surface imperfections, thus only
the first 37 terms of standard Zernike are used for high-accurate fitting.
When M sample mesh nodes are selected, the coefficients aj of Zernike
terms are computed by:

Fig. 5. The detail configuration and cross section: (a) projection lens and (b) DBC.

Table 3
Calculation parameters of Eqs. (4) and (5).

Geometry of spring clip Physical properties

Free length L (mm) Width b (mm) Thickness tc (mm) Poisson’s ratio νc Young’s modulus Ee (MPa) Number of clips N

12 10 0.5 0.31 2.12× 105 3
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Eq. (11) is a contradictory equation that only has the optimal so-
lution, so we use the least squares algorithm to solve the values of aj by
MATLAB. According to Eq. (11), the residuals equation is written as
[22]:

⎧
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+ +⋯+ − =

⋮
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The objective function is

∑=
=

F min Δ
i

M

i
1

2

(13)

When objective function reaches the minimum value at the inflec-
tion point, the optimal solution about all coefficients aj can be obtained.

The thermally induced deformation fitting results of aspheric surfaces
are shown in Fig. 7. The sag deformation of aspheric surface 1 is at the
0.1 μm magnitude, and aspheric surface 2 is one order magnitude
smaller than the surface 1. Considering the results of thermally induced
structural deformation, the conclusion is drawn that the distribution of
sag deformation is within a reasonable range.

The coefficients of all nine lens are directly imported into a com-
mercial ray tracing software Zemax. And the optical performance of the
projection lens is evaluated in term of the MTF. It is worth noting that
the most serious thermally induced deformations usually occur when
the ambient temperature reaches its minimum or maximum value.

The pixel pitch of DMD is 13.68 μm corresponding to the cutoff
frequency of MTF is about 36.5 cycles per mm (C/mm). In the test of
HWIL simulation, the image of DMD is mapped to the sensor area of the
detector of the UUT. The pixel pitch of the detector is 35 μm and the
corresponding cutoff frequency is about 14.3 C/mm, which means that
the IRSP is a detector limited system. According to the angular re-
solution relation determined by the mapping relation between the IRSP
and the UUT, the relative pixel pitch of DMD can be expressed as:

=P f P f·DMD IRSP Dec UUT (14)

Fig. 6. The impact of heating on projection lens when ambient temperature varies between 10 °C and 40 °C. (a) Temperature distribution. (b) Thermally induced
structural deformation. The displacements at the bottom boundary of the bracket are kept fully constrained.

Table 4
Material properties of main components.

Component Material Conductivity (W/m⋅K) CTE (°C−1) Young’s modulus
(MPa)

Density
(g⋅cm−3)

Specific heat (J/
kg⋅K)

Poisson’s Ratio

Lens 18 Ge 59 6.1× 10−6 10,370 5.32 30.98 0.278
Lens 23, 16 ZnS 17 6.6× 10−6 7450 4.08 46.88 0.290
Lens17, 19, 21, 22 AMTIR-1 (Ge33As12Se55) 0.26 12.0× 10−6 2200 4.49 29.30 0.266
Lens 20 and DBC 15 ZnSe 18 7.1× 10−6 70,300 5.27 33.91 0.280
Major opto-mechanics 6061 Al 167 23.6× 10−6 68,200 2.68 960 0.332
Main Barrel and Sleeve 40Cr Steel 32.6 11.0× 10−6 205,800 7.85 460 0.30
Spring Clip Q345 Steel 48 11.26×10−6 212,000 7.85 480 0.31
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where fIRSP is the focal length of the IRSP, fUUT the focal length of the
UUT, and PDec the pixel pitch of the detector. The fact is that fIRSP is
about twice as long as fUUT. According to Eq. (14), we can obtain the

value of PDMD that is approximately 70 μm, showing that the cutoff
frequency is about 7 C/mm. Therefore, we select 10 C/mm as the cutoff
frequency.

As shown in Fig. 8(a) and (c), in band of 8–12 μm, the values of
modulus are all better than 0.4 at 10 C/mm when the temperature is
10 °C. However, when the temperature rises to 40 °C, the MTF curves
drop significantly, especially for 0°-FOV shown in Fig. 8(b) and (d), the
values of modulus reduce by 33.7% and 15.7% at 10 C/mm, respec-
tively. As shown in Fig. 9(a)–(d), in band of 3.7–4.8 μm, whether the
temperature is 10 °C or 40 °C, the values of modulus are always better
than 0.6 at 10 C/mm, which implies that the projection performance is
insensitive to the current temperature range in MWIR band. In sum-
mary, during operation of the IRSP, the suggested ambient temperature
should be stabilized below 35 °C, which is enough to keep the thermal
distortions within tolerable limits.

4. Preliminary performance evaluation

Two high-accuracy thermal imagers with different bands are used to
preliminarily test the performance of the IRSP under the suitable

Fig. 8. MTF of the projection lens in band of 8–12 μm with (a) short focus at 10 °C, (b) short focus at 40 °C, (c) long focus at 10 °C and (d) long focus at 40 °C. T
denotes meridional field of view, and S denotes sagittal field of view.

Fig. 9. MTF of the projection lens in band of 3.7–4.8 μm with (a) short focus at 10 °C, (b) short focus at 40 °C, (c) long focus at 10 °C and (d) long focus at 40 °C. T
denotes meridional field of view, and S denotes sagittal field of view.
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Fig. 10. Measured apparent temperature of the IRSP.
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ambient temperature. The testing results of apparent temperature are
shown in Fig. 10, with the sampling interval being set as 50 K. When
temperature of blackbody source rises to 608 K, high apparent tem-
perature reaches the required 400 K in LWIR band. The desired high
apparent temperature is 600 K in MWIR band, correspondingly, the
blackbody temperature is 813 K. The high apparent temperature de-
pends on the blackbody, but the low apparent temperature is de-
termined by stray light control of the IRSP. Because thermoelectric
coolers have effectively controlled DMD temperature, corresponding
low apparent temperatures only rise by 7.8 K and 9.5 K respectively in
the process of increasing blackbody temperature.

When temperatures of both blackbody sources are set to 800 k, end-
to-end imaging results are shown in Fig. 11(a) and (b). We can find that
the image quality in LWIR band is lower due to the diffraction of DMD
chip in LWIR band by comparing images. For our IRSP, the long pro-
jection entrance pupil distance required by direct lighting mode has
effectively prevented the mostly diffraction energy from entering the
projection lens. Conversely, if the field lens or TIR prism is used in the
IRSP, the quality of LWIR image would be much lower.

By traversing all the pixels in images of Fig. 11, the grayscale dis-
tributions of images are obtained respectively. As can be seen from
Fig. 12(a), in the MWIR image, the minimum gray value is 1, and the
maximum value is 242. As shown in Fig. 12(b), the minimum gray
value is 22, and the maximum is 244 in the LWIR image. Consequently,
the contrasts of the images in two bands are better than the require-
ments specified in Table 1. If we increase the blackbody temperature,
the maximum gray value will increase to 255, while the contrast will be
further reduced.

5. Conclusion

The dual-band IRSP based on two DMDs discussed and evaluated in
this paper is a practical instrument for testing various infrared imaging

systems in HWIL simulation. The opto-mechanism of IRSP is designed
to take full account of temperature adaptability. The lens near the
source is held in place with elastic mounting, and all the mirrors
manufactured by means of SPDT are opto-mechanical integrated de-
sign. The influence of temperature loading on opto-mechanical system
is predicted by opto-thermal FEA. And the sequential ray-tracing ana-
lysis shows that the ambient temperature should be stabilized below
35 °C during the operation of IRSP, which is easily achieved under or-
dinary conditions. Preliminary laboratory tests have indicated that IRSP
has great potential in HWIL simulation under appropriate ambient
temperature.
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