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Diffraction effects play a significant role in the digital micromirror device (DMD)-based scene projectors in the
long-wave infrared (IR) band (8-12 pm). The contrast provided by these projector systems can become noticeably
worse because of the diffraction characteristics of the DMD. We apply a diffraction grating model of the DMD
based on the scalar diffraction theory and the Fourier transform to address this issue. In addition, a simulation
calculation is conducted with MATLAB. Finally, the simulation result is verified with an experiment. The sim-
ulation and experimental results indicate that, when the incident azimuth angle is 0° and the zenith angle is
between 42°and 46°, the scene projectors will have a good imaging contrast in the long-wave IR. The diffraction
grating model proposed in this study provides a method to improve the contrast of DMD-based scene projectors

in the long-wave IR.  © 2016 Optical Society of America

OCIS codes: (260.1960) Diffraction theory; (050.1950) Diffraction gratings; (260.3060) Infrared; (070.2465) Finite analogs of Fourier

transforms.
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1. INTRODUCTION

The infrared (IR) scene projector is a core part in IR scene sim-
ulation systems and provides IR target and background imaging
in IR tracking systems. Research on IR scene simulation sys-
tems began in the 1970s, and a variety of IR scene projectors
have been developed since then, including resistive arrays, laser
diode arrays, IR liquid crystal light valves, and digital micro-
mirror devices (DMDs) [1,2]. The DMD was invented by
Texas Instruments in 1981 and was quickly used for IR scene
projection. Moreover, DMD-based IR scene projectors devel-
oped rapidly because of their low cost, ultrastability, and high-
quality imaging [2,3].

To date, DMD-based IR scene projectors have found nu-
merous applications in the near-IR (0.76-1.6 pm) and mid-IR
(3—5 pm) ranges [3—11]. However, DMD-based scene projec-
tion in the long-wave IR (8-12 pm) is hampered by the diffrac-
tion characteristics of the DMD, which results in poor image
contrast and the concomitant poor image quality. Although the
diffraction analysis of the DMD has been investigated by several
researchers [5-7,12], contrast degradation of DMD-based scene
projectors in the long-wave IR is still unsolved. In this study, the
DMD is employed as a two-dimensional diffraction grating, and
a numerical model of the diffraction of DMDs is constructed
with the Fourier transform. Furthermore, we simulate the dif-
fraction efficiency with MATLAB, and the simulation results are
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verified with an experiment in the laboratory. The simulation
and experimental results provide a method to improve the con-
trast of DMD-based scene projectors in the long-wave IR.

2. STRUCTURE AND OPERATION OF THE DMD

The structure diagram of the DMD is presented in Fig. 1. The
DMD consists of a matrix of 1024 x 768 micromirrors. The
size of each micromirror is 2 xa (13.68 pm x 13.68 pum).
The micromirror pitch & is less than 1 pm. The DMD is used
as a reflected spatial light modulator in DMD-based IR scene
projectors. The operation principle of the DMD is depicted in
Fig. 2. Each micromirror is operated in the working state,
namely, the on state and the off state. In the working state, each
micromirror is rotated to either +12° (on state) or —-12° (off
state) from the flat state [5,7]. When micromirrors are rotated
at +12° (-12°), the reflected light is steered into (out of) the
projection aperture. Thus, the DMD is used as a photoelectric
switch, and the images are produced with gray-scale modula-
tion by rotating the micromirrors to the on (off) state [12].

3. DIFFRACTION ANALYSIS OF THE DMD

A. Diffraction Model of a Single Micromirror [5,7]
In accordance with the structure and operating principle of
the DMD, each micromirror of the DMD is used as a reflected
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Fig. 1. Structure view of a DMD.
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Fig. 2. Operating principle of a DMD.

spatial light switch. The reflectivity of each micromirror is set to
one and the effective reflection area is 2 x a. The coordinate sys-
tem of a single micromirror is established, as shown in Fig. 3.
When a micromirror is in the flat state, it can be described as a
rectangular function, which is defined as rect(*})rect(%t). When a
micromirror is in the working state, it rotates w(=£12°) along the
diagonal. A phase difference is observed between the flat state
and the working state. This phase difference affects the location
of the diffraction order. Thus, a micromirror under the working
state is defined as a rectangular function with a phase term.
Figure 3(a) shows the diagram of a single micromirror. The phase
term is calculated with an infinitesimal method. We take an ar-
bitrary small element dx, 4y, as an example. The direction of the
incident light is along the diagonal direction OS, which is the
diagonal shown in Fig. 3(a). Considering that no phase differ-
ence is observed among the small elements in a counter-diagonal
direction, the phase difference between dx,dy, and O can be
calculated along the diagonal. Figure 3(b) shows the cross profile
of a single micromirror along the diagonal OS. The phase differ-
ence is expressed as follows:

O =KA= @ tan w(cos 0; + cos 6,)(x; +y,), (1)
where @ is the phase difference, K’ = 27/, A is the optical path
difference, A is the incident wavelength, 6, is the incident zenith
angle between the incident direction of the beam and the normal
direction of the DMD (z direction), and 0, is the diffracted ze-
nith angle between the diffraction direction of the beam and the
normal direction of the DMD. Considering the phase difference
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Fig. 3. (a) Diagram of a single micromirror. (b) Cross profile of a
single micromirror along OS.

®, the micromirror under the working state can be defined as
follows:

1 1\ .
r(x1, y1) = rect (x) rect (}/> et
a a

= rect (Xl> rect ()’l) oiV2rEC ), 2
a a
1

where & = 7 tan w(cos 0; + cos 0,).

B. Diffraction Model of the DMD

As depicted in Fig. 4, the position of each micromirror can be
acquired through coordinate transformation of the micromirror
in the origin. (2, 7) is the number of each micromirror, and M
and /V are the total micromirrors along the x; and y, directions,
respectively. The reflection function of an arbitrary micromir-
ror can be expressed as follows:

Pn(X1, 1) = rect (x_1> rect <}i> & @ 5(x, - ma)
a

® 6(y, - na). (3)

The entire reflection equation of the DMD is presented as
follows:

R(x1,y,) = ro0 + 7110 + 701 + 71 + oo + 7N

rect (ﬂ) rect (ﬁ) V2 )
a a

M N
® Zé(xl -ma) @ 250’1 - na). 4)
m=0 n=0
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Fig. 4. Schematic plan of a DMD.

C. Expression of lllumination Source Function

For simplicity, we assume the illumination source as a mono-
chromatic plane wave with an amplitude of one. As depicted
in Fig. 5, ¢; is the incident azimuth angle between the
incident plane and the x1oyl plane. 6; is the incident zenith
angle between the incident direction and the z axis. The
normal vector of the incident wave can be written as
(sin ; cos @;, sin @; sin @;, -cos 6;). Thus, the illumination
function is expressed as follows:

2o _rsin 8 cos ¢, sin 0 sin ¢;

f(xpj’l) — Ezl('r — 6127[[—’A ) +——+ ’}/l]) (5)

assuming uy = S0 0 and ) = w The illumina-
tion function is presented as follows:

"(xl’)h) — giZﬂ(qulJrval). (6)

D. Diffraction Intensity Distribution of the DMD
Combining the reflection in Eq. (4) with the illumination func-
tion in Eq. (6), the distribution of the complex amplitude of the
incident wave is expressed as follows:

U(xl)_yl) = R(xl)_yl)f(xl)yl)

= {rect (x—l) rect (}i) i 2nE(a )
a a

M
® Z O(xy - ma)
m=0

N
® Z 5()/1 _ nd)}gizﬂ(”oxl‘“’o.h), (7)
n=0

Equation (7) is the Fourier transform, and the distribution
of the complex amplitude of diffraction wave is presented as
follows:

Ul(xy,y,) = cF{U(xL,y1)}

eesinefalu S s w)]

sin (@5) sin (%6)

e e .
sin (g) sin ( )

So, the diffraction intensity distribution of the DMD can be

written as

M
><€_125
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Fig. 5. Illumination source with an arbitrary incident angle.

[(xZ))’z)

= I, sin ¢ {a(u—%—%)] sin ¢ [‘l(”—\%_%)]

sin[ra(M + 1)(u - uy)]|?| sin[za(N + 1) (v - vy)]
sin[za(u - up)] sin[za(v - vy)]

2

>

9)
. . . . in 0
where [, is the intensity coefficient, u = w ,
sin 6; cos @; __sin 0, sin @, __sin 0; sin ¢;
wo = IOcos s gy _inlsing, o, sinbsing - gng

E= % tan w(cos @; + cos 6,).

E. Diffraction Order and Diffraction Efficiency

of the DMD

As described previously, the DMD is treated as a two-dimen-
sional diffraction grating. The grating equation is expressed as

follows [13,14]:

sin 0, cos ¢, sin 6; cos p;  p
U—ty = ] - ] =
sin 6, sin ¢, sin 6; sin ¢;
popg = Ol SO G_ 1 g

where (p, ) is the diffraction order. p and g should be integers.
Thus, the diffraction intensity distribution of the diffraction
order is derived as follows:

=1['si L sin ¢ 7.
el -5}

where I’ = (M + 1)2(N + 1)*1,. The diffraction efficiency
of the DMD can be determined as follows:

)

(12)

4. SIMULATION ANALYSIS OF THE
DIFFRACTION MODEL

A. Simulation Result Analysis

The diffraction grating model of the DMD is developed in
Section 3 with scalar diffraction and the Fourier transform.
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In this study, we use MATLAB to implement a simulation of
the diffraction model. The quantitative calculations of the dif-
fraction efficiency are given. The parameters of the grating
model are as follows: incident wavelength A: 8—12 pm, incident
zenith angle ;: 0°~90°, and incident azimuth angle ¢,: 0°-90°.
After inserting these parameters into Eq. (10), the simulation
results are explained further.

The simulation results we list in Tables 1 and 2 are only for a
few representative incident angles, with an incident wavelength
of 10 pm to facilitate the description. A three-dimensional (3D)
plot of the diffraction efficiencies and angles are shown in
Fig. 6. Only four diffraction orders of the DMD grating model
are presented, and they are (-1, -1), (-1, 0), (0,0), and (0,1).
Considering the optical layout of the DMD-based IR scene
projector in Fig. 7(a), the diffraction energy from the on
(off) state micromirrors should be steered into (out of) the pro-
jector system. When the micromirrors are in the on (off) state,
the diffraction azimuth angle ¢, should be equal to the incident
azimuth angle @;, and the diffraction zenith angle 8, should be
less than the aperture angle of the projector system. The DMD-
based projector systems often consist of F/2.4—F /3 configu-
rations, and the corresponding aperture angle of the projectors is
between 9.4° and 11.7°. In our simulation, the F number of the
projector system is 2.8. Therefore, 8, should be less than 10.8°.

As listed in Tables 1 and 2, some conclusions can be drawn
as follows:

(a) When the incident azimuth angle @; is 0° or 90°, the zenith
angle 0, is 36° to 50°, and the diffraction energy from the on
(off) state micromirrors will be steered into (out of) the pro-
jector system.
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(b) When the azimuth angle ¢, is 0° and the incident zenith
angle 6; is 48°, the diffraction efficiency with micromirrors in
the on (off) state is 21% (4.8%).

(c) When the azimuth angle ¢, is 90° and the incident zenith
angle 6; is 48°, the diffraction efficiency with micromirrors in
the on (off) state is 16% (4.6%). Detailed results of the sim-
ulation show that the diffraction efficiency with micromirrors
in the on (off) state is approximately 20% (4%) when the in-
cident azimuth angle ¢, is 0° or 90°, and the zenith angle 6; is
between 38° and 50°.

B. Contrast Analysis of the DMD-based Scene
Projector

The contrast of the DMD-based scene projector is defined as
follows [7,12]:

— lon_[off’ (13)

I on +1 off
where C is the contrast, and 7, (/) is the diffraction intensity
steered into the projector with micromirrors in the on (off)
state. By inserting the simulation results of Section 4.A into
Eq. (13), the contrast of the DMD-based scene projectors for
various incident angles is obtained. The contrast we list in
Table 3 is only for a few representative incident angles to facili-
tate the description.

We can conclude that, when the incident zenith angle ; is
the same, the contrast with a 0° azimuth angle is better than
that with a 90° azimuth angle. Furthermore, when the incident
azimuth angle is 0° and the zenith angle is 42° to 46°, the pro-
jector can obtain the best contrast of approximately 0.7.

Table 1. Diffraction Angles and Efficiencies at A = 10 um with All Micromirrors in the On State

Diffraction Angles (¢,,0,) and Efficiencies (17) for Different Orders

Incident Angle (¢;,0;)

(-1,-1)

(_1,0)

(0, - 1)

(0,0)

(0°, 24°) (66°, 53°% 3%)
(0°, 36°) (79°, -48° 4%)
(0°, 48°) (-89°, 47° 2%)
(45°, 24°) (45° -39° 6%)
(45° 306°) (45°, -27° 4%)
(45°, 48°) (45°, -17°% 4%)
(90°, 24°) (24°, -53° 3%)
(90°, 36°) (11°, -48° 3%)
(90°, 48°) (-1°, -47°% 1%)

(0°, —19°% 22%)
(0°, 8.8°% 23%)
(0°, 0°% 21%)
(-33°, =32°% 19%)
(-53°, -31% 16%)
(-69°, -34°% 12%)
(-29°, -57° 16%)
(-39°, —70°% 10%)
(—— —)

(-61° 57°% 15%)
(-51°, 70% 9%)
(—— —)
(=57°, 32°% 19%)
(=37°, 31% 16%)
(=21°, 34°% 12%)
(-90°, 19° 22%)
(-90°, 8% 19%)
(90°, 1° 16%)

(0°, 24° 60%)
(0°, 36°% 64%)
(0°, 48° 77%)
(45°, 24°; 56%)
(45°, 36°% 64%)
(45°, 48° 72%)
(90°, 24°; 59%)
(90°, 36°; 68%)
(90°, 48°; 82%)

Table 2. Diffraction Angles and Efficiencies at A = 10 um with All Micromirrors in the Off State

Incident Angle (¢,,0;)

Diffraction Angles (¢..,0,) and Efficiencies (1) for Different Orders

(_1, - 1)

(_190)

(0’ - 1)

(0,0)

(0°, 24°) (66°, -53% 1%)
(0°, 36°) (79°, —48° 0.5%)
(0°, 48°) (-89°, 47° 0.2%)
(45°, 24°) (45°, -39° 0.5%)
(45°, 36°) (45°, ~27° 0.4%)
(45°, 48°) (45°, -17° 0.3%)
(90°, 24°) (24°, -53% 0.5%)
(90°, 36°) (11°, -48° 0.3%)
(90°, 48°) (-1°, =47° 0.4%)

(0°, =19°% 7%)

(0°, 8.8°% (%)

(0°, 0% 4.8%)
(-33°, -32°% 6.8%)
(-53° -31°% 5.6%)
(-69°, -34° 4.5%)
(-29°, -57°% 6.8%)
(-39°, -70°% 5.4%)

(_1_; _)

(-61°, 57°% 6%)
(=51°, 70°% 5.5%)
(_)_; _)
(57°, 32° 6.7%)
(-37°, 31° 6%)
(-21°, 34° 5.2%)
(-90°, 19° 6.7%)
(-90°, 8% 6.3%)
(90°, 1° 4.6%)

(0°, 24°; 86%)
(0°, 36° 88%)
(0°, 48°% 95%)
(45°, 24°; 86%)
(45°, 36°; 88%)
(45°, 48° 90%)
(90°, 24°; 86%)
(90°, 36° 88%)
(90°, 48° 95%)
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Fig. 7. System structure of a DMD-based IR scene projector.

5. EXPERIMENTAL VERIFICATION

A series of experiments were conducted to further verify the
simulation analysis presented previously. Figure 7 shows the
system of the DMD-based IR scene projector that we developed.
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Fig. 8. IR images with different incident angles (¢,, 9,): a1(0°, 38°),
a2(0°, 42°), a3(0°, 46°), a4(0°, 50°), b1(90°, 38°), b2(90°, 42°), b3(90°,
46°), and b4(90°, 50°).
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Fig. 9. Experimental system for the contrast measurement of IR
images.

Figure 7(a) is the optical layout, which is composed of a source,
an illumination lens, a DMD, and a projection lens. In the
system design, a blackbody is often the preferred. The illumi-
nation system adopts the Kohler illumination and consists of
four germanium lenses. The projection system adopts a telecen-
tric optical structure and consists of four lenses. The glass
material is Ge and ZnS.

Figure 7(b) is the mechanical structure of the projector sys-
tem. The projector system consists of an £ /2.8 configuration.
We verify the simulation results in the IR scene simulation sys-
tem with this DMD-based scene projector. The contrast of the
DMD-based scene projector with different incident angles is
discussed in detail.

In this section, the projector system generated IR images at
an incident azimuth angle of 0° (90°) and a zenith angle of 38°
to 50°. Figure 8 shows the experimental results which are aerial
IR images. Figure 8(a) shows the IR images generated at an
incident azimuth angle of 0°. Figure 8(b) shows the IR images
generated at an incident azimuth angle of 90°.

Table 3. Contrast of DMD-based Scene Projector System at A = 10 um with Different Incident Angles

Incident Angle (¢;, 6;) (0°, 38°) (0°, 42°) (0°, 46°) (0°, 50°) (90°, 38°) (90°, 42°) (90°, 46°)

(90°, 50°)
Projector Contrast (C) 0.51 0.70 0.74 0.52 0.48 0.62 0.66

0.42
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Table 4. Contrast of Aerial IR Images with Different Incident Angles

Incident Angle (¢,, 0,) (0°, 38°) (0°, 42°) (0°, 46°)
Projector Contrast (C) 0.52 0.65 0.71

(0°, 50°)
0.48 0.44 0.63 0.68 0.41

(90°, 38°) (90°, 42°) (90°, 46°) (90°, 50°)

To verify the simulation results, an experiment for the con-
trast measurement of IR images has been done. The experimen-
tal system is shown in Fig. 9, which consists of a computer, a
blackbody source, collimator lenses, a DMD, IR imaging
lenses, an IR detector, and an oscilloscope. The results are
shown in Table 4. As shown in Table 4, the contrast of the
projector with a 0° incident azimuth angle is better than that
with 90°, which agrees well with the simulation results. At the
same time, when the incident zenith angle is 42° to 46°, the
contrast of the projector is better than 0.6. The experiment
is consistent with the simulation results. As can be concluded,
the diffraction grating model established in Section 3 is able to
analyze the diffraction of the DMD-based scene projector in
the long-wave IR.

6. CONCLUSIONS

In this study, the diffraction analysis of a DMD-based scene
projector in the long-wave IR has been presented in detail.
We have developed diffraction grating models of the DMD
based on the scalar diffraction theory and the Fourier trans-
form. Simulations and experiments are conducted to analyze
and calculate the diffraction characteristic of the grating model.
The results indicate that when the incident azimuth angle is 0°
and the zenith angle is 42° to 46°, the projector will acquire the
best contrast. The diffraction grating model proposed in this
study is available for a series of DMD-based scene projectors
in the long-wave IR. Furthermore, from the simulation in
Section 4.B, the diffraction efficiency of the DMD in the
long-wave is approximately 20%. How to improve the diffrac-
tion efficiency of the DMD in the long-wave IR is what we will

solve in future work.
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