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Abstract. To suppress the stray light caused by the diffraction and scattered light of a digital micromirror device
(DMD) in a DMD-based spectrometer, a new concentrator system with a compound parabolic concentrator
(CPC) is presented, which has the advantage that all stray light beyond the acceptance angle can be rejected
with the most compact device available. The diffraction of DMD is explored to determine the acceptance angle,
and the parameters of the concentrator system are analyzed to determine the geometric concentration ratio. The
simulation results show that the spectrum concentration efficiency of the CPC is 98.7%, that the stray light con-
centration efficiency from the DMD is 36.3%, and that the stray light concentration efficiency beyond the accep-
tance angle is 0.00%. Finally, according to the discussion about tolerance on the CPC, a conclusion can be
drawn that the new DMD-based spectrometer with CPC is feasible and significant in suppressing the stray
light. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.54.11.115101]
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1 Introduction
In recent years, as its several potential advantages over a
common spectrometer, such as lower cost, higher resolution
and light capture efficiency, and wider spectral range, have
been demonstrated by Kearney and Ninkov,1,2 the spectrom-
eter based on a digital micromirror device (DMD) has been
widely investigated.3,4 An affordable spectrometer based on
a DMD in the near-infrared region from 1.35 to 2.450 μm
was developed at Texas Instruments.5 Sun et al.6,7 developed
an engineering prototype of Hadamard transform spectral
imager based on DMD. But along with the advantages of
the DMD, disadvantages including diffraction and scattered
light caused by the microstructure of the DMD also intro-
duced stray light at the same time.8–10

In our research team, Wang et al.11 designed a DMD-
based spectrometer in the near-infrared band, where the
concentrator system was designed with a conventional con-
verging lens. Because of the stray light of the DMD, the pre-
cision of the measurement was reduced accordingly. Kenneth
et al. have carried out a series of measurements of the stray
light of a DMD to determine the optical design parame-
ters.12–14 Rose et al. introduced a light-absorbing dump to
reduce the diffraction light of “off” state light.15,16 But the
diffraction light beyond the dump and scattered light still
existed and caused great anomalies in the spectral response.

In this paper, the experimental apparatus of a DMD-based
spectrometer is established to test the stray light. Then a new
concentrator system with a compound parabolic concentrator
(CPC) is presented according to the design principle of

nonimaging optics. By exploring the diffraction of the
DMD, the acceptance angle of the CPC is determined. By
analyzing the concentrator system, the geometric concentra-
tion ratio is determined. Eventually, a DMD-based spectrom-
eter with a CPC in the spectrum region from 1.1 to 1.7 μm is
designed. According to the simulation results, the stray light
concentration is less than the spectrum concentration effi-
ciency. Finally, based on a Monte Carlo method, three types
of tolerances on the CPC are discussed, including material
tolerance, machining tolerance, and alignment tolerance.
A conclusion can be drawn that the concentrator system
with the CPC is significant and feasible in suppressing the
stray light.

2 Theory and Method
The configuration of the DMD-based spectrometer is shown
in Fig. 1. Polychromatic light from fiber is collimated by the
collimating lens. The collimated light is split by the grating
and focused onto the DMD by the imaging lens. After encod-
ing by the DMD according to the modulated pattern, the dif-
ferent spectrum components are concentrated onto the single
detector by the converging lens. Eventually, the spectra are
decoded and displayed by the computer. The concentrator
system is designed with a lens, and the diffraction and scat-
tering of the DMD introduce the stray light.11

An experimental apparatus of stray light measurement is
shown as Fig. 2. Passing through the sample pool, the light
source illuminates the slit. By passing the near-infrared
bandpass filter, only the light component in the near-infrared
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region remains. After being collimated by the collimating
lens, the light is split by the grating and focused onto the
DMD by the imaging lens. Finally, encoded by the DMD
according to the modulated pattern, the different spectrum
components are concentrated onto the single detector by
the converging lens. The single grating has a groove density
of 300 lines∕mm. The spectrum range covers from 1.35 to
2.45 μm. When all mirrors are in the “on” state, the relative
intensity Ion (which has not been calibrated) is detected.
When all mirrors are in the “off” state, the relative intensity
Ioff (which has not been calibrated) is detected.

The contrast value C (the ratio of Ioff to Ion) is shown as
Table 1.

The diffraction of the DMD can be described as in Fig. 3.
The monochromatic light strikes on the DMD with a wave-
length of 632.8 nm and incident angle of 24 deg. In the
DMD-based spectrometer, the diffraction orders within the

(0,0) order diffraction of a single micromirror are (6,6),
(6,7), (7,6), and (7,7), which are profitable for spectrum
detection. And the stray light consists of diffraction of the
“on” state or “off” state, the scattered light of the DMD,
and background light.

To design a concentrator system to suppress stray light, a
nonimaging optical design that has fewer design freedom is
adopted. One of the nonimaging concentrating devices is the
CPC, which is based on the edge optical principle, in which
the light within the acceptance angle arrives at the detector
surface through multireflection and the stray light beyond
the acceptance angle is rejected with the most compact
structure.17–22 The concentration phenomena of the CPC are
shown in Fig. 4. The beams within θ are concentrated by
the CPC, and the beams beyond θ are rejected.

Besides the acceptance angle, another factor that should
be considered in the design of the CPC is the geometric con-
centrating ratio C. The relationship between the acceptance
angle and concentration ratio can be described as in Eq. (1):

EQ-TARGET;temp:intralink-;e001;326;310C < 1∕ sin2ðθÞ; (1)

where C is the geometric concentrating ratio and θ is the
acceptance angle. The relationships of the design parameters
of the CPC are described in Eq. (2):23

EQ-TARGET;temp:intralink-;e002;326;245

f ¼ Rð1þ sin θÞ
L ¼ f cos θ∕sin2θ

�
; (2)

Fig. 1 Schematic diagram of a digital micromirror device (DMD)–
based spectrometer.

Fig. 2 Experimental apparatus for measurement of stray light.

Table 1 Contrast of stray light to spectrum.

Ioff Ion C

2689162 1627352484 0.17%

Fig. 3 Diffraction of the DMD at a wavelength of 632.8 nm.

Fig. 4 Concentration phenomenon of CPC: (a) the beams within the
acceptance angle θ are concentrated by the CPC. (b) The beams
beyond the acceptance angle θ are rejected.
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where f is the focal length, R is the lateral focal (half of the
exit aperture diameter of CPC), and L is the front length.

3 Specific Parameters

3.1 Determine the Acceptance Angle of Compound
Parabolic Concentrator

The single micromirror diffraction I 0 is described by
Eq. (3):24,25

EQ-TARGET;temp:intralink-;e003;63;635

8>>><
>>>:
I 0 ¼ I0 sinc2u0 sinc2u 0 0

u0 ¼ πa
λ

h
ðsin α cos β−sin α0 cos β0Þþ tanφffiffi

2
p ðcos α−cos α0Þ

i
u0 0 ¼ πa

λ

h
ðsin α sin β−sin α0 sin β0Þþ tanφffiffi

2
p ðcos α−cos α0Þ

i ;
(3)

where u 0 and u 0 0 determine the diffraction angle of a single
micromirror from two directions, λ is the wavelength, α is the
angle of diffracted light, α0 is the angle of incident light with
one side of the DMD, β is the angle of diffracted light and
β0 the angle of incident light with the normal of the DMD,
φ is the rotating angle of the micromirror along its diagonal,
and a is the side length of the micromirror.

The multiple micromirror interference I 00 is described by
Eq. (4):

EQ-TARGET;temp:intralink-;e004;63;449

8><
>:

I 0 0 ¼ sin2½ð2MÞν 0 �sin2½ð2 NÞν 0 0 �
sin2ν0sin2ν00

ν 0 ¼ πa
λ ðsin α cos β − sin α0 cos β0Þ

ν 0 0 ¼ πa
λ ðsin α sin β − sin α0 sin β0Þ

; (4)

where M and N are the number of interference micromirrors
in two directions. Then the corresponding energy distribu-
tion of DMD diffraction is shown by Eq. (5),

EQ-TARGET;temp:intralink-;e005;63;352I ¼ I 0I 00: (5)

The DMD consists of 1024 × 768 micromirrors, which
are 13.68 μm × 13.68 μm square mounted on a 14.68 μm
pitch. The micromirrors can rotate either þ12 deg or
−12 deg along the diagonal direction. The diffractions of
the DMD at wavelengths of 1.1 μm, 1.4 μm, and 1.7 μm
can be derived as Figs. 5(a)–5(c). The horizontal axis repre-
sents the diffraction angle along the diagonal direction, and

the longitudinal axis represents diffraction efficiency. Curve
a presents the diffraction of a single micromirror. Curve b
presents the interference of multiple micromirrors. Curve
c presents the diffraction of the whole DMD by modulating
curve b by curve a. The (0,0) order interference position of
multiple micromirrors is 24 deg, and the (0,0) order diffrac-
tion position of single micromirror is 0 deg. The single
micromirror diffraction angle increases along with the wave-
length, which reaches approximately 9 deg at 1.7 μm.

3.2 Determine the Geometric Concentrating Ratio of
Compound Parabolic Concentrator

To determine the geometric concentrating ratio of the CPC,
the design parameters of the concentrator system are ana-
lyzed as in Fig. 6. The incident spectra are focused on the
DMD at 24 deg. The (0,0) order diffraction of the “on”
state is centered at 0 deg, and the (0,0) order diffraction of
the “off” state is centered at 48 deg. The stray light includes
the scattering light of the DMD, the reflected light of the
mechanical structure, and background light. The diffraction
of the DMD and the size of the detector determine the design
parameters of the concentrator system.

The geometric concentrating ratio of the concentrator
system is derived as in Eq. (6),

Fig. 5 Diffraction efficiency of the DMD: (a)When λ ¼ 1.1 μm, the brightest interference order is (4,4) and
the single-pixel diffraction angle is 6 deg. (b) When λ ¼ 1.4 μm, the brightest interference order is (3,3)
and the single-pixel diffraction angle is 7.5 deg. (c) When λ ¼ 1.7 μm, the brightest interference order is
(2,2) and the single-pixel diffraction angle is 9 deg.

Fig. 6 Design schematic of the concentrator system.
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EQ-TARGET;temp:intralink-;e006;63;530

C ¼ D∕d
D ¼ Sþ lðtan θ2 þ tan θ1Þ
l tan 24 deg ¼ l tan θ2 þ S

)
; (6)

where C is the geometric concentrating ratio, D is the
entrance aperture diameter of the concentrator system, d
is the diameter of a single detector, S is the diagonal length
of the DMD, l is the distance between the DMD and con-
centrator system, and θ1 and θ2 are the angle ranges of
the (0,0) order of single micromirror diffraction at the maxi-
mum and minimum wavelengths, respectively.

3.3 Design a Digital Micromirror Device-Based
Spectrometer with Compound Parabolic
Concentrator

Figure 7 shows the model of a DMD-based spectrometer
with CPC. Polychromatic light from the fiber is collimated

by the collimating lens. The collimated light is split by a gra-
ting with incident angle of 12.6 deg and focused onto the
DMD by an imaging lens with incident angle of 24 deg.
Two orthogonal transmission gratings are adopted to achieve
the same diffraction as the DMD. The spectrum range is from
1.1 μm to 1.7 μm. The numerical aperture (NA) of the fiber
is 0.22, and the diameter of the fiber is 100 μm. A 0.7 × GA
DMD chip with 13.68 μm × 13.68 μm micromirrors and
�12 deg tilt angle is adopted. The dimension of the grating
is 12.8 mm × 12.8 mm with a groove density of 300 lines∕
mm and blazing wavelength of 1.3 μm. The spectrum reso-
lution on the DMD is superior to 5.5 nm. According to the
analysis of the diffraction angle of a single micromirror
at 1.7 μm, the acceptance angle should be 9 deg. On the
basis of Eq. (6), the entrance aperture diameter of the CPC
should be 31.1 mm. Since the radius of a single detector is
3 mm, the concentrating ratio should be greater than 5.2. On
the basis of Eq. (1), the concentrating ratio of 6.4 and axis
tilt of 9 deg are adopted. The back length is set to be 0 mm
for compactness and stray light suppression. The CPC is
designed with a hollow reflective form. According to Eq. (2),
the focal length should be 3.47 mm, the front length should
be 140 mm, and the lateral focal length is 2.99 mm. The
spectroscopic image of the slit is focused onto the DMD
with light incident at 24 deg. The radius of a single point
detector is 3 mm.

4 Results and Discussion

4.1 Spectral Energy Efficiency in Digital
Micromirror Device-Based Spectrometer with
Compound Parabolic Concentrator

Figure 8 shows the irradiance maps for the DMD and
detector in the DMD-based spectrometer with CPC. Each
spot represents the spectrum irradiance at wavelengths of
1.1 μm to 1.7 μm with an interval of 0.1 μm. Figure 8(a)

Fig. 7 Model of the DMD-based spectrometer in the TracePro
program.

Fig. 8 Irradiance maps in the DMD-based spectrometer with CPC: (a) irradiance map on the DMD;
(b) irradiance map on the detector.
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shows that the ratio of the flux on the DMD to the emitted
flux of the source is 0.8719, and Fig. 8(b) shows that the ratio
of the flux on the detector to the emitted flux of the source is
0.85852.

The spectral energy efficiency on the target surface is
calculated by22

EQ-TARGET;temp:intralink-;e007;63;468E ¼ Pdetected∕Pincident; (7)

where E is the spectral energy efficiency on the target sur-
face, Pdetected is the detected flux on the target surface, and
Pincident is the incident flux of the system. In the circumstance
of discussing the spectral energy efficiency of the spectrom-
eter, Pdetected is the flux on the surface of the detector and
Pincident is the emitted flux of the source.

As shown in Fig. 9, curve a indicates the diffraction
efficiency of the grating, which reaches the maximum at
1.3 μm and determines the max spectral energy efficiency
of spectrometer. Curve b indicates the spectral energy

efficiency on the detector in the spectrometer with CPC.
It is shown that the spectral energy efficiency with CPC is
close to the diffraction efficiency of the grating in the entire
spectrum region.

As shown in Fig. 10, (a) is the irradiance map on the
entrance surface of the CPC, which indicates that the spectral
energy efficiency is 87.0%. (b) is the irradiance map on the
surface of the detector, which indicates that the spectral
energy efficiency is 85.9%.

The concentrating efficiency of the concentrator system
with CPC can be derived by22

EQ-TARGET;temp:intralink-;e008;326;613η ¼ Edetector∕ECPC; (8)

where η is the concentration efficiency of the concentrator
system, Edetector is the spectral energy efficiency on the
surface of the detector, and ECPC is the spectral energy effi-
ciency on the entrance surface of the CPC. The concentration
efficiency of spectrum ηspectrum {the ratio of Edetector [shown
as Fig. 10(a)] to ECPC [shown as Fig. 10(b)]} is derived. It is
shown that the spectral concentration efficiency of the CPC
is 98.7% and closes to the perfect energy transmission effi-
ciency. In addition, the energy distribution is concentrated
within a small region.

4.2 Concentration Efficiency of Stray Light

When the stray light from the DMD is simulated in accor-
dance with the Lambertian, the spectral irradiance maps on
the entrance of the CPC and detector are as shown in Fig. 11.
(a) indicates that the spectral energy on the entrance of the
CPC is 9.93%; (b) indicates that the spectral energy on the
detector is 3.60%. According to Eq. (8), the concentration
efficiency of stray light [the ratio of the energy efficiency
of Fig. 11(b) to the energy efficiency of Fig. 11(a)] from
the DMD is 36.3%.

Since the stray light of the background or refraction is too
complex to be simulated, we only discuss the beam with an

Fig. 9 Spectral energy efficiencies in the spectrometer. The horizon-
tal axis represents the wavelength in millimeters, and the longitudinal
axis represents spectral energy efficiency. Curve a represents the
diffraction efficiency of grating. Curve b represents the spectral
response of spectrometer with CPC.

Fig. 10 Spectrum concentration efficiency of the CPC: (a) spectrum irradiance map on the entrance of
the CPC and (b) spectrum irradiance map on the detector.
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incident angle of 10 deg, which is beyond the acceptance
angle of 9 deg. Figure 12(a) shows the irradiance map on
the entrance of the CPC with a spectral energy of 100%.
(b) shows the irradiance map on the surface of the detector
with a spectral energy of 0.00% of the total energy.
According to Eq. 8, the stray light concentration efficiency
with an incident angle of 10 deg [the ratio of the energy effi-
ciency of Fig. 12(b) to the energy efficiency of Fig. 12(a)]
is 0.00%.

Eventually, the comparison of the concentration efficien-
cies of spectrum and stray light is as shown in Table 2. The

concentration efficiencies of the two types of stray light are
less than that of the spectrum. A conclusion can be drawn
that the concentrator system of the CPC is feasible and sig-
nificant in suppressing the stray light.

4.3 Discussion of Tolerance on the Compound
Parabolic Concentrator

Three types of variable tolerances are discussed, including
machining tolerance, material tolerance, and alignment
tolerance.26 Three tolerance design functions are analyzed

Fig. 11 Concentration efficiency of stray light from the DMD: (a) the irradiance map of stray light from the
DMD on the entrance of the CPC and (b) irradiance map of stray light from the DMD = on the detector.

Fig. 12 Concentration efficiency of stray light beyond the acceptance angle: (a) irradiance map of stray
light with the incident angle of 10 deg on the entrance of the CPC and (b) the irradiance map of stray light
with an incident angle of 10 deg on the detector.
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including the stray light concentration efficiency of the
DMD, ηstraylight DMD; the stray light concentration efficiency
with θi ¼ 10 deg, ηstraylight θi¼10 deg; and spectrum concen-
tration efficiency ηspectrum. For the machining tolerance of
the CPC, the acceptance angle θ and lateral focal length
R are the main variable tolerances. For the material tolerance
of the CPC, the reflective efficiency of the material r1 is the
main variable tolerance. The alignment tolerance has two
parts including the alignment tolerance of the CPC and
the alignment tolerance of the detector. The model of
thealignment tolerance discussion is shown in Fig. 13. A
Cartesian coordinate system is established in which the
center of the DMD is set as the origin. Due to the symmetry
of the optical system, the alignment tolerances of the CPC
and detector have three variables. The eccentric errors of
the CPC and detector in the X direction are defined as e1
and e2, respectively; the location errors of the CPC and
detector in the Z direction are defined as L1 and L2,

respectively; and the axis tilt errors of the CPC and detector
with the Z axis are defined as t1 and t2, respectively.

When the variables change, the spectrum concentration
efficiency, ηspectrum, the stray light concentration efficiency
of the DMD, ηstraylight DMD, and the stray light concentration
efficiency with θi ¼ 10 deg can be derived. According
to the process level and restriction of ηspectrum > 0.95,
ηstraylight DMD < 0.4, and ηstraylight θi¼10° ¼ 0, the preset varia-
ble tolerances and the corresponding variation ranges of
ηspectrum, ηstraylight DMD, and ηstraylight θi¼10 deg are shown as
Table 3.

Since the uncertainty of the process and the alignment is
related to process capability, assembly environment, or other
conditions, we consider the variation ranges of each variable
tolerance as being accordance with the Gaussian distribution.
The expectations and standard deviations are preset as in
Table 4.

Based on a Monte Carlo simulation method, the perfor-
mance of the concentrator system with CPC in the DMD-
based spectrometer is analyzed. When 100 samples are
simulated in the TracePro program, the statistical results of
samples are as shown in Table 5.

Table 2 Comparison of the concentration efficiency of spectrum and
stray light.

Efficiency on the
entrance of CPC

Efficiency on
the detector

The concentration
efficiency (%)

ηspectrum 87.0 85.9 98.7

ηstraylight DMD 9.93 3.60 36.3

ηstraylight θi¼10 deg 100 0.00 0.00

Fig. 13 Model of tolerance analysis of the CPC.

Table 3 Preset variable tolerances and the corresponding variation ranges of tolerance design functions.

Category Variable tolerances Preset value ηspectrum ηstraylight DMD ηstraylight θi¼10 deg

Machining tolerance θ 9� 0.5 deg [0.966,0.987] [0.304,0.404] [0,0]

R 3� 0.5 mm [0.959,0.987] [0.297,0.363] [0,0]

Material tolerance r 1 1þ 0∕–0.5 [0.938,0.987] [0.341,0.363] [0,0]

Alignment tolerance e1 0� 5 mm [0.951,0.987] [0.329,0.363] [0,0]

L1 0� 10 mm [0.978,0.987] [0.348,0.370] [0,0]

t1 0� 0.5 deg [0.977,0.987] [0.355,0.363] [0,0]

e2 0� 0.5 mm [0.963,0.987] [0.342,0.363] [0,0]

L2 0� 0.5 mm [0.964,0.987] [0.321,0.403] [0,0]

t2 0� 2 deg [0.986.0.987] [0.361,0.363] [0,0]

Table 4 Distribution of variable tolerances.

Variable tolerances Expectation Standard deviation

θ 9 0.2

R 3 0.2

r 1 0.975 0.1

e1 0 2

L1 0 5

t1 0 0.2

e2 0 0.2

L2 0 0.2

t2 0 2
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The distributions of ηspectrum, ηstraylight DMD, and
ηstraylight θi¼10 deg are shown in Table 6.

5 Conclusion
To eliminate the stray light caused by the diffraction and
scattering of the DMD, a new concentrator system with a
CPC is presented to replace the conventional lens. By ana-
lyzing the diffraction of the DMD, the acceptance angle of
the CPC is derived. By analyzing the entrance aperture sizes
of the CPC and detector, the geometric concentrating ratio
is derived. Then, a DMD-based spectrometer with CPC is
designed. The simulation results show that the spectral
energy efficiency of the detector is close to the diffraction
efficiency of the grating at different wavelengths. And the
simulation results also show that the spectrum concentration
efficiency of theCPC is 98.7%, that the stray light concen-
tration efficiency of the DMD is 36.3%, and that the concen-
tration efficiency of stray light beyond the acceptance angle
is 0.00%. According to the simulation results based on the
Monte Carlo method, 90% of the simulation optical systems
show that the spectrum concentration efficiency is superior to
93.79%, that the stray light concentration efficiency of the
DMD is less than 37.72%, and that the stray light concen-
tration efficiency with θi ¼ 10 deg is 0.00%. Then, a con-
clusion can be drawn that the new concentrator system with
CPC is feasible and significant in concentrating the spectrum
and suppressing the stray light. In addition, the spectral
energy distribution is concentrated in a smaller region, and
the optical structure is compact.
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