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Modeling and performance analysis for masks in coded mask

infrared imaging
Zhang Ao', Wang Qing', Yang Jingyu', Sun Yi

(1. School of Electronic Information Engineering, Tianjin University, Tianjin 300072, China;

2. Tianjin Jinhang Institute of Technology Physics, Tianjin 300308, China)

Abstract: The model for infrared coded mask imaging systems was presented. It was composed with two
functional components, the coded mask imaging with ideal focused lenses and the imperfection of
practical lenses. The system’s point spread function (PSF) can then be represented by the diffraction
pattern of the mask and the PSF of the practical lenses. The imaging results with inclined plane waves
were also analyzed to achieve the variation of PSF within the view field. According to indices for mask
pattern evaluation and system’s PSF assessment, mask pattern we proposed based on Dammann grating
had a balanced performance for direct imaging and imaging reconstruction. Experiment shows that mask
pattern for direct imaging should have more random structures, while more periodic structures in system
with image reconstruction.
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0 Introduction

The application of coded mask in infrared
imaging was first discussed by both Stephen R.
Gottesman"! and the QinetiQ Company'. The ideas
were based on characteristics of early coded aperture
imaging (in heavy ray and visible light), like wide
field of view (FOV) and large field of depth focus, to
help improving infrared

the quality of imaging.

Gottesman proposed his design succeed with the
conventional coded aperture in heavy ray imaging ™,
which the detected images were geometric projections
of the source point light pre —coded by the mask
pattern. Therefore, the diffraction of infrared with
longer wavelength was not considered in the initial
design, but was included into his following works to
estimate systems’ imaging resolution™~®!. The QinetiQ
Company was inspired by compound eye systems in
biology and hence regarded the coded aperture
imaging as a system of multi-pinhole imaging with
recovery algorithms of image fusion. Diffraction
effects were analyzed at the beginning of their system
design stage. The diffraction led to energy dispersion
of the information, which meant there is a tradeoff
between the convenience of measurement with more
sensing cells and the algorithmic complexity for imaging
reconstruction with high quality "', Their following
works would be mainly focused on PSF control
(including mask pattern design'®! and microshutter
array technology'') and imaging reconstruction based on
PSF calibration"”"1, Recently, the compressed sensing
is introduced into infrared imaging to achieve super-
resolution. The sparse sampled results on focal plane
are also affected by the diffraction of infrared through
the coding mask™,

From applications mentioned above, we can see
that the study of PSF is still critical to analyze coded
mask imaging. It is essential to build a complete
model to simulate the PSF of the infrared imaging

systems composed of coded mask and lenses. A set of

criterions for PSF are also required to evaluate the mask
pattern and the image reconstruction process. In this
paper, the coded aperture infrared imaging system is
regarded as lenses with a coded mask in front of them.
The methods for infrared imaging system modeling are
analyzed and the PSF within the view field is calculated.
The PSF will then be examined in a set of criterions for
direct imaging and imaging reconstruction. The
Dammann grating is introduced into mask pattern design
to get better auto-correlation properties for reconstruction.
Some advises on mask design will be given according to

experiment results in conclusion.

1 Modeling for coded mask infrared

imaging systems

1.1 Wavefront coding with lenses

For longer wavelength, lights from distant objects
can be focused by lenses. System in that circumstance
can add lenses behind the mask for direct imaging (as
shown in Fig.1). As the wavelength is comparable to
the cell seize of mask, infrared light will result in
distinct diffraction effects, i.e. the diffraction pattern,
when passing through the mask. Besides, lenses,
together with diaphragms, will add imperfect phase
modulation to angular spectrum, defocusing the lights
reached onto the focal plane. Both the defocus and
diffraction effects introduce additional information and
blurring for imaging results, decreasing the resolutions
of direct imaging. Therefore, corresponding algorithms
are needed for the image reconstruction.

Mask planeLens plane  Detector plane
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Fig.1 Coded aperture imaging systems with lenses
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If the recorded image is represented by g (x,y)

and the original scene by g,(x,,y,), the image degradation
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can be handled by™:
8(x,y)=h(x,y)*gu(X0yo)+n(x,y) (1)

where * is the correlation operator. The system
function is described in A and mainly influenced by
mask diffraction and the defocus of lenses.

If the mask pattern is 7(x,,y,), the light field behind
the mask can be represented by u,-1(x,,y,). If the pupil
is P(Z,m),

represented by:

the transmission function of lens can be

HL=P(Lm)-exp| =iy (7)) @)
where f is the focus length and & is the wave number.
Suppose A is the wavelength.

From Fresnel diffraction theory, the amplitude

distribution on the detector plane is:

U;(x,y)=ﬁ-exl> 12167(x2+y2)}>< H H U (X0, ¥,) *
exp —J N (xo§+)m)}xP(§ M) * eXp —J M, (ﬂﬂn)}
exp jgfuf ;7 }17)(@2 ”rf)}xCXp I3d (Xj»yj)]-

dgdm-dx.dy, (3)
Suppose the distance between mask and lens is
very close, then we have:

1,11 _1
4 T T, )

The phase factor in the amplitude distribution is

negligible, then U, can be rewritten in:

U=t x| ] U

17
AZd{)d i

explJ

2 2
E(xa Y, )} Xexp ] )\d (-xag"'yan)} d-xadya}x

+77)

P(g,mexp 1'2]; Xexp (x§+yn)] dZdn(5)

]Ad

Take phase factor exp (%, £+ym)] as the

Eavn ¥
basis of space transformation. Eq. (5) means that
original scene is transformed into Fourier domain and

back. The frequency of original scene is cut by lens’

aperture. Introducing M=Z—", Eq.(5) in unified coordinate

system can be represented in:

U(x,y)—MZ{ | 2 Jexpj 2’;{) ((la)z(ﬁ)z }*
F[P(x,y)exp i34 (X2+)2)H (6)

Eq.(6) shows that coded mask imaging system is
composed of two functional structures, the coded mask
imaging with ideal focused lenses and the imperfection

of practical lenses, which can be shown in Fig. 2.

(a) Practical imaging system (b) Coded mask imaging with

with mask ideal focused lenses

X, x
\
:Iv ! v'n 0o z
[ i y
- @@ 9 ,’
v

Plane of incidence Plane of imaging

(c) Imperfection of practical (d) Coordinate system to analyze

lenses systems
Fig.2 Functional composition of practical coded aperture imaging

system

1.2 Imaging with normal incidence plane waves
For solely mask irradiated by plane waves with
zero incident angles, the detected image is the light
intensity distribution through the multi-hole mask,
If the

mask is close followed by ideal focused lenses,

which is determined by Fresnel diffraction.

imaging result on the focal plane is Fraunhofer
diffraction™™:

b (e, y)=IF{(x,,y.) }° (D
Where h(x,y) is the imaging result on the focal plane
for plane waves, i.e. the PSF of coded mask with
ideally focused lenses.

In practical imaging system composed of mask
and lenses close followed, the imperfection of lenses
lead to scattering and distortion on the focal plane,
which can be exactly described by the lenses’ PSF. The

imperfection of lenses in our model can be noted as:
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ho(x,y)=f(x.y) (€))
Where fi(x,y) is the lenses’ PSF.

From Eq.(5), the system function can also be
represented by PSF composed with two functional
components:

h(x,y)=h(x,y)*ho(x,y)=IF {t(x,y) }#i(x,y) - (9)

That means the intense pulsed light response to
coded mask imaging system can be expressed by the
convolution of the ideal Fraunhofer diffraction pattern
of the mask and the PSF of the practical lenses with
imperfection.

1.3 Imaging with inclined incident planewaves

As the coded mask imaging systems has a wide
view field, the system’s PSF varies according to the
inclined angle of the incident light. Equations acquired
above should be modified with incident factors y and
6, which are inclined angles to the x, axis and y, axis

shown in Fig.3. Then Eq.(9) above gives to:
h(-xvy ; 'Y» 6)=hl(-xmya; 73 8) *hZ(-xvy; 73 6)=

LF{t(X0y037,0) }P¥fi(x,y3 7, 8) (10)
X, x(6.)
b /l/
S 5) z
[0) \\\\ x P ot
y ¥(6,) “ < N
f T

Plane of mask Plane of imaging

Fig.3 Mask diffraction with inclined plane waves

Lenses can be modeled in the simulation software

according to their optical structures and material
parameters. By varying incident angles during the
simulation, PSF within the total view field, i.e. the
fi(x,y;v,6), can be achieved in the simulation outputs.
The Fraunhofer diffraction result of designed
mask pattern illuminated with plane waves can be
computed in Matlab. The diffraction result with zero
incident angles is the square of Fourier transformation
of mask pattern. But for inclined incident plane
waves, the expressions also need to be modified.

When illuminated by plane waves with angles,

the amplitude distribution on mask plane is:
U,(x,,y,)=u,* exp[—ik(x,* cosy+y,* cosd)] (11)
where u, is the amplitude of plane waves. The
exponential part in the expression is the additional
phase shift introduced by incident inclination, where

the optical path difference is:

Ar=—(x,* cosy+y,* cosd) (12)
After being modulated by mask, the amplitude of
waves becomes U, (x,,y,) *t(x,,y,). When arrived at
focal plane, the complex amplitude distribution can be

represented in"¥:

7 ikr,
UO.0)=3ke | U 1

exp[—ik(x,-sinf+y,-sin6,)]dxdy, (13)
Where 6, and 6, are diffraction angles.
Take Eq.(11) into Eq.(13), then we have:

uQe,, Q.):%eikru ﬂ u,* t(x,,y,) %X
exp{—ik[x,(cosy+sinb,)+y,(cosb+sin6,)] }dx,dy, (14)
The exponential part indicates that amplitude
distribution on imaging plane is a Fourier
transformation projection from (x,,y,) plane to (cosy+
sinf,,cosé +sinf,)plane. According to definition of
x,0,y, and xQOy coordinate systems and the relative
spatial position of the mask, the diffraction angle can

be expressed in:

X sinf,= Y (15)

Then Eq.(14) can be rewritten as:

sinf,=

U(’ cosy+ X ,COSO+ Yy ) -
N RN

7 ikr,

%e * F{t(-xmya)} (16)

N
Which is the amplitude distribution on imaging
plane with inclined incident plane waves. The
corresponding intensity distribution #,(x,,v,;7y,6) can be
expressed in:
hi(x,,y05%,8)=1U(x,y;y,8)” (17)
and the intense pulsed light response h(x,y;7vy,6) of
coded mask system can then be represented in:
h(x,y3, 0)=I1(xX,,Y03 v, ) *ha(x, 3y, 8)=1U (x,y; ¥, 8)I**

Si(x,y37,6) (18)
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2 Effects and evaluations of masks

For coded mask imaging with a given optical
system, the mask pattern should fit for the imaging
reconstruction and processing methods. There are
varieties of mask patterns for different use, such as
MURA™! and DFZP™ for heavy ray imaging, Levin
pattern™! and Zhou pattern™~*! for depth estimation
and deblurring, and random masks for compressive
sensing™1,

2.1 Analysis for mask pattern

If a coded mask system is used for direct
imaging, the optimized mask should decline the PSF’s
diffusion and gather energy to PSF’s major lobe as
much as the focused

possible, which guarantee

imaging without blur and aliasing on detector.
Experiments show that mask with random holes, like
Fig.4(a), will give out better angular resolution for a
given SNR, because the auto-correlation of the
diffraction pattern has smaller side lobes™.
Applications fields of coded mask are expanded
by digital imaging restoration techniques. The aim of
using masks in imaging system with restoration is to
acquire as much information about the original scene
(28]

as possible!'®! or to get compressed information .

Information about original scene is coded when
passing through the mask, and the modulation is
controlled by the mask pattern. Diffraction effects are
also involved into the modulation result. The detected
images are no longer precisely the original scene,
because the mask changes the energy distribution of
the original information. Corresponding restoration
algorithms are needed for information retrieval and
image reconstruction with high resolution. In Levin's
work™, the proposed mask pattern, shown in Fig.4(b),
is fit for depth estimation, because it gets a high KL
divergence score and the system’s PSF varies notably
to source point in different depth.

Mask pattern in compressive coded mask imaging
is the measurement matrix in compressive sensing

theories. It has been proved that if the measurement

matrix is a Gaussian random matrix, the sensing matrix
can meet the restricted isometry property (RIP) in all
probability and the original scene can be successfully
t2 - Lots

imaging!***! are based on random mask pattern.

reconstructed of works on compressive

In our practical infrared imaging system, the lenses
are available for wavelengths centered at 8 wm and the
focus length is 84 mm. In order to acquire high
resolution imaging and depth estimation, a new type of
mask pattern is designed based on Dammann grating.
The mask pattern, shown in Fig.4(c) as a 5x5 Dammann
grating array, is still binary phase grating, but the
diffraction result has sharp autocorrelation peaks and the
energy is concentrated in several dots apart. It makes
energy detection easier and decreases measurement
error™. Besides, the peculiar diffraction pattern can be
easily recognized because it varies according to the
depth or rotation of the original scene, which helps in

image reconstruction and depth estimation.

(a) 40x40 Random

(b) 11x11 Levin  (¢) 5%5 Dammann grating

Fig.4 Different mask patterns

2.2 Criterion for coded mask imaging system

In order to evaluate the performance of designed
mask pattern and the whole imaging systems, a set of
indices are devised based on PSF properties related to
imaging recovery. The M1 and M2 metrics are used
to describe the energy percentage within a circle of
radius r centered at main lobe and to assess the PSF

31 Both indices determine

variation within field angle
the resolution of direct imaging. They are originally
designed for lenses assessment, but introduced here to
evaluate the PSF of the coded mask imaging system.

The M1 and M2 are defined in:

2 h(X*+y*+77)
Ml(r)=—2r (19)

Z h(x+y)
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2 h(x,y;@)=h(x,y; e+Ap)
M2(p)=—"* (20)

Z h(x,y; )

where r is radius of the circle centered at the position
of the chief ray and ¢ is the incident angel of the
source point.

In procedure of high resolution reconstruction,
corresponding indices are need. If a reconstruction
involves filtering, the minimum resolution angle is
determined by the auto-correlation of PSF. As the imaging
system is always rolling during practical imaging stage, a
rotation auto-correlation index RA is defined in Eq.(21) to
assess the image resolution with rotational motion, where
is rotation angle between image frames. Considering
image depth estimation and deblurring based on Wiener
deconvolution, the KL divergence™' and R(K)'™' are
defined for the mask selection.

RA(w)=corr(h(x,y; w),h(x,y; 0+Aw)) 21)

3 Experiments

Considering a practical imaging system, where

the focus length of lenses is 84 mm and the
diaphragm diameter is 10.65 mm. The illuminating
wavelengths are centered at 8 wm. The PSF of the
lenses can be acquired from lenses’ data sheet and it’s

shown in linear in Fig.5.
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Fig.5 PSF of imaging lenses

3.1 Experimental results with masks
Experiments focus on five mask patterns: random
patterns with 200 x200 and 1 000 x1 000 coding

matrixes, the Levin pattern and Dammann grating

patterns in 5x5 and 25x25 arrays. All the masks are
designed in squares with sided length of 30 mm, and
sampled by 1200x1 200 matrixes in Matlab. The PSFs
of the practical imaging systems with these five masks

are shown in Fig.6.
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(e) 25x25 Dammann grating array

Fig.6 PSFs of the practical imaging systems with different masks

If illuminated by inclination incident plane waves
within the view field, the system’ s corresponding
diffraction patterns can be acquired from Eq. (18).
Take 25x25 Dammann grating array for example, the
results with inclination are shown in Fig.7.
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Fig.7 Diffraction results of 25%25 Dammann grating array with

inclined illumination

The M1, M2 and the rotation auto-relation (RA)
of each mask are shown in Fig.8.
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Fig.8 M1, M2 and RA results for different mask patterns

3.2 Results analysis
From the diffraction results in Fig.5 and Fig.6

we can see that, in imaging system with a mask, the

main lobe energy of diffraction is stronger comparing
to that in system only with lenses, but the width of
main lobe is reduced relatively. Besides, the side lobe
energy is concentrated and enhanced at several points,
which are perceptible to detector. If masks are
designed with same pattern but in smaller cell size,
most of the energy will concentrated on the main lobe
and the side lobes will fade out. Comparing different
mask patterns, energy passing through random patterns
is almost concentrated near the chief ray; while with
periodic mask patterns, more energy is distributed on
the region around chief ray. If mask pattern combines
random and periodic structures, the energy distribution
will focus on several side lobes beside the main lobe.
By adjusting the combination of random and periodic
arrangement, desired diffraction pattern can be
achieved.

Figure 8 (a) shows that in system with random
mask pattern, main lobe energy is sharply focused and
the rest energy is uniformly distributed onto the whole
detector. The M1 curve for random mask, therefore, is
concave as the energy circle expands. The Levin
pattern gathers most of the energy around the main
lobe, resulting in a convex curve in M1 chart. Curves
of Dammann patterns are between these two sorts, and
they are not smooth because of the existence of
additional energy dots.

The variances of PSF with inclinations can be
analyzed from Fig.8(b). Random pattern gets a quick
descent when incident waves are inclined with small
angles, which means the PSF alters greatly around the
primary optical axis. The Levin pattern has a gentle
curve with higher amplitude, which means the
variance of PSF can be easily detected. Dammann
pattern has a balanced combination of these two sorts
of characters.

Seeing from Fig.8(c), system with random pattern
is not sensitive to rotation, while sensitive when using
Levin pattern, which is periodical and symmetric.
Dammann pattern is sensitive at several rotation angles.

There is a loss in energy if the coded mask is
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inserted in the optical path, because the mask is
partially occupied by blocks and the diffraction
disperses some energy under the threshold of sensing
cells. Besides, the thermal noise will be inevitability
increased due to the mask materials. Both effects will
decrease SNR detected. But the decoding process with
a prior information of mask modulation will bring

about coding gain.

4 Conclusions

This paper describes a modeling method for
infrared imaging system with coded mask placed in
front of lenses. The imaging result for plane waves is
decided by the mask pattern and the imperfection of
lenses, so the system is modeled as tow parts: mask
with ideally focused lenses and practical lenses with
imperfection. The mask part is modeled as Fraunhofer
diffraction and it will be modulated by the imperfect
lenses to achieve the total PSF of the system. The
variation of pattern is analyzed within the view field.
A set of metrics are designed according to
reconstruction methods to evaluate the PSF of whole
imaging system.

Numerical experiments show that the model
matches practical measurement. For direct imaging
system with coded mask, the mask pattern should be
close to random distribution and the cell size should
be reduced. If coded mask are used in system with
digital imaging processing, the PSF should vary with
the source position, which means there need to be
more periodic pattern in the mask and the cell size
should be increased. The Dammann grating pattern
has a balanced performance in the both requirements.

The built model allows to analyze the mask and
lenses separately and simplify calculations. The
criterions are able to assist with mask design and
evaluation of the PSF. However, there are still
limitations in our model. The thickness of coded mask
need to be considered as the cell size becomes
smaller. Besides, the aero-optical effects together with
noise are also inevitable in

thermal practical

applications. The image resolution of infrared coded
imaging system will also be discussed in our future

studies.
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