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Thermal effect on odd-symmetric phase mask in wavefront-coded

athermalized infrared imaging systems
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Abstract ; Thermal effect on phase masks in wavefront-coded athermalized imaging systems is analyzed. Several well-
known odd-symmetric phase functions at different temperature are derived. The properties of phase functions suffering
from thermal effect are presented. The performances of the phase functions are evaluated with and without considering
thermal effect by numerical simulation. The results show that the similarity of out-of-focus MTFs and recoverability of
blurred encoding images of the wavefront-coded athermalized system are degraded severely by the thermal effect.
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Introduction

The performance of infrared optical systems ap-
plied in the thermal environment changes with temper-
atures. Main thermal effect on infrared optical sys-
tems in a wide temperature range is the defocus aber-
ration. It is inevitable to resort to athermalized design
in order to maintain an invariable focus of infrared op-
tical systems at different ambient temperatures''!. Re-
cently, the wavefront coding technique is used to re-
duce thermal defocus aberrations of infrared optical

systems[”]

. As an optical-digital hybrid imaging sys-
tem, wave-front coding is used to extend the depth of
field of the incoherent diffraction-limited systems. In

wavefront coding systems, an odd-symmetrical phase
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mask is placed in the pupil plane to encode the wave-
front of incident light waves so that the optical transfer
function (OTF) or point spread function ( PSF) is
nearly invariant over a wide range of defocus. The
encoded images are subsequently deblurred with a
simple deconvolution filter. The restored images re-
tain high resolution near that of the diffraction-limited
system for all values of defocus'*!.

Generally, the optimizing procedure of phase
mask parameter is not included in the optical design.
The thermal effect on phase mask in the wavefront-
coded athermalized systems is ignored due to the sep-

arate optimization step'*®!

. Specifically, the evalua-
tion of designed phase mask parameters in the optical

design software (ZEMAX, CODE V etc. ) is inaccu-
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rate because the environmental analysis (ENV) op-
tion of the optical design software is designed to oper-
ate with rotationally symmetric surfaces. The inexact
PSFs can degrade the quality of final images. More
importantly, a comprehensive and rigorous evaluation
of the performance of wavefront coding systems is in-
dispensable in order to ensure the qualities of restored
images. Thus, the thermal effect on phase mask in
the wavefront-coded athermalized systems should be
considered in the mask parameter’s optimization pro-
cedure in order to obtain the accurate PSFs at different
temperatures in theory. In this paper, we propose the
phase functions resulted from a contrast between two
types of phase masks with and without thermal effect
considered. The accurate OTF taking into account
thermal effect on phase masks is obtained to build the
deconvolution filter.

1 Theory

For mathematical simplicity yet without loss of
generality , the analysis is restricted to the case of one-
dimensional optical system with a rectangularly sepa-
rable aperture. The refractive index, center thickness
and surface shape of phase masks change with temper-
ature. Because the center thickness does not affect
phase distribution of phase masks in pupil plane, we
concentrate only on the changes of phase masks’ re-
fractive index and surface shape.

For an optical system with an odd-symmetric
phase function @(u) (u is the pupil plane coordinate
and is normalized to the range of [ - 1,1]), when
the temperature changes from ¢ to ¢, =¢ + A¢, the pupil
coordinate can be expressed as

u, = u +du = u(l + At) , (1)
where u, is the pupil plane coordinate in the thermal
environment, «, is the thermal expansion coefficient
of the material, and du = ua,At is variation of pupil
coordinate. The change in surface shape of phase
mask is

dd(u) = [0®(u)/duldu . (2)

The surface shape of phase mask in the thermal
environment is given by

D pe-change () = P(u) +dd(u) . (3)

Additionally, the relationship between the phase
and the optical path is

o) = 2MHw) = 2n - Ddw) , (4)

where A is the wavelength of light, n is the phase
mask’s refractive index, d (u) is the phase mask’s

thickness (in unit of millimeter), and H(u) is the
optical path difference. At temperature ¢,, the refrac-
tive index in the thermal environment is

n, = n+ (dn/dt)At (5)
where dn/dt is the thermal refractive index coeffi-
cient. For the refractive index n,, the phase function,

djrefractive—index—change( u) , can be expressed as

2
¢refractive»index»change ( u) = f( n, - 1 ) d( u) . ( 6 )

From Eqs. (4) and (6), the phase function is

¢mfmctive-index-change(u) = [(nc -1)/(n-1) 10(u) . (7)

Obviously, the changes in both refractive index
and surface shape produce the phase deviations in the
pupil plane. Thus, the phase function in the thermal
environment, @,(u), can be expressed as

(1) = B (1) (8)

In this paper, the cubic phase mask (CPM) , the
logarithmic phase mask ( LPM ), the exponential
phase mask ( EPM) and the sinusoidal phase mask

(SPM) are discussed as examples'*™®'. The four
phase functions can be expressed as
¢CPM(u) = Av’ ’ (9)
@ py(u) = sgn(u)Bu’(log|u|+C) , (10)
Doy (u) = Duexp(Eu®) (11)
Dy (1) = Fu'sin(Gu) (12)

where A, B, C, D, E, F, and G are the magnitude
of the variable phase parameters, and sgn( ) is the
signum function.

From Eqgs. (8-12), four phase functions in the
thermal environment are

n, -1 3
Dern = 7 A +3edA0u (13)

Bam =) (BB u )
+ aOBAtu3 lul™]
Do = (D +cuDMYuesp(BE) 5
+ 20y DEAw  exp(Eu®) ]
1
n-1
+ ayFGAw’ cos(Gu) ]
Egs. (13-16) are functions of temperature and

n

c

Doy = [(F +4aOFAt)u4sin(Gu)

(16)

represent temperature-dependent phase deviations of
phase masks instead of phase deviations at different
temperature.

2 Numerical examples

All contraries to our approach were mainly a-
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chieved from thermal defocus-aberration considera-
tions without including other thermal aberrations. The
similarity of out-of-focus MTF ( Modulation Transfer
Function) and recoverability of blurred encoding ima-
ges can be used to assess the performance of wave-
front coding systems. We discuss the original phase
masks of Egs. (9-12) ( without thermal effect con-
sidered) and the actual phase masks of Egs. (13-16)
(with thermal effect considered) by the properties of
MTFs. We use the Hilbert space angles, the Fisher
information content and the integral area of MTF to
compare the imaging characteristics between the phase
masks with and without thermal effect considered.
Considering the classical infrared material germa-
nium as an example, the refractive index n for the
center wavelength 10 pm is 4. 003, the thermal re-
fractive index coefficient dn/d¢ is 3.96 x 10 ~* per de-
gree Celsius, and the thermal expansion coefficient «,

[10]

is 5.9 x 10 "® per degree Celsius''”). The temperature
range At is —70 degrees Celsius ( A contrast that the
system works at +20 degrees Celsius and at — 50 de-
grees Celsius, and +20 degrees Celsius is the original
temperature environment) .

The Hilbert space angle is a convenient mathe-
matical tool to measure the similarity between any two
functions'”’. The Hilbert space angle between the in-
focus MTF and the defocused MTF is expressed as
_ (MTF(»,0) ,MTF(v,w5) ) (17)
= IMTF(0,0) [MTF(v,00) ||
where the symbol ¢ -) denotes the inner product, the

cosf

symbol

denotes the norm. w,, is the defocus pa-
rameter in unit of wavelength A and v is the normal-
ized spatial frequency coordinate. The smaller the an-
gle between the two MTFs is, the more similar these
two MTFs are. The Hilbert space angles between the
in-focus MTF and the defocused MTFs are shown in
Fig. 1.

By Rayleigh rule, the image quality of an optical
system is acceptable when w,, <A/4. In the paper,
we assume that the maximum defocus caused by ther-
mal effect on the optical systems is 5A. The subplot
in the logarithmic phase mask of Fig. 1 is a partial
contrast of Hilbert space angle between the actual
( =50 degrees Celsius) and original ( + 20 degrees
Celsius) phase masks. All the optimized masks’ pa-
rameters come from Refs. [9] and [11]. The per-
formances of four masks are evaluated by Fisher In-
formation matrixes of out-of-focus OTFs, and the op-
timization procedure subjects to the same constraint of
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Fig.1 The Hilbert space angles between the in-focus MTF
and the defocused MTFs for the original and actual phase
masks. The optimized phase mask parameters are used; CPM .
A =90.1096;LPM:B = 144. 6175 ,and C =0. 5866; EPM ;D =
31.0272 and E = 1. 7477; SPM: F = 192. 9951 and G =
1.7840" 1, The phase mask parameters of other figures in
this paper are the same as these used in Fig. 1

B 2 A AR PO B 5 H IE A5 MTF #1834 MTF #45,
i Hilbert 23 6] £ B B £ 2 B0 284K ARALHEREAR 2 5053 5
H:CPM: A =90. 1096; LPM: B = 144. 6175, C = 0. 5866
EPM:D =31.0272,E = 1. 7477; SPM. F = 192. 9951, G =
1.7840" " A SO HCE A AR RIS 45 P LAR )



334

CHEN Shou-Qian et al:Thermal effect on odd-symmetric phase mask in wavefront-coded
athermalized infrared imaging systems

213

the acceptable degradation of the in — focus MTF. As
is shown in Fig. 1, the Hilbert space angles of the ac-
tual phase masks are different from the original ones,
especially when there is severe defocus. This means
that a phase deviation from the original phase distribu-
tion will appear in the pupil plane when the thermal
effect on phase masks is considered. Additionally,
according to the meaning of Hilbert space angle, the
phase masks with thermal effect are much more sensi-
tive to defocus aberrations. The reason is that the neg-
ative At will decrease the amount of the phase devia-
tions in the pupil plane, indicating that the sensitivity
of the MTFs to defocus aberrations increases. But in
the positive At situation the results are reversed.

Another quantitative way to evaluate the defocus
invariant characteristic for phase masks is Fisher Infor-
mation (FI)'™®'. According to the definition of FI,
the smaller FI is, the less sensitive to defocus the
wavefront coding system should be. The FI curves
corresponding to different defocus parameters are
shown in Fig. 2. It is obvious that there is a consider-
able change of defocus invariant characteristic be-
tween the actual phase masks and the original phase
masks. The bigger changes of FI for each phase mask
will increase the difference between the original PSFs
(OTFs) and the actual PSFs ( OTFs). The accurate
PSFs or OTFs are prerequisite conditions to ensure
higher quality of final images in the wavefront coding
systems. Thus, it is reasonable to consider the ther-
mal effect on phase masks in the wavefront-coded
athermalized imaging systems in order to obtain the
accurate PSFs or OTFs.

For the wavefront coding systems, the magnitude
of MTF has to be sacrificed in order to extend large
depth of field. The integral area of MTF correspond-
ing to the defocus parameters might be used to assess
the middle images’ recoverability. The integral area S
can be expressed as

S = fMTF(v,PMP,wm) v (18)

where PMP is the phase mask parameter. The areas of
MTFs for each phase mask are shown in Fig.3. The
visible differences in the area of MTF are observed
between the actual phase masks and the original phase
masks, indicating that the thermal effect on phase
masks introduces an obvious phase deviation from the
original phase distribution in the pupil plane. The
smaller areas of MTFs for the original phase masks
comparing with the actual phase masks are found in
Fig. 3. This means that the actual phase masks’ phase

cubic

Fisher information
w

0 1 2 3 4 5
Defocus parameter w;y/A

logarithmic
=
g
)
g
31
£ ’
E '
2z
% 1 2 3 4 5
Defocus parameter w;y/A
exponential
=
g
s 2 ’
g
) ;
£
2
2z
0
0 1 2 3 4 5
Defocus parameter w;y/A
sinusoidal
= -
2 1.0 -7
0.8 .
% ;
= 06 2
2 5
% 04 Y
59
0.2
9 1 2 3 4 5

Defocus parameter w;y/A

Fig.2 Comparison of FI curves between original and actual
phase masks
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modulation to incident light waves in the pupil plane
is smaller than the original phase masks when the tem-
perature At is negative. Generally, the infrared ima-
ges include a bigger noise than the images of visible-
light waveband. An exact evaluation of the recover-
ability of wavefront-coded athermalized systems is
necessary in the optimization procedure of phase mask
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parameters in order to obtain a real signal to noise ra-
tio.

Finally, simulated imaging as a more direct way
is used to assess the difference for two types of phase
masks (original and actual) , and the restored images
are shown in Fig.4. The middle images are the prod-
uct of simulated images and two dimensional actual

defocused OTFs with thermal effect considered. The
filters used are Hy/ H ;5i0y and Hy/ H ,,y cotresponding
to the original phase masks and the actual phase
masks respectively, where H, denotes the incoherent
diffraction-limited systems’ OTF, H,;,,, represents
the in-focus OTFs for the original phase masks and
H,... represents the in-focus OTFs for the actual
phase masks. All the defocus parameters (w,,) of the
intermediate blurred images are set as 2. 5A.

Clearly, the original phase masks bring in more
artifacts during the restoration process, indicating that
the thermal effect on phase mask brings in a consider-
able change of phase distribution in the pupil plane.
The PSNR ( Peak Signal-to-Noise Ratio) is a error
metric used to compare image restoration quality''?’.
The higher the PSNR, the better the quality of the re-
stored image is. The PSNRs of the restored images in
Fig. 4 are shown in Table 1. As is shown in Table 1,
there is an obvious improvement of images’ PSNR
when the thermal effects on phase masks are consid-
ered in the restoration procedure. Therefore, the ther-
mal effect of phase mask should be considered in the
optimization procedure in order to ensure the quality
of restored images.

Table 1 PSNR of deblurred images with and without ther-
mal effect considered
F1 ZEAE AR F A BT S %55 E & PSNR
Cubic Logarithmic ~ Exponential ~Sinusoidal
Masks without thermal effect 16. 67 19.19 16.52 15.94
Masks with thermal effect 21.75 23.60 24.14 21.87

3 Conclusions

In this paper we have discussed the thermal effect
on phase mask on the performance of wavefront-co-
ded athermalized imaging systems. We quantified,
and demonstrated this thermal effect by the properties
of out-of-focus MTFs and simulated images. The re-
sults showed that the system taking into account the
thermal effect on phase mask had an obvious change
in the similarity of out-of-focus MTFs and the recov-
erability of blurred encoding images. The thermal
effect should be considered in the optimization proce-
dure of phase mask parameter in order to achieve a
comprehensive and rigorous evaluation of the per-
formance of wavefront-coded athermalized imaging
systems. More importantly, we could obtain the accu-
rate PSFs/OTFs at every temperature point to ensure
the quality for restored images when the thermal effect
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Fig.4 Inverse filtered images (rows: original filter; row2 ;actual filter; columns;CPM, LPM, EPM and SPM;
all the defocused parameters of encoded images are 2.5))
K4 FREEGR (17 JRIRIE SRS 217 : LBrIEE A% ; 151 2451 : CPM,LPM,EPM, SPM;
LM RGN EESECN2.51)

on phase mask is considered.
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