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a  b  s  t  r  a  c  t

Optimization  of  the phase  mask  is  one  of the  key  tasks  in the  design  of  wavefront  coding
systems  for  depth  of  field  extension.  Instead  of optimization  of the  phase  mask  for  ideal
optical  systems,  which  was  the  focus  of the  previous  research,  this  paper  proposes  an  inte-
grative  optimization  method  for practical  optical  systems  considering  the  various  optical
aberrations.  A practical  wavefront  coding  system  based  on a doublet  is  designed  using  the
integrative optimization  method,  while  an  ideal  system  with  an  optimized  phase  mask  is
also used  for comparison.  The  simulation  results  show  that  the  practical  wavefront  coding
system  designed  by the  integrative  optimization  method  works  well  on  both  the  on-axis
and  off-axis  fields,  while  the  ideal system  with  the  optimized  phase  mask  had  a  poor  perfor-
mance on  the  off-axis  fields.  Off-axis  fields  should  also  be  considered  as  well  as  on-axis  field
in  the  design  of  practical  optical  systems,  therefore  the  integrative  optimization  method
will  be significant  for the design  of  practical  wavefront  coding  systems.

© 2017  Elsevier  GmbH.  All  rights  reserved.

. Introduction

Wavefront coding imaging technology is commonly used to extend the depth of field in incoherent optical systems [1].
t consists of optical coding and digital decoding. By inserting a phase mask in the pupil plane, the optical transfer function
OTF) or the point spread function (PSF) is modulated to be insensitive to the misfocus. Immediate images captured in the
mage plane are blurred, but they can be restored to be sharp ones by digital decoding.

It is well-known that the design of the phase mask is one of the key tasks in wavefront coding technology. Therefore,
arious phase masks [2–5] were proposed to extend the depth of field such as cubic phase mask, sinusoidal phase mask,
xponential phase mask and logarithmic phase mask. Cubic phase mask and logarithmic phase mask are chosen as examples
f the phase masks in this paper. The reason is that the cubic phase mask is one of the classic masks and has been widely

tudied [6,7]; logarithmic phase mask can further extend the depth of field with lower surface relief phase structures
abricated in photoresist [8,9].

In the previous research, different optimization algorithms [10–13] were applied to acquire the optimal phase masks
f the wavefront coding system. However, these algorithms were studied in ideal optical imaging systems in order to
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greatly reduce the complexity of the design. In other words, various aberrations except misfocus are ignored in ideal optical
systems including spherical aberration, chromatism, coma aberration, curvature of field, astigmatism and distortion. These
aberrations take an important role in practical optical systems. Therefore, the optimal phase mask designed in the ideal
optical system may  not applicable to the practical wavefront coding system. Consequently, an integrative optimization
method for the design of practical wavefront coding systems is proposed in this paper. Firstly, the parameters of both the
phase mask and other optical elements are considered as variables in the integrative optimization; Secondly, various optical
aberrations are taken into account. To ensure the reliability, the whole system is optimized and analyzed in the commercial
optical softwares. Zemax is used as an example of the softwares in this paper.

The remainder of this paper is organized as follows: Section 2 describes the theoretical analysis of the wavefront coding
imaging technology. The Wavefront coding imaging system is designed and optimized based on the ideal and the practical
optical system respectively in Section 3. Then the optimization results of ideal optical system and practial one are also
compared in this section. The conclusion is given in Section 4.

2. Theoretical analysis

2.1. Wavefront coding

The pupil function P(x, y) of a wavefront coding system can be expressed as:

P(x, y) = p(x, y) exp
{
j
[
�(x, y) +  (x2 + y2) + Z

]}
(1)

where x and y denote the normalized coordinates in the pupil plane; j = √−1; p(x, y) denotes the amplitude pupil function,
where p(x, y) = 1 when x2 + y2 ≤ D2, if not, p(x, y) = 0; Z denotes the optical aberrations of the system except misfocus; and
�(x, y) describes the phase mask placed in the pupil plane;   is the misfocus parameter, which is defined as:

  = �D2

4�

(
1
f

− 1
do

− 1
di + �d

)
(2)

where � is the wavelength of the light; visible light is used in the following examples of this paper and 0.587 �m is used
as the reference wavelength; f is the focal length; do is the object distance; di is the image distance of the in-focus image
plane which satisfying Gaussian lens fomula 1/do + 1/di = 1/f ; �d  is the distance between the in-focus image plane and
the practical image plane. Obviously, �d  = 0 and   = 0 when the image plane is in focus according to Eq. (2). Therefore, there
are two methods to describe the misfocus aberration. One is the distance between the in-focus image plane and the practical
image plane �d  and it is usually used in practical optical imaging systems. The other is the phase variation   caused by
misfocus and it is usually used in ideal systems. They can be converted to each other via Eq. (2).

2.2. Merit function for optimization

To make the system be insensitive to the misfocus is one of the key tasks in wavefront coding technology. In other words,
the consistency of MTF  with different misfocus can be one of the merit functions in the design of a wavefront coding system.
Fisher information [14], described in Eq. (3), can evaluate the consistency of the object function. Thus Fisher Information is
used to merit the sensitivity of the MTF  to the misfocus.

J(ϕ) =
∫  max

− max

∫ Umax

0

∫ Umax

0

|H(u, v, ϕ,  )|
[
∂
∂ 

ln |H(u, v, ϕ,  )|
] [

∂
∂ 

ln |H(u, v, ϕ,  )|
]T
dudvd  (3)

Where |H(u, v, ϕ,  )|  denotes the MTF  of the imaging system with different misfocus parameter   and phase mask ϕ;  max

is the maximum of the misfocus aberration; u and v denote the tangential and sagittal spatial frequency of the optical system
respectively. The smaller the Fisher information is, the more consistent the MTFs with different misfocus is, and the system
is the more insensitive to the misfocus. On other hand, the MTF  with the spatial frequency above the Nyquist frequency [15]
umax is insignificant to optical imaging systems and will be ignored in this paper. Therefore, only the MTF  with the frequency
less than umax will be taken into consideration. Notice that the noise will be amplified in the digital decoding, thus the signal
to noise ratio in optical coding should be great enough to get sharp images after digital decoding. Since the noise is mainly
determined by the digital sensor, the signal cannot be too small. The integral of MTF  over the frequency is widely used to
evaluate the signal, and 0.32–0.35 is considered as an acceptable minimum value [2,5,8,9]. The value of MTF  at the Nyquist
frequency is about 0.1 if the integral of MTF  was 0.32 when the cubic phase mask is used. For the simplicity, 0.1 is used as
the threshold of the MTF  with the frequency above the Nyquist frequency.

The whole merit function M evaluating the consistency of the object function for the optimization is described as Eq. (4).
M = min  J (ϕ)
subject to|H(u, v, ˛,  )|u≤Umax

, v ≤ Umax ≥ th
(4)

where th is the threshold.
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Table  1
Data of the doublet lens.

Radius/mm Thickness/mm Glass Semi-Diameter/mm

47.953 7 BK7 10
−42.707 7 F2 9.651
−372.680 91.349 9.233

Fig. 1. Layout of the doublet lens system without phase masks.
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Fig. 2. MTF  curves of the doublets without phase mask when �d = 0 mm,  0.1 mm,  0.2 mm,FOV = 0◦ , 1.4◦ , 2◦ .

. Simulation analysis

A doublet lens is regarded as an initial system within visible spectrum as Table 1 and Fig. 1 shown. The focal length is
00 mm and the F number is 5. The maximum field of view in object space is 2◦. The object distance do is assumed to be

nfinity in this paper. According to Gaussian lens formula, the image distance di equals to the focal length f when the system is
n focus. Based on the simulation results in Zemax as shown in Fig. 2, “T”and “S” in the legends of Fig. 2 denote the tangential
nd sagittal MTF  respectively. It is clear that the MTF  decrease as the increase of either the misfocus parameter or the field
f view. The MTF  curve has a zero point at 35 line pairs/mm when the departure distance �d between the practical image
lane and the in-focus image plane is 0.2 mm.  Thus 0.2 mm is used as the maximum misfocus parameter as an example in the
ractical system. To keep the comparability between the ideal and the practical systems, the maximum misfocus parameter

 in the ideal system is 10.6825 which is calculated by Eq. (2).

.1. Optimization in the ideal optical system

A cubic phase mask (CPM) and a logarithmic phase mask (LPM) have been chosen to extend the depth of field of the
ystem, which can be expressed as:

ϕcpm(x,y)  = ai(x
3 + y3) (5)

ϕlpm(x, y) = bix
4(log |x| + ci) + biy

4(log |y| + ci) (6)

here ai is the parameter of the cubic phase mask; bi and ci are the parameters of the logarithmic phase mask. The subscript
 indicates the ideal optical system.

The phase masks are optimized in the ideal optical system using the methods of the previous researches [2–5,10,11].
he cut-off spatial frequency in the practical optical system is 341.52 line pairs/mm which is calculated by Zemax. The pixel
idth d of the digital imaging sensor is assumed as 7 �m, then the Nyquist frequency umax = 1/ (2d) = 70 line pairs/mm.
onsidering the cut-off spatial frequency in the ideal optical system is normalized to be 2, the umax in the idea optical system
s scaled to 0.4 in proportion. Here the threshold th = 0.1. The simulated annealing algorithm [16] is applied to optimize the
arameters of the phase masks based on the Fisher Information merit function.

The parameters of the phase mask are optimized to ai = 65.85 of the CPM; bi = 30.13, ci = 1.13 of the LPM. MTF  curves of
he ideal optical systems are shown in Fig. 3. The MTF  curves without phase mask shown in Fig. 3a fall rapidly with the
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Fig. 3. MTF  curves with different misfocus parameters of the ideal optical systems. a) without phase mask; b) with CPM; c) with LPM.

increase of the misfocus, and there are zero points when   ≥ 6.4095. As shown in Fig. 3b and c, the consistency of the MTF
curves of the ideal optical system with CPM or LPM is acceptable, although there are slight deviations from each other. In
other words, the systems with CPM or LPM are insensitive to misfocus.

3.2. Verification in the practical optical systems

The phase mask optimized in the ideal optical system has a good performance as Fig. 3b and c shown. But how about the
performance in the practical optical system? The optimized phase mask, which is obtained in the ideal system, is applied
to the practical optical system directly. For the sake of consistency between the ideal and the practical optical system, the
parameters of cubic and logarithmic phase mask in the practical system are calculated by Eq. (7) and (8) from the parameters
in the ideal system respectively.

ap = air
3(n1 − n0)

2�
�

(7)

bp = bir
4(n1 − n0)

2�
�

cp = rci

(8)

where n0 and n1 are refractive index of air and the material of the phase mask respectively. The subscript p indicates the
practical optical system. Polymethyl Methacrylate (PMMA) is used as the material of the mask in this example.

The lens data of the systems with CPM and LPM are shown in Table 2. Figs. 4 and 5 illustrate the MTF  curves of the practical

optical systems with the cubic and the logarithmic phase mask optimized in the ideal system respectively. Although there is
no zero points in the MTF  curve, it is obvious that the consistency of the curves is not good, which means they are sensitive
to the misfocus parameter in some extent.
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Table  2
Lens data of the practical optical system with cubic and logarithmic phase mask.

Radius/mm Thickness/mm Glass ap ai bp , cp bi , ci

doublet
lens

47.953 7 BK7
−42.707 7 F2
−372.68 91.349

CPM PMMA 1.18 × 10−5 65.85
LPM PMMA 9.17 × 10−6,11.3 230.13, 1.13

Fig. 4. MTF  curves of the wavefront coding system with the CPM obtained in the ideal system when �d = 0 mm,  0.1 mm,  0.2 mm,FOV = 0◦ , 1.4◦ , 2◦ .

Fig. 5. MTF curves of the wavefront coding system with the LPM obtained in the ideal system when �d  = 0 mm,  0.1 mm,  0.2 mm;  FOV = 0◦ , 1.4◦ , 2◦ .

Table 3
a)  Parameters of the doublets system with the CPM using the integrative optimization method. b) Parameters of the doublets system with the LPM using
the  integrative optimization method.

a)

Radius/mm Thickness/mm Glass ap

doublet
lens

59.140 8.210 BK7
−41.941 9.17 F2
−157.568 91.349

CPM 3 PMMA  1.319 × 10−5

b)

Radius/mm Thickness/mm Glass bp , cp

doublet 65.010 6.627 BK7

3

a
u

F
f

d
o
t

lens −38.677 8.776 F2
−125.448 93.417

LPM 3 PMMA  5.321 × 10−7,9.585

.3. Integrative optimization in the practical optical system

To improve the insensitivity to the misfocus, an intergrative optimization method is proposed here. Both the phase mask
nd other optical elements will be optimized as a whole. And various aberrations will be taken into consideration. Zemax is
sed as an example of the commercial optical software to ensure the accuracy of the data.

A cubic and a logarithmic phase mask are used as examples in the practical system as well as in the ideal system. The
isher Information defined in Eq. (4) is applied as the user-defined merit function in Zemax. The parameters are chosen as
ollows, th = 0.1, �d  = 0.2 mm,  umax = 70 line pairs/mm.
Table 3 gives the data of the optimized doublet systems with the CPM and the LPM. Notice that the parameters of the
oublet are changed as well as the parameters of the phase mask compared with the data shown in Table 2. The MTF  curves
f the practical systems with CPM and LPM after optimization are shown in Figs. 6 and 7 respectively. It can be found that
here are a highly consistence in the MTF  curves with different misfocus and FOV in either Fig. 6 or Fig. 7. Compared to the
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Fig. 6. MTF  curves of the wavefront coding system with the CPM by integrative optimization in the practical optical system.
Fig. 7. MTF  curves of the wavefront coding system with the LPM by integrative optimization in the practical optical system.

MTF  curves of the systems using phase masks optimized in the ideal ones shown in Figs. 4 and 5, the one obtained by the
integrative optimization method has a better consistency. In other words, the integrative optimized systems are insensitive
to not only misfocus but also field of view. This improvement is greatly useful in digital decoding since insensitivity to
misfocus is one of crucial factors in the success of wavefront coding technology.

Integrative optimization method considers various aberrations and obtains satisfying results in the practical optical
systems with different phase masks. The phase mask and other optical elements are optimized integratively in the practical
optical system. The consistency of the MTF  curves using the integrative optimization is much better than the one optimized
in the ideal system.

4. Conclusion

CPM and LPM are used as examples to extend the depth of field in this paper. The phase masks obtained in the optimized
ideal optical system works well on the on-axis field but poor on non-axial fields in the practical system. To solve this problem,
an integrative optimization method is proposed in this paper. It not only considers all the parameters as variables including
phase mask and other optical elements, but also takes various aberrations into account. The simulation results show that
the wavefront coding system using the integrative optimization method is insensitive to both misfocus and FOV. And this
method is effective for the system with either CPM or LPM. We  believe that it will also be applicable for other phase masks.
This method will be useful for the design of the practical wavefront coding systems. Experimental results will be given in
future research.

Acknowledgements

This work is supported by the National Natural Science Foundation of China under Grant No. 61205158 and the Zhejiang
Provincial Natural Science Foundation of China under Grant No. LY15F050013.

References

[1] E.R. Dowski Jr., W.T. Cathey, Extended depth of field through wave-front coding, Appl. Opt. 34 (11) (1995) 1859–1866.
[2] H. Zhao, Y.C. Li, Optimized sinusoidal phase mask to extend the depth of field of an incoherent imaging system, Opt. Lett. 35 (2010) 267–669.
[3] Q.G. Yang, L.R. Liu, J.F. Sun, Optimized phase pupil masks for extended depth of field, Opt. Commun. 272 (2007) 56–66.
[4] S.S. Sherif, W.T. Cathey, E.R. Dowski, Phase plate to extend the depth of field of incoherent hybrid imaging systems, Appl. Opt. 43 (2004) 2709–2721.
[5] Van Nhu Le, Shouqian Chen, Fan Zhang, Odd symmetrical square-root phase mask to extend the depth of field in wavefront-coded imaging systems,

Optik  126 (2015) 3463–3466.
[6] Manjunath Somayaji, Vikrant R. Bhakta, Marc P. Christensen, Experimental evidence of the theoretical spatial frequency response of cubic phase

mask  wavefront coding imaging systems, Opt. Express 20 (2) (2012) 1878–1895.
[7] Shouqian Chen, Zhigang Fan, Hong Chang, Zhigao Xu, Nonaxial Strehl ratio of wavefront coding systems with a cubic phase mask, Appl. Opt. 50 (19)
(2011)  3337–3345.
[8] H. Zhao, Y.C. Li, Optimized logarithmic phase masks used to generate misfocus invariant modulation transfer function for wavefront coding system,

Opt.  Lett. 35 (2010) 2630–2632.
[9] H. Zhao, Y.C. Li, Performance of an improved logarithmic phase mask with optimized parameters in a wavefront-coding system, Appl. Opt. 49 (2010)

229–238.

http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0005
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0010
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0015
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0020
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0025
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0030
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0035
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0040
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0045


[

[

[

[

[

[
[

Y. Lu et al. / Optik 144 (2017) 621–627 627

10] Jiang Liuab, Erlong Miaob, Yongxin Suib, Huaijiang Yangb, Optimized non-integer order phase mask to extend the depth of field of an imaging
system, Opt. Commun. 374 (2016) 92–96.

11] Cheng-Gao Luo, Qiong-Hua Wang, Huan Deng, Lei Li, Fei Wu,  Integral imaging pickup method with extended depth-of-field by gradient-amplitude
modulation, J. Disp. Technol. (2016) 1.

12] Saeed Bagheri, Bahram Javidi, Extension of depth of field using amplitude and phase modulation of the pupil function, Opt. Lett. 33 (7) (2008)
757–759.

13] Yasuhisa Takahashi, Shinichi Komatsu, Optimized free-form phase mask for extension of depth of field in wavefront-coded imaging, Opt. Lett. 33

(13)  (2008) 1515–1517.

14] Sudhakar Prasad, Fisher-information-based analysis of a phase-diversity-speckle imaging system, J. Opt. Soc. Am.  A Opt. Image Sci. Vis. 21 (11)
(2004) 2073–2088.

15] Man Zhao, et al., Measurement and analysis on the modulation transfer function of CCD camera, Laser Optoelectron. Prog. 49 (7) (2012) 071201.
16] C.I. Chou, R.S. Han, S.P. Li, Ting-Kuo Lee, Guided simulated annealing method for optimization problems, Phys. Rev. E 67 (2003) 066704.

http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0050
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0055
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0060
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0065
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0070
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0075
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080
http://refhub.elsevier.com/S0030-4026(17)30764-7/sbref0080

	Integrative optimization of the practical wavefront coding systems for depth-of-field extension
	1 Introduction
	2 Theoretical analysis
	2.1 Wavefront coding
	2.2 Merit function for optimization

	3 Simulation analysis
	3.1 Optimization in the ideal optical system
	3.2 Verification in the practical optical systems
	3.3 Integrative optimization in the practical optical system

	4 Conclusion
	Acknowledgements
	References


