http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Passive ranging and a three-dimensional imaging systemthrough wavefront coding

Xing-Xu Zhang(5k /2 1), Lei Qiao(7+%%), Ting-Yu Zhao(iX £ %), Rong-Sheng Qiu(flLz=4:)
Citation:Chin. Phys. B . 2018, 27(5): 054205. doi: 10.1088/1674-1056/27/5/054205

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Optical encryption of multiple three-dimensional objects based on multiple interferences and
single-pixel digital holography

Ying Wang(E %), Qi Liu(xX|#), Jun Wang(E#), Qiong-Hua Wang(TE 37 E)
Chin. Phys. B . 2018, 27(3): 034202. doi: 10.1088/1674-1056/27/3/034202

Reflective ghost imaging free from vibrating detectors

Heng-xing Li(Z={E2), Yan-feng Bai([H##), Xiao-hui Shi(iiE#%), Su-gin Nan(F75%), Li-jie QuEFI7),
Qian Shen(JLf#), Xi-quan Fu(f# = %)
Chin. Phys. B . 2017, 26(10): 104204. doi: 10.1088/1674-1056/26/10/104204

Wavefront analysis for plenoptic camera imaging

Yin-Sen Luan(ZE4#%), Bing Xu(¥FvKk), Ping Yang(#F), Guo-Mao Tang(# [E %)
Chin. Phys. B . 2017, 26(10): 104203. doi: 10.1088/1674-1056/26/10/104203

Optical encryption scheme based on ghost imaging with disordered speckles

Yu-dong Zhang(5k T %), Sheng-mei Zhao (4 k)
Chin. Phys. B . 2017, 26(5): 054205. doi: 10.1088/1674-1056/26/5/054205

Latest development of display technologies

Hong-Yue Gao(7& k), Qiu-Xiang Yao(@k#k#), Pan Liu(X|%), Zhi-Qiang Zheng(#}&5%), Ji-Cheng Liu(X17
%), Hua-Dong Zheng(##£ %), Chao Zeng( & #8), Ying-Jie Yu(F#ii%), Tao Sun(#M%), Zhen-Xiang Zeng(® =
)

Chin. Phys. B . 2016, 25(9): 094203. doi: 10.1088/1674-1056/25/9/094203

Locating the position of objects in non-line-of-sight based on time delay estimation

Xue-Feng Wang(£ %), Yuan-Qing Wang(E JtFK), Jin-Shan Su(#r4:3%), Xing-Yu Yang(#2% W)
Chin. Phys. B . 2016, 25(8): 084203. doi: 10.1088/1674-1056/25/8/084203


http://cpb.iphy.ac.cn/EN/abstract/abstract72033.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract71695.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71695.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70741.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70740.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract69890.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68091.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67842.shtml

Chin. Phys. B Vol. 27, No. 5 (2018) 054205

Passive ranging and a three-dimensional imaging system
through wavefront coding”

Xing-Xu Zhang(5K £ 1)! | Lei Qiao(F77%)!, Ting-Yu Zhao(#X % )T, and Rong-Sheng Qiu(flLa 4 )?

1Co]lege of Physics, Zhejiang Sci-Tech University, Hangzhou 310016, China
2Shanghai Aerospace Control Technology Institute, Shanghai 201109, China

(Received 24 November 2017; revised manuscript received 8 January 2018; published online 26 April 2018)

A single-image passive ranging and three-dimensional (3D) imaging system with chiral phase encoding was proposed
in 2011 [Opt. Lett. 36, 115 (2011)]. A new theoretical analysis of the system in space domain is presented in this paper. We
deduce the analytic relationships between the object distance and the point spread function, and between the object distance
and the encoded image, respectively. Both the point spread function and the processed spectrum of the encoded image have
two spots, which will rotate with the variation of the object distance. Then the depth map is extracted from the encoded
image and it can be used to set up 3D images. The theoretical analysis is verified by a wavefront coding system with a chiral
phase which is generated by a phase-only liquid-crystal spatial light modulator. The phase generated by the liquid-crystal
spatial light modulator is more flexible than the fixed phase mask and can be adjusted in real time. It is especially suitable

for observing the object with a large depth of field.

Keywords: imaging systems, image processing, wavefront encoding

PACS: 42.30.-d, 42.30.Kq, 42.30.Va, 42.60.By

1. Introduction

In the past decade, the increasing interest has been
aroused in the use of hybrid optical and digital techniques
to provide improved imaging capabilities or extra degrees of
freedom in designing the imaging systems. This technique
which is known as wavefront coding brought great changes
to optical system design.!'-3! The wavefront coding system
consists of two parts: optical encoding and digital decoding.
The system is optically encoded by using a specially designed
phase mask on the pupil plane, thus it has particular charac-
teristics such as sensitivity to the object distance.!*l The im-
ages captured in the image plane are called encoded images.
Desired information such as object distance or sharp graph-
ics information is usually extracted from the encoded images
through digital decoding.

Simonov et al. presented a single-image passive rang-
ing and three-dimensional (3D) imaging system in incoherent
light based on a wavefront coding technology by using a chiral
phase mask in 2011. They analyzed the system in the fre-
quency domain, while in the present paper we present the the-
oretical analysis in the spatial domain. We deduct the analytic
relationships between the object distance and the point spread
function, and between the object distance and the encoded im-
age. Then the depth information can be extracted from the
encoded images. In addition, the chiral phase mask used in
previous research is processed by machine tools. Since the op-
timal parameter of the phase mask may vary with service time
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and circumstances, it is beneficial to employ a programmable
phase element that can be optimized in real time.’! There-
fore, the phase mask is generated by a spatial light modulator
(SLM), which is an object that imposes some form of spatially
varying modulation on a light beam and it is programmable in
real time. By doing this, we set up a programmable real-time
passive ranging system. It is more flexible and can be adjusted
in real time.

In Section 2 the theoretical analysis of the passive rang-
ing system through chiral phase encoding is carried out. The
object distance is very sensitive to the point spread function
(PSF) of the wavefront coding system. The analytic relation-
ships are demonstrated between the object distance and the
PSF, and between the object distance and the encoded images.
Experimental analysis is given in Section 3. First, the SLM is
calibrated to obtain the optimal phase modulation for optical
encoding in the wavefront coding system. Then a doublet is
used as an example to set up the system and an SLM is used
as the phase mask. Finally, the depth map is extracted from
the encoded image successfully. Section 4 is devoted to the
discussion and conclusion.

2. Theoretical analysis

The imaging quality of an optical system is determined by
the pupil function.!®”! By adding a chiral phase mask on the
pupil plane, the optical system becomes particularly sensitive
to the object distance. The object distance reflects the depth
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information in the object space. The digital decoding is used
to extract the depth map from the encoded image. The depth
information can be used to restore the 3D image of the object.
This paper will analyze the system in the space domain.

2.1. Optical encoding

Sharp images will be achieved if the system satisfies the
Gauss imaging formula. Assume that f is the focal length of
the optical system, z; is the image distance, and z, is the ob-
ject distance. Similarly, the image distance will change Az; to
obtain sharp images when the object distance varies Az,. Both
of them satisfy the Gaussian lens formula!®!
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Therefore, the variation of the object distance leads to the
blurred image if z; is kept unchanged. The aberration is called

defocus aberration ¢ and it is defined as'")

D’(1 1 1
=7 (7 u2) ?
where D is the side length of a square pupil, and A is the in-
cident light wavelength. For simplicity, all the aberrations are
ignored except defocus aberration in this paper.[>!!]
It is assumed that a phase mask Z is placed on the pupil
plane of the optical system. Then the exit pupil of an optical

system can be described in canonical pupil coordinates (x,y)
[12]
as

Pls) = ple)exn { ol 47 + 2l o

wherei=+/—1 and
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Z (x,y) is the expression of the phase mask added to the pupil.

“4)

others,

Taking a chiral phase mask for example, it consists of two
tilted planes with the opposite tilt constants, as shown in Fig. 1.
Then we have

By, {xe[-a,0]}n{ye[-b/2,b/2]},
—By, {x€l0,a]}n{ye[-b/2,b/2]},

B is the prism constant, and a and b denote the width and

2= { )

length of a single inclined plane, respectively, as shown in
Fig. 1.

The PSF of a wavefront coding optical system using a chi-
ral phase mask is called the encoded PSF. In the case of small
@, it can be approximated as

1
h(x',y, ) = E{Co(x/—i-M,y’—i—N)

+Co(x' =M,y —=N)}, (6)

where (x',y’) represent the coordinates on the image plane,

M alzi (20 +Az0 — f) — f (20 +Azo)]
2f (20 + Azo) ’
f(zo+Az)
Z0+AZof:|’

M and N are deduced in Appendix A, n is the refractive index

N:U—MB{

of the phase mask, and Cj is a function of defocused spot.!'?!

Fig. 1. Profile of a chiral phase mask.

According to Eq. (6), the encoded PSF consists of two de-
focused spots, which correspond to the two parts of the chiral
phase mask shown in Fig. 1, respectively. The centers of the
spots are located at (—M,—N) and (M,N), respectively. The
slope k of the line between the centers of the spots is calculated
by (please refer to Appendix A)

flotan)|®
kﬁ%ﬁMhiliafé @
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In this way, the object distance can be calculated by measuring

the slope of the line between the centers of the defocused spots
in the PSF by using Eqs. (1) and (7).

However, the image captured in the image plane is re-
garded as the convolution of the object and PSF. Consequently,
in the case of a spatially-extended object, to determine the un-
known object distance, the encoded image should be addition-
ally analyzed. We will discuss a method to extract the object
distance from the encoded images in the following subsection.

2.2. Digital decoding

Suppose that I denotes the object. Image I’, which is cap-
tured in the image plane, can be indicated as the convolution
of the object and the PSF of the optical system. Using Eq. (6),
the image I’ is described as

1 1
I = §I®Co(x+M7y+N)+ §I®Co(x—M,y—N), 8)

where ® indicates the convolution. Equation (8) indicates that
the encoded image is the superimposition of two parts which
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are described as 31 ® Co(x,y) with two center-displacements
(=M, —N) and (M,N), respectively.

Note that the displacement in space domain corresponds
to the phase shift in the frequency domain. Thus the spectrum
of the object Uy in the frequency domain is the Fourier trans-
form of the object I (x,y)

Up=FI(x,y)]. ©

Let I) = $1®Co(¥',y’) , and its frequency domain U will be
represented as

1
Uy = 5UO{F [Co(+',y)]}- (10)

Note that 17®Cy(x' — M,y —N) is the image of I ®Cy(x,)’)
with the displacement (M,N) in the x’ and y’ directions, re-
spectively. According to the displacement theorem of the two-
dimensional (2D) Fourier transform, its spectrum can be writ-
ten as

F <;1®C0(X/M7y/1\’))
= U} (u,v)exp[—i27 (uM +vN)], (11)

where (u,v) denotes the coordinates in the frequency domain.
Similarly, we obtain

F (;I@Co(x/—i—M,y/—i—N))
= U (u,v)exp[i27 (uM +vN)]. (12)

According to Egs. (8), (11), and (12), the spectrum U’ of the
image I’ is shown as follows:

U' = Up{exp[—i2m (uM + vN)]
+ exp [i27w (uM +vN)] }. (13)

Take the modulus of Eq. (13),

|U'| = |Up| { exp[—i27 (uM + vN)]
+ exp [i27w (uM +vN)] }. (14)

The inverse Fourier transform is applied to Eq. (14), which is
represented by F~!. Considering that it is a complex function,

thus taking the real part of F~! (|U{]|), we obtain
Re [F~! ([U"])]
= Re[F ' (|U§])] ® [§ (' —2aM.,y’ —27N)
+6 (¥ +27M,y +27N) |. (15)

Generally, the low-frequency information is a dominant com-
ponent of the object in the frequency domain. Therefore, there
is a peak of Re [F -1 (’Uém located at the zero frequency.
Note that & (x' —27M,y’ —27N) and & (X' +27M,y +27N)
are Dirac delta functions centered at (M/2m,N/2m) and

(=M /2m,—N/27), respectively. According to the sam-
pling property of the Dirac delta function, Re [F -1 (’Uém ®
8 (X' —27M,y —27N) can be regarded as Re [F~' (|U}])]
shifting M/2m along the x' axis and N/27m along the
y' axis. Consequently, the peak of Re [F -1 (|U0/|)] ®
6 (X' —27M,y —2nN) is located at (M/27,N/2x). Simi-
larly, the peak of Re [F~! (|Uf])] ® 8 (X' +27M,y' +27N) is
located at (—M /27, —N /27). In this way, Re [F ! (|U’|)] has
two peaks located at (M/27,N/2x) and (—M/2n,—N/2x)
respectively, which are origin-symmetric. We call them the
twin peaks. The slope of the line between the twin peaks of
Re [F~1(|U’])] is k, which is the same as the slope of the line
between the defocused spots of the PSF as shown in Eq. (7).
Thus, the object distance can be calculated through Eq. (7).

Using this method, we can extract the depth information
from the encoded images in the wavefront coding optical sys-
tem with a chiral phase mask.

3. Experimental analysis
3.1. Calibration of SLM

An SLM is used to generate the chiral phase instead of a
machine-tooled phase mask for its flexibility. The SLM used
here is a twisted-nematic liquid-crystal modulator (HEO0017)
from Holoeye. The device enables electrically modulated bire-
fringence in transmission mode and is controlled by means of
a video signal with a resolution 1024 X768 pixels and 8 bits in
depth.

Generally, the SLM needs to be calibrated before use. An
interference device is set up to calibrate the SLM. The SLM
is placed between a polarizer and an analyzer. As shown in
Fig. 2, light emitted from He—Ne laser is expanded by a mi-
croscope objective and lens 1. The light is divided into two
beams by a beam splitter. One beam is reflected by the beam
splitter and reflector 1, while the other beam goes through the
beam splitter and is reflected by reflector 2. Both of the beams
pass through lens 2 and focus on the image plane causing in-
terference. The interference fringes are recorded by a charge
coupled device (CCD) image sensor. As shown in Fig. 3(a),
the fringes are straight if the modulations at all parts of the
SLM in the application are at the same gray level, such as zero.
However, there will be misplacement in fringe if the modula-
tion at half of the SLM in the application of the gray level is 0,
while the other half is 255 as shown in Fig. 3(b).

To achieve a maximum phase modulation, the optimal
combination of angles of the polarizer and the analyzer need
to be found out. The angles of the polarizer and analyzer are
adjusted by keeping the modulation at half of the SLM in the
application of the gray level at 0, while at another half of the
SLM the gray level is at 255. The best combination of angles

054205-3



Chin. Phys. B Vol. 27, No. 5 (2018) 054205

of the polarizer and the analyzer is obtained when the mis-

placement of interference fringes reaches the maximum.

reflector 1

. lens 1
microscope
objective

SLM reflector 2
polarizer
— analyzer

lens 2

Fig. 2. (color online) Experimental setup for phase modulation.

Fig. 3. (color online) Interference fringe patterns obtained by CCD
while changing the gray level of SLM: (a) for all parts, gray level is
0; (b) for one half part, gray level is 0 and for the other half part, gray
level is 255.

To obtain the relationship between the gray level and the
phase modulation at the optimal combination of angles of the
polarizer and the analyzer, the gray level of one half part of
the SLM is kept at 0, and another half is linearly varied. The
dynamic range for the variation of gray level is [0, 255]. The
phase modulation caused by the variation of SLM gray level
results in the misplacement of interference fringes. By mea-
suring the misplacement of the interference fringe in the CCD,

we obtain the phase modulation

o=2r <f‘9) , (16)

where ¢ is the phase modulation, A is the misplacement of the
interference fringe, and ¥ is the period width of the interfer-
ence fringe. Thus, the relationship between the phase modula-
tion ¢ and the gray level is illustrated by the dash-dotted line
in Fig. 4.

However, the ideal modulation curve is linear and ranges
from O to 255 as shown by the solid line in Fig. 4. Neither the
phase modulation nor the gray level of the SLM shows a linear
relation. Thus there will be a phase modulation error. In order

to overcome this deficiency, the SLM is calibrated by a look-
up table with linear interpolation as shown by the dashed line

in Fig. 4 to obtain the appropriate optimal phase modulation.

2.0m

~ r
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& | —real i
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o .-
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~ " -

2 T
g 0.57f — _-- |
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Gray level

Fig. 4. (color online) Plots of phase modulation versus gray level.

3.2. An example of wavefront coding systems through chi-
ral phase encoding

To verify the rotation effect of the PSF, a PSF test system
is set up as shown in Fig. 5. An achromatic lens is used as
the imaging system. The focal length f of the lens is 200 mm.
The image distance of the optical system z; is 250 mm. The
object, a point light source, is generated by the He—Ne laser
and a microscope objective on the translation stage. The point
light source is 1000 mm away from the lens, i.e., the object
distance z, is 1000 mm. The parameters of the chiral phase
mask used in the experiment are described as those in Eq. (5),
where B=10"3,a=D/2,and b = D.

laser lens CCD

microscope polarizer SML analyzer

objective

Fig. 5. (color online) PSF test system.

The object distance is varied by moving the microscope
objective. Figure 6 shows the PSFs of different variations of
the object distance Az,. There are two spots in the PSF, and
they rotate with the variation of the object distance. It is con-
sistent with Eq. (6). The dots in Fig. 7 describe the slopes of
the line between spots in PSF with different object distance
variations. A linear fitting method is used to obtain the ap-
proximate relationship between the object distance variation
and the slope as indicated by the solid line in Fig. 7. In this
way, the connection between the object distance and the PSF
is established, and it is saved in a lookup table. Since the slope
of the line between the two spots of the PSF is the same as
that between the twin peaks of Re [F~! (|U’|)], the depth in-
formation will be achieved from the encoded image through
the look-up table.
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Fig. 6. (color online) PSFs of optical system with object distance variation (a) Az, = 1 mm, (b) 2 mm, (c¢) 3 mm, (d) 4 mm, (e) 5 mm, and (f)
6 mm, where the central points are denoted with cross marks and connected by a solid line.

_12.
—14F
—16F
—18¢}
20—

Slope k

Object distance variation Az,/mm

Fig. 7. (color online) Slope of the line between centers of defocused
spots in PSF versus object distance variation.

lens

object polarizer SLM analyzer CCD

Fig. 8. (color online) Optical system of wavefront coding system.

Two wooden blocks with step height are used as an ob-
ject as shown in Fig. 9(a). Due to the small field of view of the
wavefront coding optical system, the encoded image captured
in CCD is a part of the object as indicated in Fig. 9(b). Fig-
ure 9(a) demonstrates the same part of the object for showing
the consistency. Here X is 6.00 mm.

The encoded image is divided into a number of sub-
images which will be analyzed to obtain the object distance of
each sub-image. All sub-images are then processed separately

to determine their local ranges.[* The encoded image shown

in Fig. 9(b) is acquired by a CCD sensor and processed as a
1920x 1920 8-bit frame, and divided into 8 x8 sub-images. A
sub-image identified in the red frame of Fig. 9(b) is taken for
example. Figure 10(a) shows the result of Eq. (11) on the
sub-image in the red square frame shown in Fig. 9(b). Two
twin peaks are shown in Fig. 10(a) in the black and the red
square frame respectively. The enlarged image of the twin
peak, marked in a black square, is shown in Fig. 10(b). The
positions of the twin peaks can be calculated. Thus we can
calculate the slope of the line between the secondary peaks.
The object distance information of the sub-image is achieved
through the look-up table containing the relationship between
the object distance and the slope. Similarly, taking the same
operation on the rest of the sub-images, we can obtain the

depth map of the object as shown in Fig. 11.

Fig. 9. (color online) Object and the encoded image of the wavefront
coding system: (a) object with a step, and (b) encoded image captured
in CCD, which is divided into sub-images for digital restoration. One
sub-image is shown with the red square as an example.
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Fig. 10. (color online) (a) Calculation result of Eq. (15) of the sub-
image marked with a red square in Fig. 9(b), and (b) enlarged sub-image

marked with a black square in Fig. 10(a).
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Fig. 11. (color online) Depth map of the object.
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According to Fig. 11, the values of object distance vari-
ation Az, of two surfaces of the blocks are about 5.89 mm
and 12.19 mm, respectively. The step height between the two
blocks is 6.30 mm, which is close to 6.00 mm. Although there
are some certain errors, the depth map of the object is digitally
decoded successfully. The errors can be reduced by dividing
the encoded image into more sub-images, so that the resolu-
tion of the restored depth map will increase.

4. Conclusions and perspectives

The system through chiral phase encoding is sensitive to
the object distance. In this paper, we deduce the analytic re-
lationships between the object distance and the point spread
function, and between the object distance and the encoded im-
age. The theoretical analysis shows that the point spread func-
tion has two spots, which will rotate with the variation of the
object distance. In addition, the processed spectrum of the en-
coded image has twin peaks rotating with the variation of the
object distance. Then the depth information is extracted from
the twin peaks of the encoded image. The theoretical analysis
is verified by a wavefront coding system with a chiral phase

which is generated by a phase-only liquid-crystal spatial light
modulator. Compared with the fixed phase mask, the phase
generated by the liquid-crystal spatial light modulator is very
flexible and can be adjusted in real time.

The resolution of the 3D image obtained in the experi-
ment can be further increased. The images can be divided into
more sub-images to achieve a smooth image. Furthermore,
the denoising algorithms will be considered to extract the twin
peaks of the encoded image in an easier way in future research.
Generally, weakly textured objects are accurate when the spa-
tial spectrum of the object is wide enough to cover at least a
few characteristic fringes. The use of high definition phase en-
coded images can also improve the reconstruction accuracy of
the depth map of the object.

In this paper, a passive ranging system is also analyzed
from another point of view, and the intuitive relationship be-
tween the depth information and the encoded image is pre-
sented. It is believed that the present study is helpful in devel-
oping the passive 3D imaging technology.

Appendix A

Figure Al gives a sketch of a 3D imaging system with a
chiral phase mask. The ray passing through the center of the
tilted plane of the chiral phase mask is used as the reference
ray. Thus, the center of the spot diagram of the defocused sys-
tem will depart from the optical axis, and Ax and Ay are the
offsets in the x and y direction, respectively.

T s e g e

Azi

image plane

L e Zo
Az,
object plane

phase mask

Fig. A1. (color online) Sketch of a 3D imaging system with a paraxial
lens.

= o Az
AZU Zo e - AZ, ;vD
object image plane
lens

Fig. A2. (color online) Sketch of a paraxial lens in the xz plane.
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The phase modulation is independent of x according to
Eq. (4), thus the system can be simplified into a paraxial lens
in the xz plane as shown in Fig. A2. Firstly, take the tilted
plane with parameter B into consideration. Let A be the cen-
ter of the titled plane, O the center of one side of the phase
mask, and C the intersection between the optical axis and the
image plane. Let E be the intersection between the reference
ray and the optical axis, F the center of the spot diagram when
the system is defocused. Note AAOE and ADCE are similar
triangles, thus

Ax _ _af2
Az; o zi—Az

(A)

According to Egs. (1) and (A1), Ax can be simplified into

_ a[Zi(Z0+AZO_f)_f(ZO_FAZO)].

The deviation in the y direction is different from that in the
x direction. The phase mask can be approximately regarded
as a wedge in the y direction. The Ay can be obtained us-
ing the phase factor analysis. The incident paraxial spheri-
cal wave can be written as exp {i270(x* + y*) /[24 (zo + Az,)] }.
The phase factor of the tilted plane of the chiral phase mask is
exp[—i2m (n—1)By/A], and the phase factor of the thin lens
is exp [—i27(x? +y*) /(24 f)]. Then the image wave R can be
expressed as

X exp {_m(ij;—yz)] .

Substitute Eq. (1) into Eq. (A3), the image wave can be written

(A3)

Ar= 2f (20 +Az) (A2 as
|
x2 n— Az — [(n— A2
R oxp {_ig +l+ (- DB (ziAil)iz - [(n—1)B (5~ Aq)] } A

Thus the offset Ay is Ay = (1 —n) B(z; — Az,). Using Eq. (1),
we obtain

f(Zo +AZ0):| (AS)

Ay:(l_n)B[zo—FAzo—f .

Note that M = Ax and N = Ay. The offsets of the spot center
of the tilted plane with parameter B are approximated as

_ alzi (2o +Az0 — f) — f (20 +Azo)]

M= 2f (20 +Az) ’
o _ f(Zo+AZo)
N=(1-n)B Lo—#Azo—f]’

in the x and y direction respectively. Similarly, the offsets
of the spot center of the tilted plane with parameter —B are
(—M,—N).

The centers of the spots in PSF are located at (—M, —N)
and (M,N), respectively. The slope of the line between the
centers of the defocused spots is calculated as N/M. Using
Eq. (1), the relation between slope k and the object distance

variation can be described as

2
A
2 [f (j"; Z"}] (1-n)B

k 2o 2o (A6)

alz— f(Zo +AZO)

' Zo + AZ() - f
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