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Hybrid phase retrieval with chromatic dispersion in single-lens system
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Abstract: Phase retrieval is to recover the original phase information by using the intensity information obtained
from observation. Transport of intensity equation (TIE), as a traditional non-interference phase retrieval
technique, can compute the losing phase information from only a minimum of two intensity measurements at
closely spaced planes by solving the equation. This method usually requires the acquisition of intensity images by
moving the object to be tested or CCD, which inevitably results in mechanical errors. A new phase retrieval
method called chromatic dispersion-hybrid phase retrieval (CD-HPR) was proposed. The object was imaged at the
same position by setting different wavelengths of light after passing through the single-lens system, in-focus and
defocus intensity images were obtained without mechanical movement, and the initial phase information of an
object was calculated from the phase retrieval technique based on TIE by combining the relationship between the
defocus amount and the wavelength. Next angular spectrum iteration was used to improve the initial phase
information. In this simulation, the RMSE between the phase recovered by this method and the original phase was
0.1076. At the same time, the phase of the lens array was restored by experiment. The error between the
experimental result and the real parameter is 3.4%, which proves the correctness and effectiveness of the proposed
method. This method extends the limitation of the traditional method that requires the light source to be
monochromatic and improves the calculation accuracy.
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angular spectrum iteration
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0 Introduction

Phase retrieval is to recover the original phase
information by using the intensity information obtained
from observation " which including interference
technique® and non-interference technique. Phase retrieval
based on the transport of intensity equation (TIE) is an
important non-interference technique. Compared with the
traditional interference approaches, it does not need to
rely on the superposition of two highly coherent lights,
complicated interference devices or strict requirements on
the stability of the environment ™!, This method requires
only a minimum of two intensity measurements at closely
spaced planes for quantitative phase retrieval. Thus, this
technology extends applications to microscopy, X-ray
phase contrast imaging, diffractive optics and optical
measurement °!. The conventional TIE method requires
moving the object or the CCD to achieve the acquisition
of the intensity image, which inevitably introduces errors
in the acquired image data. To this end, a method using
the liquid crystal on silicon (LCoS) as tunable-lens for
phase retrieval was proposed by Cheng Hong *!. Different
defocus images could be formed by changing the phase
distribution loaded in the LCoS, which could avoid the
errors caused by the mechanical movement. However, the
introduction of the LCoS zoom lens in the experiment has
an effect on the acquisition of the intensity image and
increases the difficulty of the experimental operation. Zuo
et al.”’! proposed a method called SQPM, two laterally
separated images from different focal planes could be
obtained simultaneously by a single camera exposure, yet
the accurate registration of the two experimental images
was performed necessarily.

Angular spectrum iterative algorithm is another
classic non-interference phase retrieval algorithm. This
algorithm has the characteristics of high calculation
accuracy and strong adaptability, but its convergence

speed is slow and it depends on the initial solution so it
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tends to converge to the local minimum. Guo Junhu et al.
combine TIE with iterative algorithm to improve this
shortcoming ”". But this algorithm still needs to move the
object or camera mechanically when acquiring the
intensity.

At the same time, the above mentioned methods are
all carried out under monochromatic light. In order to
apply a light source with multi-wavelength continuous
spectrum to retrieval phase, some numerical methods
were designed. Cheng Hong et al. "' proposed a phase
extraction algorithm in lens-based wave propagation
model to relieve the effects of phase modulation, which
only need to calculate three color components of the
phase from the acquired intensity images, then synth-
esized the final phase. However, this method is the
processing of intensity images after sampling, not the
application of multi-wavelength in the real sense. Besides,
Laura Waller et al. " proposed using a white light and a
Bayer color camera to acquire a color image at a fixed
position, then three monochrome images of the RGB
channel are obtained from captured color image and
further processed to get the phase result. But this
technology requires a specific color camera and reduces
the resolution of the recovered phase.

Here, a chromatic dispersion- hybrid phase retrieval
method (CD-HPR) in single-lens system is proposed. It is
ensured that the intensity images of the object with
different defocus distance can be obtained in the same
plane without moving the object or the CCD, the error
caused by the mechanical movement in the conventional
method and resolution reduction problem are avoided. At
the same time, the application of TIE can be extended to
multi-wavelength sources, especially for the complex
phase reconstruction applied in natural light scene in the
future. The CD-HPR method is applied to single-lens
system in this paper, and the relevant experimental results

are given.
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1 Typical phase retrieval method

TIE is a classic phase retrieval algorithm. Suppose
that a sample is illuminated by a monochromatic plane
wave with constant intensity along the axis z, the sample’
s intensity I(x,y,z,) and phase ¢(x,y,z) of the field at the
focal plane satisfy the following equation !

01(x,y,2)

_V. [I(x,y,Zo)VQD(xsysZo)] = k aZ

M

=2

where k is wave number, k = 2r/4, A is wavelength, z,

denotes the distance propagate along the optical axis z.

0I(x,y,7)/0z is intensity derivative, which may be

estimated by finite differences taken between the in-focus
[14]

intensity image and the defocus intensity image"", as

shown in Fig.1.

I(x,y, ZU'AZ) ](x, ¥, zo)

Fig.1 Intensity derivative diagram

01(x,y,2)
0z

6 y,20) = 1(x,y,20 = A2)
- Az

@

where Az is defocus distance. Substituting (2) into (1) and

yielding the phase by use of Fourier methods ")
-1
pxvi) = kS [27°2 + )] B[00y 2/ 02| ©)

where J and 37! denote the Fourier and inverse Fourier
transform respectively, f,, f, are the spatial frequencies in
Fourier domain. ¢(x,y,z,) is equal to the product of the
optical path length(OPL) through the sample with the
wavenumber of the illumination. If a sample consisting of
multiple materials with different refractive indices, the
physical thickness h(x,y,z,) of the sample is related to the
OPL by

A P(x,y,2)
n,— Ny, 2n

h('xay’z()) = (4)

Where, n, is the refractive index of the object to be

measured and n,, is the refractive index of the surrounding
medium. The medium is usually air, so n,, is about 1.

In addition, angular spectrum iteration is another
classic phase retrieval method. The principle of angular
spectrum iterative algorithm is shown in Fig.2. Among
them, U, = VI, exp[jp] and U, = VLexp[jp'] are the
complex amplitudes at two different positions in the
propagation direction of the light field, and I; and I,
are the amplitudes captured at two positions above
respectively. Firstly, a guess value is taken as the phase of
U,, and then the phase and the amplitude I, of U, are
synthesized into the complex amplitude U;. Then the
angular spectrum propagation is used to get the complex
amplitude U, by the complex amplitude Uj, the real
amplitude 7, is also used to replace the amplitude of the
complex amplitude U, to obtain Uj. Finally, the U, is
obtained by the angular spectrum propagation of U,.
Repeating this operation until the phase convergence is
restored or reaching the preset counts of iteration. In this
paper, the real amplitudes /; and I, are the amplitudes of

the focal planes under green and blue illumination,

respectively.
Angular
spectrum spread
U, U,
J7, instead of [U| JI instead of |U|
Angular
spectrum spread
U, U,

Fig.2 Schematic diagram of the angular spectrum iterative algorithm

In this paper, due to dispersion, the defocusing
distance z in formula 2 is large, so the intensity difference
method which is used to approximate the strength
differential will cause a large error. The angular spectrum
iterative algorithm is more dependent on the initial value.
If the initial value is not selected properly, it is easy to
converge to the local minimum. To solve these problems,
a hybrid phase retrieval algorithm is used. The recovery

result of TIE is taken as the initial value of the angular
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spectrum iteration algorithm, and then the angular
spectrum iteration is used to iterate between the focusing
plane and the defocusing plane until the final phase is
obtained by convergence.

In the phase retrieval method based TIE and GS
iterative, the accurate acquisition of intensity images is
very important ', However, the acquisition of intensity
images is usually realized by translating the CCD or the
object manually or mechanically, which inevitably leads
to the problems of slow speed and low accuracy. The CD-
HPR method proposed in this paper has a good effect in
solving this problem, which is mainly applied to single-

lens system to retrieve phase.
2 CD-HPR in single-lens system

The imaging principle of obtaining intensity differ-
ence by chromatic dispersion in a single-lens system is
shown in Fig.3. The object is placed in front of the lens,
d, is the distance between the object and the lens, d; is the
distance between the image plane (CCD plane) and the
lens. U(x,y,) and U(x;,y;) are the complex amplitudes of
the object plane and the image plane, respectively, which

satisfy the following relation

Filter Image plane

' Ux,,y,) Lens (x‘,<) y
~ {

M
e B

White light source Object 4,

Fig.3 Schematic diagram of obtaining intensity difference by chromatic

dispersion application in a single lens system

Ux,y) = jf h(x;, 15 %0, Y0) U (X0, yo)dxody, Q)

where h(x;,y;;x0,Y0) 1is the amplitude point-spread
function.

In the case of white light illumination, the preset
green light with the center wavelength A obtained by the
green filter vertically irradiates the object, the measured
intensity of image plane is

Is(x,y) = |UG(xisyi)|2 (6)

Then the blue light with the center wavelength Ag is
obtained by blue filter, the measured intensity of image
plane is

Ig(x,y) = |UB(xi’yi)|2 (7

Is(x,y) and Ig(x,y) are the in-focus intensities under
different wavelengths, respectively. However, due to
chromatic dispersion effect of an imaging system, in the
same location, the intensity image obtained by green light
is an in-focus image, and the intensity image obtained by
blue light is a defocus image with respect to green light.
Suppose the wavelength of green light is Ag, the refractive
index through the lens is ng,and the focal length through
the lens is fg; the wavelength of blue light is Ag, the
refractive index through the lens is ng,and the focal length

through the lens is f;. By the Lens maker’s formula

1 1 1
f_c = (”G—l)(z—r—z) ®
1 1 1
R Car) v

Where r; and r, are respectively the radius of the left and
right spheres of the lens. Because of ng # ng and f; # f5,
the position of green and blue light imaging become
different to produce an defocus distance Az. Below we
derive the expression of the defocus distance Az from the
imaging formula. The imaging formula is as follows

1 1 1

;+;=?‘ (10)

where u, v and f are object distance, image distance and
focal length respectively. Considering the situation of
green light firstly, assume that the object distance in the

case of green light illumination is ug, image distance is

foug

vg, and vg = obtained by the imaging formula.
Ug

Then change the green light to blue, the object distance ug

G

will not change at this time, which is ug = ug. By the
felg
U —Js

the blue light. The defocus distance Az is the difference

imaging formula, the image distance vg = under

between the image distances under green and blue

illumination, which is

202000174
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ug — fa

_h
ug — fs

Substitute (8) and (9) into (11), and get

|

AZZVG—VBZMG( (11)
1 1

uG(ng—D(E = D)=1 " uglny — (L - i)—l]
(12)

In particular, when ug = 2 fg which means the object

AZZMG [

is placed at the double focal length of the left side of the

single lens system

2f /e Jfo— /s
A7=2f; — =4 13
z=2f 2o to fG(sz_fB) (13)
Substitution of (6) and (7) into (2) gives
y ~ I (x;, y:) = 1(xi, yi) (14)

0z
the phase ¢,(x,y) of the object can be obtained by

Az

substituting (14) into (1)
o) -
@o(x,y) = 7”371 {[ZnZ(fx2 +fy2)] 'y [81/82]} (15)

In addition, it is worth noting that the phase retrieval
of single-lens imaging system introduces additional phase
aberration of the quadric sphere. In the experiment, the
phase ¢y(x,y) is compensated by the following phase

mask.

®(m,n) = exp ;—g(mzAg-‘z +n*A) (16)

where mXxn is size of phase mask, A¢ and An are
discretized sampling intervals D is an adjustable para-
meter that compensates for the wavefront curvature. The
compensated phase ¢;(x, ) is as follows.

(17

where C is a constant and the value is adjusted according

()Di(-xsy) = %(x,)’) - Cé(mﬂ/l)

to the results in the experiment.

Considering the long propagation distance of the
light field during actual imaging and the large defocusing
distance, the hybrid phase retrieval algorithm is used to
get the improved retrieval phase. In this paper, the phase
recovered by TIE is used as the initial phase of the
angular spectrum iterative algorithm and the process of
hybrid phase retrieval algorithm is shown in Fig.4. Then
the angular spectrum propagation is continuously used
between the focusing and defocusing planes, and the in-
tensity of the complex amplitude obtained by the angular
spectrum propagation is replaced by the true intensity of
the focusing and defocusing planes each time, When the
preset number of iterations is reached or the phase is

converged, a better retrieval phase ¢ is obtained finally.

Obtained by

Eq

13

-~ A\ —

TIE

-

Object Defocused Focused .
Jee image image Initial phase g,
Forward angular
spectrum propagation
U =JI i 3 ;

w= o exp o) ‘ Amplitude

supstitution

Amplitude

U exp )

substitution

Defocused propagation

image

Back angular spectrum

B
Focused
image
Reach the preset count of
iteration .
Final phase ¢

Fig.4 Flow chart of hybrid phase retrieval algorithm
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3 Experiment

3.1 Numerical simulations of the CD-HPR

The relevant simulation experiments are given to test
the method according to the theory described above. It is
assumed that a pure-phase object with phase shift ranging
from 0 rad to 2w rad, is illuminated by a monochromatic
plane wave, as shown in Fig.5(a). For simulation purposes
that the following parameters are chosen: image size
NxM =256%256, pixel size dxxdy = 4 pmx4 um the focal
length of the lens is f'= 150 mm, object distance and im-
age distance under green illumination are 2f = 300 mm,
and ng =1.527, ng =1.519, then the defocus distance
Az= 9.2 mm by (12). The in-focus and the defocus

intensity distributions shown in Fig. 5(b) and Fig. 5(c) are
simulated under green light and blue light with the center
wavelengths Ag = 532 nm and Az = 470 nm respectively.
The two intensity images are calculated by (15) to obtain
the initial phase distribution in the image plane, then the
mask for compensation in (16) is used for this phase
shown in Fig.5(d). We can see that the compensated phase
is still fuzzy due to the large propagation distance of the
light field and long defocusing distance in the experiment.
We use angular spectrum iterative algorithm to improve
the phase, we can see that the phase is more clear shown
in Fig. 5(e). The gray values of the Fig. 5(a) and (e) are
selected for comparison, as shown in Fig.5(f), and its

curve fitting is well.

CD-HPR
A

Phase/rad Phase/rad

©

1.0
Iterative 0.8
algorithm 100 0.6
.
150 ‘ 04
200 f Nael 02
250 IS
0
50 100 150200 250
(d (e)
1.0
0.8F
z 05 vl | F‘r”?m-~‘%,-tru.e
go04r | i,
5 ‘ —Original phase
027 - Nj" \‘ Final phase
L VO !
0 50 100 150 200 250 300
Row coordinate of phase image
®

Fig.5 Simulation experiment results. (a) Original phase; (b) In-focus intensity image; (c) Defocus intensity image; (d) Initial phase; (e) Final phase;

(f) Comparison of the gray value of the transverse center line of the Fig.5(a) and (e)

In order to further verify the accuracy of the
retrieved results, here the RMSE defined in (18) is

adopted.

P CLESORTME ROV

X,y

RMSE =

M XN (18)

Where ¢(x,y) and ¢,,.(x,y) represent the recovered phase

and the original phase, respectively, and the value of
RMSE between them is 0.107 6.

In order to compare the accuracy of TIE and hybrid
algorithms, the experimental results of TIE and hybrid
algorithms based on dispersion are presented in Fig.o.
Fig.6(a) is the simulated original phase, Fig.6(b) and
Fig.6(c) are the retrieval phases obtained by TIE and

20200017-6
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hybrid algorithm respectively, and their mean square error
with the original phase is 0.267 5 and 0.098 7 respective-
ly.It can be seen that the hybrid algorithm significantly

improves the accuracy.The numerical experimental results
are sufficient for the correctness and effectiveness of CD-

HPR in a single-lens system.

Fig.6 Comparison of TIE and hybrid algorithm. (a) Original phase; (b) Retrieval phases obtained by TIE algorithm; (c) Retrieval phases obtained by

hybrid algorithm

3.2 Experiment results

The experimental arrangement used to test the
CD-HPR is illustrated in Fig.7. LED white light (GCI-
060411, Daheng optics, China) as a light source is used. A
bandpass filter of the known central wavelength is placed
before the white LED, a variable aperture is placed
between the two in order to control the range of the light
field and to make the light field strictly symmetrical
about the optical axis. A plane wave is obtained by

Variable Collimating

aperture lens

collimating lens (= 150 mm). The sample is a micro-lens
array, which is consist of some single lens made of
silicone oil with refractive index of 1.579, the filling
material surrounding the single lens is the PDMS with
refractive index of 1.403, the maximal thickness of the
lens is 1.15 mm. The focal length of a lens in a single-
lens system is /= 150 mm, and a CCD (1 280 pixel x
1 024 pixel, pixel size 5.2 pm x 5.2 pm) was built in the

image plane.

Fig.7 Practical intensity acquisition system

First, the preset illumination wavelength (green light)
is obtained by bandpass filter with the central wavelength
at 532 nm and the full width at half maximum of 22 nm.
In this case, the in-focus image can be captured at image
plane as shown in Fig.8(a). Then the filter is replaced by
the filter with the central wavelength at 470 nm to get
blue light, the defocus image is acquired by CCD in the
same place as shown in Fig.8(b). Finally, the phase
recovered by CD-HPR is shown in Fig. 8(c). The red line

in Fig.8(c) is converted from phase to thickness by (4), as
shown in Fig.8(d). And 3D display can also be obtained as
shown in Fig.8(e). The maximum thickness of the lens
measured by the CD-HPR method is approximately
1.19 mm, close to the actual thickness, and the entire
experiment process only needs to replace different filters,
which verifies the effectiveness of CD-HPR in a single

lens system.

20200017-7



ISk A2

www.irla.cn

% 10 47

Y/pixel

15 000 02F
50 1 1 1 1 1 1
10 000 0200400 6008001 0001 2001 400
100 1 280 pixel
5000
150 (d)
200 1.2
550 5000 . 1.0

50 100 150 200 250 300
Xlpixel
(©

1.4
1.2r
1.0 +
0.8 r
0.6
0.4

Height/mm

Phase/rad

0
15

£ 0.8

,;:_)n 0 0.4

T 02

960 0
1 000 1 500' -0.2
70, 500 s00 1000 H-04
s 0 QI
ey A\
(e

Fig.8 Experimental result. (a) In-focus intensity image; (b) Defocus intensity image; (c) Phase by CD-HPR; (d) Thickness on the red line of (c); (e) 3D

display
4 Conclusions

A phase retrieval method is proposed that can be
applied to the chromatic dispersion-hybrid phase retrieval
(CD-HPR) in single-lens systems in this paper. It ensures
that the intensity images of the object with different
defocus distance can be obtained in the same plane
without moving the object or the CCD, the error caused
by the mechanical movement in the conventional method
is avoided, and the phase is recovered without lowering
the resolution. The retrieval method of CD-HPR is
applied to single-lens system, which proves the validity
and correctness of CD-HPR retrieval method. The
application of TIE avoids the limitations of light source
requirements, especially for the complex phase reconstru-

ction applied in natural light scene in the future.
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