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Due to its advantages of nonintrusiveness, wide measurement range, and insensitivity to variation, Moiré deflec-
tometry is a powerful tool for quantitative measurement of a flow field’s physical parameters such as density and
temperature. Moiré volume computed tomography (MVCT), combining the moiré deflectometry and volume
optical computed tomography (VOCT), can realize real three-dimensional parameters reconstruction, in which
the radial derivatives extraction of the projected phase is of great importance. In this paper, a spatial phase-
shifting-interferometry-based MVCT system was proposed to extract the radial shearing phase distribution. The
system is simple and compact, and consists of three crossed gratings and lenses, with no wave plates or polarizers
introduced. Via using a 4-f system, the optical path was shortened, and four spatial phase-shifting grid moiré
projections can be obtained simultaneously. Each grid interferogram was filtered and separated into two linear
interferograms in two orthogonal directions. Moreover, a two-step spatial phase-shifting algorithm was applied to
obtain the first-order derivative phase in two mutually perpendicular directions, respectively. Simulations were
implemented to verify the feasibility and accuracy of the proposed phase retrieval method. The measured results
for the radial first-order partial derivative of the phase projection of a propane flame in the experimental VOCT
system are presented. © 2017 Optical Society of America

OCIS codes: (110.6960) Tomography; (100.5070) Phase retrieval; (050.5080) Phase shift; (100.6950) Tomographic image

processing.
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1. INTRODUCTION

The measurements of transient three-dimensional (3D) physi-
cal parameters as density and temperature distribution of flow
fields are of great importance for the flow field characteristics
studies in aviation, aerospace, and energy engineering. Optical
computerized tomography (OCT) is a combination of comput-
erized tomography and optical technology, such as interferom-
etery and moiré deflectometry. Owing to the advantages of
being nonintrusive, instantaneous, and capable of 3D
reconstruction, as well as having high temporal and spatial res-
olutions, OCT is an effective tool for various flow field diag-
noses [1–5]. The moiré projection reflects the first partial
derivatives of the phase, and therefore, by comparing with in-
terference tomography, moiré tomography provides a wide
measurement range but requires low mechanical stability.
Therefore, moiré tomography has overwhelming superiorities
in noisy environments for complex flow field diagnosis, such

as a flame flow field [6], high-speed flow field [7], and
supersonic wind tunnel [8] diagnoses.

Traditional moiré tomography reconstruction is a sophisti-
cated stacking process [9,10]. Volume OCT (VOCT) based on
3D radon transform can be used to directly obtain the full-field
spatial distribution and realize the real 3D full-field
reconstruction, which is more effective in flow field diagnosis
in the practical environment. In x-ray CT, the real 3D
reconstruction can be realized via the VOCT method based
on the cone-beam projection [11,12]. However, the projection
of the 3D radon transform algorithm is produced on the con-
dition of parallel-beam incidents. Transforming the parallel-
beam projection applied in the cone-beam projection increases
the computational complexity of the reconstruction process,
and the larger cone angle of the cone-beam results in additional
errors. In contrast, interferometry and moiré deflectometry
tomography can be used to easily generate collimated-beam
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incidence with a laser detection source. Therefore, the real 3D
reconstruction can be rapidly and simply realized by the 3D
radon transform based on the parallel-beam projection in
OCT technology.

Acquiring the phase information from the moiré projections
is critical in Moiré volume computed tomography (MVCT).
The Fourier transform method has been used to extract the
phase information from a single fringe projection acquired
in VOCT [13]. Phase shifting is an accurate phase retrieval
technology easily implemented in interferometry [14–16], in
which the spatial phase shift works well in unstable environ-
ments by simultaneously capturing several phase-shifted inter-
ferograms. Spatial phase shift is usually realized by utilizing
additional optical elements, such as polarizers and wave plates
[17–19]. We have recently adopted spatial phase shifting in
moiré tomography, and no polarizers or wave plates were in-
troduced in the optical systems [20–22]. The spatial phase-
shifting lateral shearing interferometry was demonstrated as
a more suitable and effective technique for diagnosing transient
flow fields. The elaborated intensity distribution expression of
four interferograms, generated only by triple linear grating,
were derived based on the scalar diffraction theory, and the
phase shifting was found between the interferograms [20].
Moreover, the theoretical analysis and experimental verification
of six-step spatial phase-shifting shearing interferometry was
performed by crossed and linear gratings [21]. By using a 4-f
system, the optical path is significantly shortened, and two
complete spatial phase-shifting lateral shearing interferograms
can be simultaneously obtained, resulting in a higher phase re-
trieve precision [22]. However, all of these proposed spatial
phase-shifting techniques, to extract the phase information
of moiré fringe, are applied to traditional moiré tomography.

In this paper, a new apparatus for the experimental system,
including three crossed gratings, is presented to realize the spa-
tial phase shift in MVCT. According to the 3D filtered back
projection (FBP) algorithm, the transient physical parameters
distribution as density and temperature of flow field can be re-
constructed from the radial derivatives of the projected phase
extracted in this work, which can be used for measuring and
monitoring the combustion state in boilers, such as power plant
boilers and steel-making boilers. In addition, the technology is
also suitable for the cold flow field measurements, e.g., the
hypersonic wind tunnel’s density distribution measurements
for flow field characteristics analyzing in aviation and aerospace
engineering.

The phase projection was easily extracted by the spatial
phase-shifted method. The details of the proposed optical path
and spatial phase-shifted algorithm are provided in Section 2.
The numerical simulation results of the phase projection
retrieval are presented in Section 3. In Section 4, an experiment
is performed to extract the radial first-order derivative of the
phase information in the moiré fringes obtained by the optical
configuration of MVCT. Section 5 provides a discussion
regarding the present study and further applications of our
proposed MVCT.

2. PRINCIPLES

A. Spatial Phase-Shifting Characteristics and
Limitations of Shearing Interferometry by
Double-Crossed Gratings
In order to realize the radial first-order derivative of the phase
projection by spatial phase shifting in MVCT, considering the
beam splitting and phase-shifting properties of gratings, the
double-crossed gratings were placed instead of the linear gra-
tings in the moiré optical configuration, and the setup is de-
picted in Fig. 1. Two crossed Ronchi gratings, G1 and G2,
with the same grating constant d of 0.02 mm in both the hori-
zontal and vertical directions were used to generate grid moiré
fringes on the observation plane (OP). The two crossed gratings
were oriented at angles α∕2 and −α∕2 relative to the y axis,
respectively, as shown in Fig. 2. G1 and G2 were both placed
parallel to the x–y plane and apart by a distance of Δ along the
z axis.

Owing to the disturbance by the phase object, the optical
field before G1 can be written as follows:

u−1�x; y� ∝ exp�ikφ�x; y��; (1)

where k � 2π∕λ, and λ is the wavelength of the incident light.
φ�x; y� is the phase projection of the distorted plane wave be-
fore G1. The transmittances of G1 and G2 can be described by
the Fourier expansions:

g1�x; y� �
X
n1

an1 exp
�
i2πn1
d

�
x cos

α

2
− y sin

α

2

��

×
X

am1
exp

�
i2πm1

d

�
x sin

α

2
� y cos

α

2

��
; (2)

Fig. 1. Optical configuration of double-crossed gratings interferometry.
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d
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(3)

where an1 , am1
, an2 , and am2

are the Fourier expansion
coefficients in two orthogonal directions. Applying the
complex amplitude calculation method based on the scalar dif-
fraction theory [21], the field u−3�x; y� before the OP is
described as
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where
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λ

d
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n1 cos α2 � m1 sin α
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λ

d

� �
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2
� m1 sin α

2

	
Δ

���n1 − n2� cos α2 − �m1 � m2� sin α
2
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�
: (6)

In Eq. (4), the complex amplitude distribution u−3�x; y� of the
optical field contains several diffraction orders. Given that the
diffractive energy is almost focused on the diffraction orders

of −1, 0, and �1, the frequency spectra distributions of the
optical field that satisfy the equations m1 � m2 � �−1; 0; 1�
and n1 � n2 � �−1; 0; 1� are illustrated in Fig. 3. If the distance
of Δx between G2 and OP is too large, the moiré fringes
corresponding to all of the orders of frequency spectra will
project on the OP [21]. By substituting the diffraction orders
of each interferogram into Eq. (4), we can obtain the intensity
distribution of each interferogram. The accurate spatial phase
shifts can be found between the interferograms with diffraction
orders (1, 1), �1; −1�, �−1; 1�, and �−1; −1�, as described
by Eq. (7):

8>>>>>>>>>>><
>>>>>>>>>>>:

I 1;1�x; y� � 4a40a
4
1�1� cos�Φx − ps1 − ps2��

× �1� cos�Φy � ps1 − ps2��
I 1;−1�x; y� � 4a40a

4
1�1� cos�Φx � ps1 − ps2��

× �1� cos�Φy � ps1 � ps2��
I −1;1�x; y� � 4a40a

4
1�1� cos�Φx − ps1 � ps2��

× �1� cos�Φy − ps1 − ps2��
I −1;−1�x; y� � 4a40a

4
1�1� cos�Φx � ps1 � ps2��

× �1� cos�Φy − ps1 � ps2��

; (7)

where

8>>>>>>>>><
>>>>>>>>>:

Φx �
� 4π

d x sin α
2
− 2πΔ

d
∂φ�x;y�

∂y cos α
2

− 2π�Δ�2Δx�
d

∂φ�x;y�
∂x sin α
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�
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� 4π

d y sin α
2 � 2πΔ
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∂φ�x;y�
∂x cos α2

− 2π�Δ�2Δx�
d

∂φ�x;y�
∂y sin α

2

�
ps1 � πΔλ

d 2

ps2 � 2πΔxλ
d 2 sin α

: (8)

From Eq. (7), the intensity of each interferogram has a strict
cosinusoidal distribution in both the x and y directions. Mean-
while, the obvious phase shifts generated by the distance of Δ
and Δx exist between the first-order interferograms I1;1, I1;−1,
I −1;1, and I −1;−1 in both the horizontal and vertical directions.
In the moiré volume tomography scheme depicted in Fig. 1,
four spatial phase-shifted interferograms can be acquired simul-
taneously, as well as the simultaneous phase shift in two
orthogonal directions. Therefore, by combining the theoretical
derivations, the spatial phase-shift method may be used to

x

y

2
α

−
2

G2

G2

G1

G1

α

Fig. 2. Locations and orientations of two crossed gratings.
Fig. 3. Frequency spectrum distribution of the interferograms.
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retrieve the partial derivative phase information of the test flow
field in orthogonal directions using the optical configuration
shown in Fig. 1.

The splitting characteristics of the gratings was utilized to
realize the synchronization acquisition of several phase-shifted
interferograms in the optical path shown in Fig. 1. Owing to
the low diffraction efficiency of the gratings, the optical path
was long enough to separate the spatial phase-shifted interfero-
grams from each other. Using the following experimental param-
eters, a grating period of 0.02 mm, detection wavelength of
532.8 nm, and a light aperture of 50 mm the distance Δx
was calculated as 2 m. Therefore, the optical system was too long
to apply in practice. Furthermore, Eq. (8) provides only an
approximate value and is based on the assumption that the dis-
tance Δx has an infinitesimal value. When the value of Δx is
large, the partial derivative in the x direction �∂φ�x; y�∕∂x�
�Δ� 2Δx� sin�α∕2� in phase Φx and in the y direction
�∂φ�x; y�∕∂y��Δ� 2Δx� sin�α∕2� in phaseΦy cannot be omit-
ted, but was omitted in the practical phase retrieval. Moreover,
the higher-order partial derivatives, such as ∂2φ�x; y�∕∂x,
∂2φ�x; y�∕∂y, and ∂2φ�x; y�∕∂x∂y modulated by Δx, omitted
in phase shifting ps1 and ps2, should be listed in Eq. (8).
Therefore, Eq. (8) becomes too complex to extract the phase
information from the phase-shifted interferograms.

B. Optical Configuration of Spatial Phase-Shifted
Moiré Volume Tomography System Based on
Triple-Crossed Gratings
To overcome the disadvantages of the double-crossed grating
configuration shown in Fig. 1, a 4-f system was introduced
and located behind the double-crossed gratings, which is shown

in Fig. 4. In this new optical configuration, not only the value
of Δx is zero, but also the optical path is significantly shortened
to 1.2 m, which is directly calculated by the 0.4 m focal length
of the lens in 4-f system.

By considering the small refractive index variation of
the test propane flame in the cross-section along the x direc-
tion, the double-crossed gratings were rotated at an angle of
θ in the x–y plane, with a small angle α between each. For
simplicity, a new coordinate system x 0 − y 0 was defined
through the rotation of the x–y coordinate system with an
angle of θ around the z axis. The x 0–y 0 coordinate system
is described by x 0 � x cos θ� y sin θ and y 0 � −x sin θ�
y cos θ, based on the coordinate system transformation
shown in Fig. 5.

As shown in Fig. 4, another crossed grating G3 and two filters
(F1 and F2) were inserted in the 4-f system to simultaneously cap-
ture the four first-diffracted-order spatial phase-shifted interfero-
grams in one frame. The filter F1 was placed in front of the
spectral plane of the 4 − f system to filter out the interferograms
of diffraction order (1, 1), �1; −1�, �−1; 1�, and �−1; −1�. The
crossed grating G3 was set on the spectrum plane of the 4-f
system to duplicate the four first-diffracted-order interferograms.
After the spectrum plane, the filter F2 was located to filter
out the (1, 1), �1; −1�, �−1; 1�, and �−1; −1� diffraction order
interferograms simultaneously on the OP. The structure details
of F1 and F2 are illustrated in Fig. 4, and the red circled areas
are transparent.

In this triple-crossed gratings optical configuration, the
distance Δx is zero, so the intensity distribution of the

four first-order interferograms in Eqs. (7) and (8) can be
written as

8>>>>>><
>>>>>>:

I 1;1�x 0; y 0� � 4a40a
4
1

h
1� cos



Φx −

πΔλ
d 2

�ih
1� cos



Φy� πΔλ

d 2

�i
I 1;−1�x 0; y 0� � 4a40a

4
1

h
1� cos



Φx � πΔλ

d 2

�ih
1� cos



Φy� πΔλ

d 2

�i
I −1;1�x 0; y 0� � 4a40a

4
1

h
1� cos



Φx −

πΔλ
d 2

�ih
1� cos



Φy −

πΔλ
d2

�i
I −1;−1�x 0; y 0� � 4a40a

4
1

h
1� cos



Φx � πΔλ

d 2

�ih
1� cos



Φy −

πΔλ
d 2

�i
; (9)

Fig. 4. Optical configuration of moiré volume tomography based on triple-crossed gratings.
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where8<
:Φx � 4π

d x 0 sin α
2
− 2πΔ

d
∂φ�x 0 ;y 0�

∂y 0 cos α
2
− 2πΔ

d
∂φ�x 0 ;y 0�

∂x 0 sin α
2

Φy � 4π
d y 0 sin α

2 � 2πΔ
d

∂φ�x 0 ;y 0�
∂x 0 cos α2 −

2πΔ
d

∂φ�x 0 ;y 0�
∂y 0 sin α

2

:

(10)

The term πΔλ∕d 2 indicates the spatial phase-shifted
amount that exists in the four first-diffracted-order interfero-
grams in both the x 0 and y 0 directions simultaneously. So
the phase-shifted amount directly depends on the distance
Δ between the double-crossed gratings G1 and G2.

C. Spatial Phase-Shift Algorithm
For simplicity, Eq. (9) can be rewritten as8>>>>>>>>>>><

>>>>>>>>>>>:

I1;1�x 0; y 0� � 2a20a
2
1�1� cos�Φx − ξ��

× 2a20a
2
1�1� cos�Φy � ξ��

I1;−1�x 0; y 0� � 2a20a
2
1�1� cos�Φx � ξ��

× 2a20a
2
1�1� cos�Φy � ξ��

I−1;1�x 0; y 0� � 2a20a
2
1�1� cos�Φx − ξ��

× 2a20a
2
1�1� cos�Φy − ξ��

I−1;−1�x 0; y 0� � 2a20a
2
1�1� cos�Φx � ξ��

× 2a20a
2
1�1� cos�Φy − ξ��

; (11)

where ξ � πλΔ∕d 2. In consideration of the small value of Δ
and minimal value of α, Eq. (10) can be simplified as(

Φx � 4π
d x 0 sin α

2 −
2πΔ
d

∂φ�x 0 ;y 0�
∂y 0 cos α2

Φy � 4π
d y 0 sin α

2
� 2πΔ

d
∂φ�x 0 ;y 0�

∂x 0 cos α
2

: (12)

In order to separate the first-order partial derivative of the
phase projection in the x 0 and y 0 directions, the �1; −1� and
�−1; 1� diffraction order moiré fringes were chosen and proc-
essed in the frequency domain in which the phase shifting
existed in both the x 0 and y 0 directions simultaneously.

First, a 2D Fourier transform was applied in the �1; −1� and
�−1; 1� diffraction order interferograms to filter out the
intensity distribution of the phase projections in the x 0 and
y 0 directions, respectively, which can be written as�

I x1 � 2a20a
2
1 cos�Φx � ξ�

I x2 � 2a20a
2
1 cos�Φx − ξ� ; (13)

�
I y1 � 2a20a

2
1 cos�Φy � ξ�

I y2 � 2a20a
2
1 cos�Φy − ξ� ; (14)

where I x1 and I x2 are the intensity distributions of the �1; −1�
and �−1; 1� diffraction order interferograms for the x 0 direction
phase information, respectively, and I y1 and I y2 are the corre-
sponding intensity distributions for the y 0 direction. Phase
shifting clearly occurs in both I x1 and I x2, and I y1 and I y2.

The two-step phase shifting method can be used to extract
the phase information Φx and Φy. If the distance between the
double-crossed gratings is not a sub-Talbot distance, i.e., the
phase shift ξ satisfies ξ ≠ �kπ � π∕2�, the two-step phase-
shifting algorithm can be easily derived from Eqs. (13) or
(14), e.g., for phase retrieval in the x 0 direction:

Φx � arctan

��
I x1 − I

x
2

I x1 � I x2

�
cot ξ

�
: (15)

In order to remove the tilting term of the phase Φr
x

[Φr
x � �4π∕d �x 0 sin�α∕2�] from Φx , the phase projection of

the reference interferograms should be measured. The reference
moiré fringes can be obtained when no phase object is placed in
the optical configuration.

Then, the first-order partial derivative of the phase informa-
tion in the y 0 direction can be written as

∂φ�x 0; y 0�
∂y 0

� Φx −Φr
x

2πΔ cos�α∕2�∕d : (16)

With the same method, the first-order partial derivative of the
phase information in x 0 direction is

∂φ�x 0; y 0�
∂x 0

� Φy −Φr
y

2πΔ cos�α∕2�∕d : (17)

Finally, the radial first-order partial derivative of the phase
information can be derived as

∂φ�r�
∂r

� ∂φ�x 0; y 0�
∂x 0

cosφ� ∂φ�x 0; y 0�
∂y 0

sinφ: (18)

3. NUMERICAL SIMULATION

A numerical simulation experiment was performed to verify the
spatial phase-shift algorithm with the following parameters:
λ � 532.8 nm, d � 0.02 mm, α � 0.001 rad, and Δ
10 mm, with 128 × 128 pixels contained in each moiré
pattern.

A. Phase Retrieval of Reference Interferograms
when No Phase Object Exists
Using Eq. (11), for no phase object in the optical configuration,
the intensity distribution of the �1; −1� and �−1; 1� diffraction
orders grid interferograms were calculated and are shown in
Figs. 6(a) and 6(b).

Applying the frequency domain processing method
described in Section 2.C, the reference interferograms of the
�1; −1� and �−1; 1� diffraction orders, including only the x or
y direction phase information, are shown in Figs. 6(c)–6(f ).
Furthermore, the reference phase information Φr

x and Φr
y were

extracted by the two-step phase-shifting method described by
Eq. (15), and the results are shown in Figs. 6(g) and 6(h).

θ
x

y

'x'y

G1

G1G2

G2

2

α

Fig. 5. Rotated coordinate system x 0 − y 0 and locations of the two
rotated crossed gratings.
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B. Phase Retrieval of Interferograms when a Phase
Object Exists
A Gaussian function was used to simulate the phase projection
distribution, defined as

φ�x; y� �
ffiffiffiffiffi
2π

p

12500
exp

�
x2 � y2

−0.0001

�
: (19)

The phase projection area was 50 mm × 50 mm and was
evenly sampled with 512 × 512 pixels. Using Eq. (19), the
first-order partial derivatives of the phase information in the
x, y, and r directions were calculated and are shown in Fig. 7.

Furthermore, the intensity distribution of the �1; −1� and
�−1; 1� diffraction orders deflected grid interferograms I �1;−1�
and I �−1;1� are shown in Figs. 8(a) and 8(b), respectively.
The moiré patterns in the x and y directions were separated
in the frequency domain as indicated in Figs. 8(c)–8(f ). The
phase information Φx and Φy were then retrieved by the
two-step phase-shifting method shown in Figs. 8(g) and 8(h),
respectively. By removing the tilting term of the phase Φr

x
in the reference fringes shown in Fig. 8, the first-order partial
derivatives in the x and y directions of the Gaussian phase pro-
jection were obtained by Eqs. (16) and (17) and are plotted in
Figs. 9(a) and 9(b). Figure 9(c) shows the final radial partial

derivative of the Gaussian phase projection calculated
by Eq. (18).

By comparing Figs. 7(c) and 9(c), the phase retrieval results
were consistent with the derived phase distribution displayed in
Fig. 10. This showed that the proposed spatial phase-shifting
method can be used to measure the radial first-order partial
derivative of a tested wavefront with high accuracy.

4. EXPERIMENT

An experimental system was built according to the optical
layout shown in Fig. 4 to test the flow field of the propane
flame. The basic parameters were the same as in the simulated
experiment described in Section 3. In particular, the distance
between the double-crossed gratings G1 and G2 was
10 mm, which indicated that the phase shift ξ was 3π∕10.
The angle α between the double-crossed gratings was
∼0.0041 rad, which was calculated according to the fringe
width in the interferograms. A CCD was located in front
of the OP to capture the interferograms I �1;−1� and I �−1;1�,
with a resolution of 2448 × 2050 (Allied Vision technologies
GC2450). The original reference and deflection grid inter-
ferograms I �1;−1� and I �−1;1�, were acquired in the first and
second shots with the frame rate of 15 fps, and are shown

Fig. 6. Phase distribution of reference moiré fringe in the x and y directions: (a) reference grid moiré fringe of the �1; −1� diffraction orders,
(b) reference grid moiré fringe of the �−1; 1� diffraction orders, (c) reference moiré fringe I x1, (d) reference moiré fringe I x2, (e) reference moiré fringe
I y1, (f ) reference moiré fringe I y2, (g) phase distribution in the x direction Φr

x , and (h) phase distribution in the y direction Φr
y .

Fig. 7. Derived first-order partial derivative of the phase distribution: (a) ∂φ�x�∕∂x in the x direction, (b) ∂φ�y�∕∂y in the y direction, and
(c) ∂φ�r�∕∂r in the r direction.
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in Figs. 11(a) and 11(b), respectively. The radial partial deriva-
tive phase extracted off-line with MATLAB 2014 in total con-
sumed 10 s using a PC (Intel Core i5 CPU, 8G memory size,
win7 64-bit system, 250G hard disk).

After the calibration of the interferograms I �1;−1� and I �−1;1�,
the two grid moiré images were well matched point to point.
The calibrated interferograms are displayed in Figs. 11(c)–11(f ),
and the red square area was chosen for the processing.

Figures 12(a) and 12(b) show the separated deflected moiré
fringes I �1;−1� and I �−1;1� in the x 0 and y 0 directions using the
frequency domain processing method, and Figs. 12(c) and 12(d)
show the separated results of the reference moiré fringes.
The extracted phase information without a phase object and
with the propane flame in the double orthogonal direction is
shown in Figs. 13(a) and 13(b), respectively. Furthermore, by
removing the tilting terms of the shearing phase Φr from the
shearing phase Φ, the first-order partial derivatives in the x 0

and y 0 directions of the propane flame phase distribution are
displayed in Fig. 13(c). Figure 14 shows the final first-order
partial derivative in the r direction of the propane flame. The
temperature in the center of the flame is lower than at the
edge [13]. Furthermore, Fig. 14 indicates that the test flame
is just an approximate axisymmetric flow field. In order to recon-
struct the real temperature distribution more precisely, multi-
directional phase projections should be acquired according to

Fig. 8. Phase distribution of the moiré patterns with Gaussian phase projections in the x and y directions: (a) grid moiré pattern of the �1; −1�
diffraction orders, (b) grid moiré fringe of the �−1; 1� diffraction orders, (c) moiré fringe I x1, (d) moiré fringe I x2, (e) moiré fringe I y1, (f ) moiré fringe
I y2, (g) phase distribution in x direction Φx , and (h) phase distribution in the y direction Φy.

Fig. 9. Retrieval of the first-order partial derivative of Gaussian phase projections: (a) ∂φ�y�∕∂y in the x direction, (b) ∂φ�x�∕∂x in the y direction,
and (c) ∂φ�r�∕∂r in the r direction.

Fig. 10. Comparison between retrieved and derived phase results in
a line.
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the FBP algorithm [5]. Thus, in our further work, the multi-
directional spatial phase-shifting MVCT system should be
established based on the single directional spatial phase-shifting
MVCT configuration proposed in this paper.

5. CONCLUSION

In this paper, a simple optical path consisting of triple-crossed
gratings was presented to realize phase retrieval with a spatial
phase-shifting method in MVCT. The phase shifting in the
double orthogonal direction was simultaneously generated be-
tween the grid interferograms with (1, 1), �1; −1�, �−1; 1�, and
�−1; −1� diffraction orders using double-crossed gratings
located just behind the test flow field. The four first-order grid
interferograms were duplicated by a third crossed grating placed
on the frequency spectrum plane of a 4-f system, and two sim-
ple filters were inserted in the 4-f system to sufficiently filter out

the four spatial phase-shifting interferograms. Four desired spa-
tial phase-shifting grid interferograms were then simultaneously
acquired with high clarity on the OP in a compact optical
configuration.

The grid interferograms of the �1; −1� and �−1; 1� diffrac-
tion orders with simultaneous phase shifting in both the x 0 and
y 0 directions were processed in the frequency domain to sepa-
rate the grid moiré projection into double linear moiré fringes
in two orthogonal directions. A two-step phase-shifting algo-
rithm was then applied to extract the lateral first-order partial
derivative of the phase projection in two orthogonal directions.
Furthermore, the radial first-order partial derivative was easily
calculated using the double-lateral first-order partial derivative
of the phase information. The validation of the proposed phase
retrieval method was performed via simulated experiment. The
simulated results showed that the theoretical values of the phase
information agreed with the phase retrieval results of the

Fig. 11. Original grid interferograms: (a) reference interferograms captured by the CCD, (b) deflected interferograms captured by the CCD with
a propane flame, (c) deflected interferograms I �1;−1� after calibration, (d) reference interferograms I �1;−1� after calibration, (e) deflected interferograms
I �−1;1� after calibration, and (f ) reference interferograms I �−1;1� after calibration.

Fig. 12. Separated interferograms in the orthogonal direction: (a) deflected moiré patterns in the x direction, (b) deflected moiré patterns in the y
direction, (c) reference moiré patterns in the x direction, and (d) deflected moiré patterns in the y direction.
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proposed method. Therefore, the proposed phase retrieval
method is feasible to measure the radial first-order partial
derivative of a phase projection. Finally, the phase retrieval
experiment using a propane flame was performed.

The proposed method can be used to measure the radial
partial derivative phase information of varied flow fields based
on a spatial phase-shifting method by triple-crossed gratings in
a compact optical path. This is a basic and important step in
MVCT for the reconstruction of a varied flow field’s real 3D
physical parameters distribution with high accuracy, which will
be valuable for monitoring the combustion state in energy en-
gineering and analyzing hypersonic wind tunnel characteristics
in aviation and aerospace engineering.
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