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X-ray grating interferometer has attracted widely attention in the past years due to its capability in achieving x-ray
phase contrast imaging with low brilliance source. However, the widely used phase stepping information extraction method
reduces system stability and prolongs data acquisition time by several times compared with conventional x-ray absorption-
based imaging. The mechanical stepping can be avoided by using a staggered grating, but at the cost of low vertical
spatial resolution. In this paper, employing a modified staggered grating and the angular signal radiography, we proposed
a single-shot grating-based x-ray differential phase contrast imaging with decent vertical spatial resolution. The theoretical
framework was deduced and proved by numerical experiments. Absorption, phase, and scattering computed tomography
can be performed without phase stepping. Therefore, we believe this fast and highly stable imaging method with decent
resolution would be widely applied in x-ray grating-based phase contrast imaging.
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1. Introduction

Grating-based x-ray differential phase contrast imaging
has been widely researched over the past decades and has
shown many advantages, especially high sensitivity, in soft
tissue imaging,[1–7] complementing conventional absorption-
based imaging. It provides a promising method in clinical
diagnosis, biological researches and industrial nondestructive
testing. Because the detected projection images are the mix-
ture of absorption, refraction and scattering, information ex-
traction method is a critical step in signal processing. Vari-
ous methods have been developed,[8–12] among of which phase
stepping procedure is widely used.[13,14] When one of the grat-
ings shifts laterally, the x-ray intensities recorded in each pixel
oscillate as a function of the relative grating position, known as
the Shifting Curve (SC), which can be approximated as a co-
sine curve. The phase stepping procedure needs to move one
of the gratings twice or more in order to retrieve three signals.
Thus long exposure time and mechanical instability prevent its
wide applications.

In order to reduce the data acquisition time of phase con-
trast imaging, many efforts have been made.[8–10,15–19] Ge et

al.[18] designed and introduced a staggered analyzer grating
in 2014, which was divided into many rows and the height

of each row was the same as detector pixel. In this method,
x-ray intensities recorded from several neighboring detector
rows were used to extract information, and the number of rows
could be defined as an extraction unit. Meanwhile, any two
adjacent grating rows in one extraction unit had a fixed dis-
placement. Using this staggered structure, a single-shot pro-
jection image can be used to retrieve absorption, refraction and
scattering signals simultaneously. An extraction unit of the
staggered analyzer grating should contain three rows at least
to meet the extraction requirement. However, the increasing
rows in one extraction unit has a negative influence on the
vertical spatial resolution. Li et al.[20] introduced an alterna-
tive approach, termed angular signal radiography (ASR), to
describe the imaging process of x-ray grating imaging (XGI)
system in 2016, angular signal response function (ASRF) was
used to describe the imaging system. In that paper, four spec-
ified positions, named valley-SC, upslope-SC, peak-SC, and
downslope-SC respectively, of the SC were chosen to extract
the absorption, refraction and scattering information. Because
of the characteristics of these positions, three of them are
enough to extract signals. However, the analyzer grating still
needs to be moved twice, which reduces the image quality due
to mechanical errors and increases exposure time compared
with conventional absorption-based imaging modality. There-
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fore, developing practical phase contrast imaging methods free
of mechanical stepping and with decent spatial resolution be-
comes very important and meaningful.

In this manuscript, we introduce a single-shot grating-
based x-ray differential phase contrast imaging with better ver-
tical spatial resolution compared with the reported results.[18]

Meanwhile, this single-shot imaging system reduces mechani-
cal errors compared with those employing the traditional phase
stepping method.

2. Theoretical framework of the novel imaging
system
Firstly, we introduce a modified staggered analyzer grat-

ing, then the principle and theoretical framework of the novel
imaging system using this new staggered grating are pre-
sented.

2.1. Introduction of the staggered gratings

To minimize the errors caused by mechanical stepping
and the spatial resolution decrease in the vertical direction,
a modified staggered analyzer grating is designed shown in
Fig. 1(a), accompanying with the original staggered analyzer
grating in Fig. 1(b). Compared with the original one, the dis-
placement of adjacent rows maintains a quarter of its period,
while two but not four rows are defined as one extraction unit.
The height d of the rows equals to 50 µm, which is the same
as the size of the detector pixel.

d d

(a) (b)

Fig. 1. (a) Structures of the proposed staggered grating with two rows in one
extraction unit and (b) the original staggered grating with four rows in one
extraction unit.

2.2. Principle and theoretical framework of the imaging
system

Figure 2(a) illustrates the schematic diagram of single-
shot phase contrast imaging system using the modified stag-
gered analyzer grating, which replaces the original staggered
analyzer grating in Ref. [18]. The imaging system consists
of an x-ray source, a π/2 phase grating G1, an absorption
staggered analyzer grating G2 and an image detector. G2 is
positioned at the first fraction Talbot distance of G1. The nor-
malized shifting curve as a function of the relative position
between G1 and G2 is shown in Fig. 2(b).
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Fig. 2. (color online) (a) Illustration of single-shot x-ray grating inter-
ferometer. (b) Normalized shifting curve as a function of the relative
position of the phase grating and the analyzer grating.

According to the Beer–Lambert law, the attenuation of
the sample is the integral of absorption coefficients along x-
ray path

M (xr,y) =
∫

µ (x,y,z) dzr. (1)

According to the relationship between the refraction an-
gle (θ) induced by the sample and the phase shift Φ (xr,y) of
the sample, the refraction angle can be expressed as

θ (xr,y) =
λ

2π

∂Φ (xr,y)
∂xr

=−
∫

∂δ (x,y,z)
∂xr

dzr. (2)

For the ultra-small angle scattering, it has been claimed
that the second moment of scattering angle distribution de-
scribing the broadening of the x-ray was actually the scattering
information.[21–23]

σ
2 (xr,y) =

∫
S (x,y,z) dzr

=
∫ [

ρn (x,y,z)σs (x,y,z)
2αp

]
dzr, (3)

where S represents the scattering coefficient, ρn is the density
of the sample, σs is the scattering cross section and αp means
angular beam broadening due to a single scatterer.

Using the staggered grating shown in Fig. 1(a), when one
row (the odd row is considered in this paper) is positioned at
the downslope of the shifting curve, its adjacent row should
be at the peak or valley of the shifting curve. With the sam-
ple or imaging system rotated 180◦, the upslope image and
peak or valley image are acquired. Thus absorption, differ-
ential phase and scattering signals at rotation angle of ϕ can
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be extracted by Eqs. (4)–(6) according to the angular signal
radiography.[20] The derivation of the equations has been pre-
sented in Appendix A. It should be mentioned that when us-
ing the proposed staggered grating displayed in Fig. 1(a), two
adjacent rows in the vertical direction have been used as an
extraction unit, while using the previous staggered grating dis-

played in Fig. 1(b), an extraction unit are four adjacent rows.
In parallel beam geometry, the vertical spatial resolution in the
proposed imaging system is improved twice compared with
that in the previous imaging system. Then, a fast and simple
x-ray phase tomography with decent vertical resolution can be
performed.

Mϕ(xr,2y−1) = Mϕ(xr,2y) = ln

[
Ib
ϕ(xr,2y−1)+ Ib

ϕ+π(−xr,2y−1)
Is
ϕ(xr,2y−1)+ Is

ϕ+π(−xr,2y−1)

]
, (4)

θϕ (xr,2y−1) = θϕ (xr,2y) =− p
2πD

[
arctan

Is
ϕ+π(−xr,2y−1)− Is

ϕ(xr,2y−1)
Is
ϕ(xr,2y−1)+ Is

ϕ+π(−xr,2y−1)−2Is
ϕ(xr,2y)

]

+
p

2πD

[
arctan

Ib
ϕ+π(−xr,2y−1)− Ib

ϕ(xr,2y−1)

Ib
ϕ(xr,2y−1)+ Ib

ϕ+π(−xr,2y−1)−2Ib
ϕ(xr,2y)

]
, (5)

σ
2
ϕ(xr,2y−1) = σ

2
ϕ(xr,2y)

= − p2

2π2D2 ln


√

(Is
ϕ+π(−xr,2y−1)− Is

ϕ(xr,2y−1))2 +(Is
ϕ(xr,2y−1)+ Is

ϕ+π(−xr,2y−1)−2Is
ϕ(xr,2y))2

V0(Is
ϕ(xr,2y−1)+ Is

ϕ+π(−xr,2y−1))



+
p2

2π2D2 ln


√
(Ib

ϕ+π(−xr,2y−1)− Ib
ϕ(xr,2y−1))2 +(Ib

ϕ(xr,2y−1)+ Ib
ϕ+π(−xr,2y−1)−2Ib

ϕ(xr,2y))2

V0(Ib
ϕ(xr,2y−1)+ Ib

ϕ+π(−xr,2y−1))

 ,
(6)

where Ib and Is are recorded x-ray intensities without and with
the sample in the imaging system respectively. p is the period
of the analyzer grating, and D is the first fraction Talbot dis-
tance, equals to p2/2λ , with λ the wavelength of the incoming
x ray. V0 is the visibility of the shifting curve.

3. Simulations
To show the advantage of the proposed imaging sys-

tem, the phantom used here is the well-known three dimen-
sional Shepp–Logan phantom filled with four different mate-
rials. In this part, we introduce the parameters of the system
and the sample first, then the quantitative comparisons of the
extracted information and the three-dimensional (3D) recon-
struction have also been performed.

3.1. The system parameters and the sample

The simulations using the MATLAB software were per-
formed, x-ray energy of 20 keV was designed, which can be
acquired from the synchrotron radiation light source. The
pixel of the detector was 50 µm×50 µm, and the periods of
phase grating (G1) and analyzer grating (G2) equaled to 4 µm.
The phantom shown in Fig. 3(a) consisted of four different ma-
terials and its volume was 12.8 mm×12.8 mm×12.8mm. Fig-
ure 3(b) exhibits its middle coronal slice, which will be com-

pared with its reconstructed image in Subsection 4.2. Names
and parameters of the four materials are listed in Table 1.
They were rendered by green (parylene-N), red (polycarbon-
ate), dark blue (PMMA-formvar), and sky blue (water) respec-
tively in Fig. 3.

(a) (b)

Fig. 3. (color online) (a) The 3D rendering of the phantom used in the sim-
ulation, and (b) its middle coronal slice. The four materials are parylene-N
(green), polycarbonate (red), PMMA-formvar (dark blue), and water (sky
blue) respectively.

Table 1. The composition of the sample and their complex refraction
indexes at 20 keV.

Materials Chemical formulae δ/10−7 β/10−10

Parylene-N C8H8 6.19682055 1.99766786

Polycarbonate C16H14O3 6.56665406 2.58399607

PMMA-formvar C5H8O2 6.66553376 2.85367757

Water H2O 5.76620721 3.46201373
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3.2. Data acquisition and 3D reconstruction

During the imaging process, the detector recorded the x-
ray intensities without the sample in the imaging system (Ib)

first, then recorded the x-ray intensities (Is) with the sample
in the system. Finally, equations (4)–(6) were used to extract
absorption, refraction and scattering information.

The sample mentioned above in Fig. 3(a) were used to
simulate the imaging process with the proposed imaging sys-
tem and that with the previous imaging system. In phase to-
mography, the sample was scanned with 1◦ increment within
360◦, and the imaging process was implemented to acquire
two sets of images with and without the sample. First, we
implemented the intuitionistic and quantitative comparisons
of the extracted information between the two imaging sys-
tems employing the analyzer gratings respectively shown in

Figs. 1(a) and 1(b), then the 3D reconstruction were performed
using conventional back-projection algorithm with Ram-Lak
and Hilbert filters.

4. Results and discussion
4.1. Decent vertical spatial resolution

Figure 4 shows the information of the sample at the rota-
tion angle of 0◦ and figure 5 displays the quantitative compar-
isons of the theoretical values and the extracted information in
the vertical spatial direction, which have been marked white in
Figs. 4(a)–4(c), using the proposed imaging system employing
the modified staggered analyzer grating shown in Fig. 1(a) and
the previous imaging system using the original staggered ana-
lyzer grating displayed in Fig. 1(b).

(a)

(d)

(g)

(b) (c)

(f)(e)

(i)(h)

Fig. 4. The information of the sample at the rotation angle of 0◦. Panels (a)–(c) are the original information, panels (d)–(f) are the
information extracted using the modified staggered analyzer grating, and panels (g)–(i) are the information extracted using the original
staggered analyzer grating.
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Fig. 5. (color online) Quantitative comparisons of the theoretical values and the extracted information respectively using the modified staggered analyzer
grating and the original staggered analyzer grating: the absorption values (a), refraction angles (b), and scattering angle distribution (c).
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From the extracted information shown in Fig. 4, it can
be intuitively seen that the imaging system using the modified
staggered analyzer grating has better vertical spatial resolution
compared with that using the original staggered analyzer grat-
ing. From the quantitative comparisons displayed in Fig. 5,
the extracted information using the proposed imaging system
fits the theoretical values much better than that using the previ-
ous imaging system, which also quantitatively shows the pro-
posed imaging system can improve the vertical spatial reso-
lution compared with the previous one. It can be concluded
that the spatial resolution is improved twice in parallel beam
geometry, because the extraction unit of the proposed method
is half of that of the previous method.

According to the comparisons shown above, we can find
the proposed imaging system is more effective and can im-

prove the vertical spatial resolution compared with the previ-

ous imaging system.

4.2. Fast and simple computed tomography

Figures 6(a)–6(c) display the reconstructed images of

the middle coronal slice of the simulated phantom shown in

Fig. 3(b) using the proposed imaging system, and figures 6(d)–

6(f) show the counterparts using the previous imaging system.

Profile comparisons of the line shown in Fig. 3(b) are achieved

in Fig. 7. From the reconstruction results of the proposed

phase contrast imaging, the good agreement between the re-

constructed values and the theoretical values confirms the va-

lidity of the proposed method. While serious artifacts appear

in those of the previous method.
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Fig. 6. Reconstructed images of the middle coronal slice of the simulated phantom shown in Fig. 3. The reconstructed absorption
coefficient (a), refraction coefficient (b), and scattering coefficient (c) using the proposed imaging system, and (d)–(f) the counterparts
using the previous imaging system.
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Fig. 7. (color online) Profile comparisons of the line shown in Fig. 3(b): The comparisons between the reconstructed absorption coefficient (a), refraction
coefficient (b), and scattering coefficient (c), and the corresponding theoretical coefficients in the line shown in Fig. 3(b).

5. Conclusion

In this manuscript, a single-shot phase contrast imaging

with better vertical spatial resolution has been proposed em-

ploying a modified staggered analyzer grating. This phase

contrast imaging system can achieve phase contrast radiog-
raphy without stepping the gratings, thus mechanical noise
and the prolonged imaging time can be minimized. Further-
more, fast and simple x-ray phase tomography can be per-
formed using the proposed method, which is important in the
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limited radiation imaging. This work was implemented in Tal-

bot interferometer, but it can be easily extended to other x-ray

phase contrast imaging, such as Talbot–Lau interferometer and

the grating-based non-interferometric phase contrast imaging.

Due to the short exposure time, high stability and decent ver-

tical spatial resolution, it may become a popular method in

x-ray grating-based phase contrast imaging.

Appendix A: Derivation of the information ex-
traction formula using the proposed imaging sys-
tem

From the ASR method presented by Li et al. in 2016, we
can know when the sample rotation angle equals to ϕ , the ab-
sorption, refraction and scattering information of sample can
be extracted respectively as:

Mϕ(xr,y) = ln
[

Ib
U(xr,ϕ,y)+ Ib

D(xr,ϕ,y)
Is
U(xr,ϕ,y)+ Is

D(xr,ϕ,y)

]
, (A1)

θϕ(xr,y) =− p
2πD

[
arctan

(
Is
U(xr,ϕ,y)− Is

D(xr,ϕ,y)
Is
V(xr,ϕ,y)− Is

P(xr,ϕ,y)

)
− arctan

(
Ib
U(xr,ϕ,y)− Ib

D(xr,ϕ,y)
Ib
V(xr,ϕ,y)− Ib

P(xr,ϕ,y)

)]
, (A2)

σ
2
ϕ(xr,y) =− p2

2π2D2 ln

[√
(Is

U(xr,ϕ,y)− Is
D(xr,ϕ,y))2 +(Is

V(xr,ϕ,y)− Is
P(xr,ϕ,y))2

V0(Is
U(xr,ϕ,y)+ Is

D(xr,ϕ,y))

]

+
p2

2π2D2 ln


√
(Ib

U(xr,ϕ,y)− Ib
D(xr,ϕ,y))2 +(Ib

V(xr,ϕ,y)− Ib
P(xr,ϕ,y))2

V0(Ib
U(xr,ϕ,y)+ Ib

D(xr,ϕ,y))

 , (A3)

where Ib
V, Ib

U, Ib
P , Ib

D are projections measured at the position
valley, upslope, peak and downslope respectively without sam-
ple in the system, while Is

V, Is
U, Is

P, and Is
D are measured with

sample in the system.
While using the presented imaging system, Is

D is acquired
as the odd rows of the analyzer grating is set at the downs-
lope position, and Is

P can be acquired at the same time from
the even rows of the analyzer grating. Meanwhile the Is

U can
be obtained from the odd rows as the imaging system rotated
180◦. Considering two rows are defined as an extraction unit,
we can obtain

Ii
D(xr,ϕ,2y−1) = Ii

D(xr,ϕ,2y) = Ii
ϕ(xr,2y−1),

Ii
P(xr,ϕ,2y−1) = Ii

P(xr,ϕ,2y) = Ii
ϕ(xr,2y),

Ii
U(xr,ϕ,2y−1) = Ii

U(xr,ϕ,2y)

= Ii
D(−xr,ϕ +π,2y−1) = Ii

ϕ+π(−xr,2y−1),

Ii
V(xr,ϕ,2y−1) = Ii

V(xr,ϕ,2y)

= Ii
D(xr,ϕ,2y−1)+ Ii

U(xr,ϕ,2y−1)− Ii
P(xr,ϕ,2y−1)

= Ii
ϕ(xr,2y−1)+ Ii

ϕ+π(−xr,2y−1)− Ii
ϕ(xr,2y),

where i = b or s means the x ray intensities recorded without

or with the sample in the imaging system.

Thus equations (A1)–(A3) can be rewritten as:

Mϕ(xr,2y−1) = Mϕ(xr,2y) = ln

[
Ib
ϕ(xr,2y−1)+ Ib

ϕ+π(−xr,2y−1)
Is
ϕ(xr,2y−1)+ Is

ϕ+π(−xr,2y−1)

]
, (A4)

θϕ (xr,2y−1) = θϕ (xr,2y) =− p
2πD

[
arctan

Is
ϕ+π(−xr,2y−1)− Is

ϕ(xr,2y−1)
Is
ϕ(xr,2y−1)+ Is

ϕ+π(−xr,2y−1)−2Is
ϕ(xr,2y)

]

+
p

2πD

[
arctan

Ib
ϕ+π(−xr,2y−1)− Ib

ϕ(xr,2y−1)

Ib
ϕ(xr,2y−1)+ Ib

ϕ+π(−xr,2y−1)−2Ib
ϕ(xr,2y)

]
, (A5)

σ
2
ϕ(xr,2y−1) = σ

2
ϕ(xr,2y)

=− p2

2π2D2 ln


√
(Is

ϕ+π(−xr,2y−1)− Is
ϕ(xr,2y−1))2 +(Is

ϕ(xr,2y−1)+ Is
ϕ+π(−xr,2y−1)−2Is

ϕ(xr,2y))2

V0(Is
ϕ(xr,2y−1)+ Is

ϕ+π(−xr,2y−1))


+

p2

2π2D2 ln


√
(Ib

ϕ+π(−xr,2y−1)− Ib
ϕ(xr,2y−1))2 +(Ib

ϕ(xr,2y−1)+ Ib
ϕ+π(−xr,2y−1)−2Ib

ϕ(xr,2y))2

V0(Ib
ϕ(xr,2y−1)+ Ib

ϕ+π(−xr,2y−1))

 .
(A6)
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