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Abstract: Edge illumination (EI) is an established X-ray phase-contrast imaging method that
relies on gratings to obtain attenuation, differential phase, and dark field contrast. Conventional
gratings with one-dimensional line apertures, however, pose a major limitation in geometric
flexibility of current EI-setups. That is, the gratings are designed for a fixed magnification
and the period and aperture size of the gratings determine the fixed resolution. Changing the
magnification can adjust the resolution, since the sample is projected over a smaller or larger
detector area, but even a small change in magnification causes a mismatch between beamlets and
pixels. To allow multi-resolution EI from a single experimental configuration, a grating which
retains the projected period at different magnifications is required. In this paper, a trapezoidal
grating that overcomes these limitations is studied using Monte Carlo and ray-tracing simulations,
including a flat field experiment, a peak-to-peak contrast-to-noise ratio experiment, and EI scans
of test phantoms. This simulation study demonstrates the concept of multi-resolution EI and
shows its potential towards a generic and flexible EI setup.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Edge illumination (EI) [1] is an X-ray phase-contrast (XPC) imaging technique that allows
imaging a sample based on three complementary contrasts: attenuation, phase, and dark field
contrast. EI is a grating-based method, which in contrast to other X-ray phase contrast methods,
like Bonse-Hart interferometry [2], analyzer-based imaging [3], or free-space propagation [4],
does not require coherent illumination [5]. Compared to other grating-based XPC techniques,
like grating based interferometry, shearing interferometry [6], and Talbot-Lau interferometry [7],
EI is a non-interferometric method which has a relatively simple setup, can more easily be scaled
up in size, and is more robust to mechanical vibrations or imperfections [8]. These advantages
create potential for EI in various applications, such as medical imaging [9,10], security [11],
historical studies [12], materials science [13,14], and the food industry [15].

To capture a two-dimensional X-ray image, a setup consisting of an X-ray source, sample stage,
and detector is required. To extend to computed tomography, which reveals three- dimensional
information, the sample must be placed on a rotating stage. In Fig. 1, a typical edge illumination
X-ray computed tomography (EIXCT) setup is depicted. Compared to a conventional X-ray
radiography setup, two additional optical components are added: the sample grating and the
detector grating [16]. The sample grating is positioned in front of the sample to split the X-ray
cone-beam into beamlets. The detector grating is positioned in front of the detector to create
insensitive regions between adjacent pixels on the detector, which allows to measure changes in
direction of the beamlets. Since EI does not rely on interference, the apertures are separated by
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a sufficiently large distance avoiding mutually interfering beamlets. As such, the refraction of
individual beamlets can be determined, which eliminates the requirement of a coherent source
[5].

Fig. 1. The conventional cone-beam EI setup (not to scale). If the sample is placed on a
rotational stage, EIXCT can be acquired.

While most edge illumination setups use planar gratings with rectangular and equally wide
apertures [17,18], alternative grating designs have been proposed in literature. Examples of such
designs include L-shaped apertures, which allow to measure 2D phase sensitivity [19], skipped
gratings, which avoid pixel cross-talk [20], asymmetric gratings, which allow inline acquisitions
[21], and gratings which reduce shadowing, like a combination of two tilted conventional gratings,
curved gratings, or planar gratings with fan-shaped apertures [22].

While EI is an established XPC method, conventional gratings pose a major limitation on
geometric flexibility. Conventional gratings consist of highly absorbing material with periodic
one-dimensional line apertures. The gratings are custom made for a specific imaging geometry
and perfectly positioned to align the two gratings with the detector pixels columns. The resolution
for a setup is fixed and determined by the period of the sample grating. This resolution can be
increased to the size of the aperture by using dithering. When dithering is applied, multiple
projections are acquired for sub-pixel movements of the sample, hereby imaging the part of the
sample that is not illuminated by the beamlets, and stitching the consequent images together
[23,24]. To adjust the spatial resolution in conventional attenuation-based cone-beam X-ray
imaging, where the setup is composed of only a source, sample, and detector, the object is
usually positioned closer to or further away from the source, projecting the phantom onto a
larger or smaller detector area. Unfortunately, this is not possible with conventional EI gratings.
To achieve optimal phase and dark field sensitivity, the sample must be positioned as close as
possible to the sample grating. Changing the image resolution requires that the sample grating
moves along the optical axis with the sample, but even a small change in magnification causes
a mismatch between beamlets and pixels, as shown in Fig. 2. While gratings divided into
sections with different periods or apertures exist [20,25], the resolution can only be modified to
discrete steps, and increasing the number of resolution steps comes at the expense of the field of
view (FOV) or the grating size. To adjust the sample grating magnification while preserving
the projected beamlet positions, a sample grating which retains the projected aperture period
over a continuous range of magnifications is required, which is non-existent to our knowledge.
Furthermore, while multi-resolution imaging is being thoroughly researched in various XPC
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techniques (edge illumination, grating based interferometry, propagation-based imaging,. . . )
[26–29], there is no laboratory XPC setup that allows to change the resolution over a continuous
range of resolutions.

Fig. 2. The misaligned gratings and detector that occurs when the sample grating and the
object are positioned closer to the source. Note that every newly formed beamlet is slightly
displaced, which causes neighboring pixels to be illuminated differently.

In this manuscript, we expand on our prior work [30] by studying a trapezoidal sample grating,
which allows to change the effective period of the sample grating by translating it vertically,
thereby enabling multi-resolution EI acquisitions from a single experimental configuration, i.e.,
no optical elements need to be changed. To allow imaging on a 2D detector grid, the grating
is rotated around the axis perpendicular to the aperture slits and perpendicular to the optical
axis. The approach is demonstrated with a simulation study of a test-phantom imaged at different
magnifications.

2. Methodology

2.1. Edge illumination

A typical setup for EI with a cone-beam source is shown in Fig. 1. Due to the aperture sizes
and the distance between the apertures of the gratings, EI can be described using the ray-optical
approach, where phase effects are represented by refraction of X-rays in an object, rather than the
more rigorous Fresnel-Kirchoff diffraction theory [31–34]. The gratings transform refraction
effects into intensity modulations at the detector, thereby providing phase-sensitivity. This
modulated intensity signal contains information from attenuation, phase, and dark field contrast.
Attenuation contrast images the difference in X-ray absorption of each beamlet by the sample,
phase contrast is a measure for the difference in refraction of each beamlet by the sample and dark
field contrast images the ultra-small angle scattering of the beamlet by the sample [13]. These
three types of contrast can be separated using mask-stepping. In mask-stepping, the intensity
at every pixel is measured while shifting the sample grating. These consecutive measurements
result in the so-called illumination curve (IC) [35,36], which is approximately Gaussian. (cfr
Fig. 3)

Comparing the ICs of a scan without sample (the flat field) and a scan with sample allows one
to separate the three types of contrast. The attenuation contrast is retrieved from the difference
in area under the ICs, phase contrast is retrieved from the difference in position of the maxima
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Fig. 3. An illumination curve using five mask-steps. The intensity is measured for different
sample grating displacements and a Gaussian curve is fitted to the data points.

of the ICs, and dark field contrast originates from the broadening of the IC. The three different
types of contrast are illustrated in Fig. 4.

Fig. 4. The three different contrast types that can be derived from IC comparison.

2.2. Multi-resolution EI

The trapezoidal sample grating is shown in Fig. 5. The grating bars and apertures linearly diverge
from the top to the bottom. Vertically translating the grating causes a change in grating period,
as shown in Fig. 6. When the sample and the sample grating are translated along the optical axis,
the magnification changes. To ensure that the gratings are properly aligned, and avoid a different
illumination of the pixels as in Fig. 2, a different sample grating period is required at the new
grating position. To preserve the projected period, for a system with a fan-beam source with a
line detector, the trapezoidal sample grating is translated vertically. Translating the grating along
the optical axis and preserving the projected period allows to image a section of the phantom at
different resolutions, giving the opportunity to balance between field of view (FOV) (Fig. 7(a))
and resolution (Fig. 7(b)).

To allow imaging on a 2D detector grid, a carefully designed trapezoidal grating can be tilted
around the mask-stepping axis. This concept is shown in Fig. 8. Tilting the gratings allows to
align the sample grating for the pixel rows above and underneath the focused row. The tilting
angle is dependent on the design parameters of the setup, which also determine the FOV and
resolution range. The spatial relationships of an EI setup are shown in Fig. 9.

The trapezoidal grating is perfectly aligned in point B. To find the angle θ that aligns the
tilted grating in point F, the intersection between the grating (BF) and the outer beamlet (AD),
as shown in Fig. 9, we construct two expressions for the grating aperture period in this point
F. The first expression pF1(θ) defines the grating period required in point F, to comply with the
changing magnification when tilting the grating. Point A represents the source, points C & D the
boundaries of the detector onto which the grating is aligned. Line segment [AD] correspond to
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Fig. 5. The trapezoidal grating and its design parameters.

Fig. 6. 3D representation of the EI setup with a trapezoidal grating. 1. source 2. trapezoidal
sample grating 3. detector grating 4. detector.

Fig. 7. EI setup with a trapezoidal grating.
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Fig. 8. Threefold view of a tilted and untilted EI setup. Note the change in axes orientation
in the different image rows.

Fig. 9. The spatial relationships of an EI setup. Point A represents the source, points
C & D the boundaries of the detector onto which the grating is aligned. Line segments
[AD] and [AC] correspond to the outer beamlets. The trapezoidal grating is aligned in
point B, and point E represents the intersection between the untilted grating, and the most
outward beamlet [AD]. When the grating is rotated over an angle θ, point F corresponds the
intersection of the tilted grating and the most outward beamlet.
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the outer beamlet, and [AF] to the line segment between the source point (A) and the point of
alignment (F), as shown in Fig. 9. The pixel size p and |AD| are fixed setup parameters.

pF1(θ) = p ·
|AF |
|AD|

. (1)

The second expression pF2(θ) is the grating period of the trapezoidal grating that is obtained
in point F. By rotating the grating, the intersection point F shifts along AD and BF, resulting in a
different period in F on the trapezoidal grating. [BF] corresponds to the line segment between
the original aligned point (B) and the point to be aligned by tilting (F), as shown in Fig. 9.

pF2(θ) = pB + |BF | · g. (2)

The period in B (pB) is again determined by the setup, and g is a design factor of the trapezoidal
grating which defines the diverging of the trapezoidal grating bars. This parameter g is defined
as pM−pm

hg
, with pM the largest period on the grating, pm the smallest period on the grating, and hg

the height of the grating, as shown in Fig. 5.
The appropriate angle to align the grating can then be computed by solving the equation

pF1(θ) = pF2(θ), which can be solved for θ as:

θ = cot−1 ⎛⎜⎜⎝
2ph2 + hgzsd

√︂
4z2

sd + h2

2gz2
sd

√︂
4z2

sd + h2

⎞⎟⎟⎠ . (3)

With zsd the perpendicular distance between source and detector, and h the detector height,
|DC | in Fig. 9. The elaborated derivation of this equation can be found in Supplement 1. The
previous equation allows to calculate tilt angle leading to the geometry depicted in Fig. 8(b),
based on setup parameters g, h, p, and zsd.

3. Experiments

The performance of the trapezoidal grating was simulated using GATE [37]. GATE is a Monte
Carlo software-platform based on Geant4 [38], which is used to simulate radiographs, CT
(computed tomography), PET (Positron emission tomography), and SPECT (Single-photon
emission computed tomography). In GATE-simulations, a setup is defined, and X-rays are
simulated in the form of photon particles. An optics-free X-ray imaging experiment simulation
can be configured in GATE by considering an X-ray source, sample, and detector. Recent
improvements in GATE allow attenuation, phase, and dark field contrast effects to be modeled,
as refraction can now be included in simulations (where the dark field signal is generated by
refraction events below the spatial resolution of the imaging setup as long as the micro-structure
of the sample is modeled to sufficient detail) [39]. In this study, however, only attenuation
and phase contrast was considered, because it was sufficient to demonstrate the concept of
multi-resolution EI. For the CT images, the CAD-ASTRA mesh projector was used [40,41],
because of its faster execution time. CAD-ASTRA allows simulation of X-ray projections from
CAD models through GPU-accelerated ray tracing and supports ray refraction in a geometric
optics framework. A GATE macro and a CAD-ASTRA script used for the experiments in this
paper, can be found in Supplement 1.

The setup for the EI simulations was adapted to mimic the FleXCT scanner [42,43] at imec
Vision Lab, University of Antwerp. The pixel size was 150 µm, and a fixed source-to-detector
distance (SDD) of 1800 mm was used in the simulations. The sample grating and sample were
translated along the optical axis between 600 mm and 1600 mm from the source, resulting in a
magnification between 1.25 and 3.25. The maximal attainable resolution of an EI setup, when

https://doi.org/10.6084/m9.figshare.28730894
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dithering is applied, corresponds to the aperture width, which varies in this configuration from
10 µm to 25 µm. Each simulation including a sample used 5 dithering steps, with a step size equal
to one fifth of the effective period. In the GATE simulations, the source was a polychromatic
cone-beam source with a rectangular finite spot-size of 34× 10 µm2, the spectrum of the source is
shown in Fig. 10. To sufficiently block incoming X-rays, gold was chosen as absorbing material
for the 225 µm thick grating bars. Each GATE simulation used 2 · 108 photons and the IC was
sampled at 5 mask-steps for every flat field and projection. The CAD-ASTRA simulations used
a fan-beam source with the same spectrum as the GATE simulations, shown Fig. 10, and a
Gaussian spot size with FWHM of 20 µm. The parameters of the trapezoidal grating are shown in
Fig. 11. The detector grating was a conventional grating with a period of 149 µm and an aperture
of 29.6 µm.

Fig. 10. The spectrum of the polychromatic source that was used in the GATE simulations.

Fig. 11. The geometric parameters of the trapezoidal grating used in the simulations. The
number of grating bars is determined by the number of detector pixels.

3.1. Flat field analysis

In the first experiment, the flat field obtained with a tilted trapezoidal grating was studied, as
shown in Fig. 12(a). The flat field was projected on a detector grid consisting of 66 × 66 pixels.
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To analyze the expected intensity loss of the tilted trapezoidal grating at different magnifications,
GATE-simulation results of a setup with gratings but without a sample were compared between
conventional and trapezoidal gratings. The metric that was used to compare the gratings was
obtained by dividing the average intensity of a simulation with a trapezoidal grating by the
average intensity of a simulation with a conventional grating, for different magnifications and
mask-steps.

Fig. 12. The setups of the different simulation experiments.

3.2. Peak-to-peak Contrast-to-noise ratio comparison

In the second experiment, conventional and trapezoidal gratings were compared based on the
peak-to-peak contrast-to-noise ratio (p2p-CNR) [22,44] at different magnifications. The p2p-CNR
was obtained by performing an EI simulation in GATE of a cylinder, and is calculated by dividing
the difference between the two refraction peaks for every row at the edges of the cylinder by the
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variance of the differential phase contrast without sample. The cylinder that was studied in this
simulation had a diameter of 4 mm, and was made out of aluminum. The p2p-CNR evaluates
the reliability of contrast information in an image, helping to assess whether features can be
confidently identified and analyzed despite noise interference. It is an equivalent metric to CNR
(contrast-to-noise ratio) for phase contrast imaging. The setup is shown in Fig. 12(b).

3.3. Multi-resolution radiograph of a test phantom

In the third experiment, an EI radiograph of a test phantom was simulated in GATE. The test
phantom was a poly-ethylene ellipsoid containing triplets of aluminum cylinders with diameters
varying between 10 µm and 50 µm, as shown in Fig. 12(c). To image the sample at multiple
magnifications, the grating was positioned on various positions along the optical axis, where it
was vertically translated and tilted to match the FOV with a detector grid consisting of 66 × 66
pixels.

3.4. Computed Tomography of a test phantom

In the fourth experiment, an EIXCT simulation was performed using the trapezoidal grating.
Unlike the other experiments, this experiment was simulated using the CAD-ASTRA toolbox.
Since only a single axial slice was simulated, the trapezoidal grating was not tilted. Two test
phantoms were simulated: a test phantom consisting of groups of 5 aluminum cylinders with
varying diameters, as shown in Fig. 12(d), and a steel screw, as shown in Fig. 12(e). The diameters
of the cylinders vary between 8 µm and 80 µm. The detector consisted of a single row of 50
pixels, resulting in a FOV varying between 6.7 mm × 6.7 mm for the lowest magnification to 2.5
mm × 2.5 mm for the highest magnification. 150 projection angles, equally distributed over a
360◦ range, were used for every magnification, and the differential phase contrast resulting from
the projections was integrated and reconstructed using filtered back-projection, with the iradon
function in MATLAB. Due to the limited noise in the CAD-ASTRA simulations, the Ram-lak
filter was chosen along with linear interpolation.

4. Results

4.1. Flat field analysis

The results of the flat field experiment are shown in Table 1. Each element in the table is calculated
by dividing the average intensity of a simulation with a trapezoidal grating by the average intensity
of a simulation with a conventional grating, for the indicated mask-step and magnification. The
experiments show that the intensity loss of using a trapezoidal grating compared to using a
conventional grating is higher with increased magnification, and that misaligning the grating in
mask-stepping further reduces the X-ray flux. While the loss is however never higher than 12%,
this reduction can cause a trade-off between resolution range and flux when higher magnifications
or misalignments are considered.

Table 1. This table shows the ratio of the average flat field intensity of
an EI simulation with conventional gratings and one with a tilted

trapezoidal grating. Each row corresponds to a different mask-step.

mask-step M=1.25 M=1.5 M=2 M=2.4 M=3.25

++ 0.97 0.95 0.93 0.92 0.89

+ 0.98 0.96 0.94 0.93 0.9

0 0.98 0.97 0.96 0.95 0.92

- 0.98 0.96 0.94 0.93 0.9

- - 0.98 0.95 0.93 0.92 0.88
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4.2. P2p-CNR comparison

The results of the p2p-CNR study are shown in Fig. 13. In Fig. 13(a), the differential phase
contrast of the cylinder is shown. Figure 13(b) shows the p2p-CNR values of the imaged cylinder.
For each magnification and each grating type, a boxplot is constructed. Each boxplot contains
the p2p-CNR values which are calculated for every row. The graph does not show a substantial
difference between the conventional and trapezoidal gratings. This experiment shows a strong
property of the trapezoidal grating: despite a reduction in flux at higher magnifications, the
contrast quality represented by this metric is preserved.

Fig. 13. The results of the p2p-CNR simulation experiment. Every value in the boxplot of
13(a) corresponds to the p2p-CNR of a row of the corresponding image of 13(b).

4.3. Multi-resolution radiograph of a test phantom

The differential phase contrast radiographs of the test phantom are shown in Fig. 14. At lowest
magnification of M = 1.25, the whole ellipsoid fits in the FOV, but the nested cylinders cannot be
resolved in the differential phase contrast. At magnifications 1.5 and 2, the projected ellipsoid
exceeds the FOV, but the largest cylinders at the sides can be resolved. The triplet containing
the smallest cylinders in the center, however, can not be resolved. This triplet is slightly visible
at a magnification of 2.4, and clearly visible at a magnification of 3.25. This experiment also
demonstrates successfully the use of a trapezoidal grating for imaging on a 2D detector grid.

4.4. Computed Tomography of a test phantom

The reconstructed phase contrast slice of the EIXCT simulation experiment is shown in Fig. 15.
The red arrows represent equivalent cylinder groups. Once again, the smallest cylinder, imaged
on the right in Fig. 15, can only be observed in the simulations with the highest magnifications,
while at lower magnifications, a higher FOV is imaged.

Figure 16 shows the phase contrast reconstruction of a screw at different magnifications. The
unusual background pattern is caused by the finite amount of sampling rays that CAD-ASTRA
uses. At the lowest magnification of M = 1.28, as shown in Fig. 16(i), the whole screw is
within the FOV. The screw thread is, however, not visible in this image. When the magnification
increases, the screw thread becomes increasingly visible and more delineated. These experiments
show how our method can be used to image a sample at multiple magnification, selecting the
optimal choice between FOV and resolution.



Research Article Vol. 33, No. 8 / 21 Apr 2025 / Optics Express 17897

Fig. 14. Differential phase contrast radiograph of the test phantom at different magnifica-
tions.The gray value of each pixel corresponds to the differential phase contrast, varying
between −2.4 · 10−6 (black) and 2.3 · 10−6(white).
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Fig. 15. EIXCT of the test phantom, which consists of groups of five cylinders. The
diameter of the cylinder in each group decreases from left to right. Magnification is indicated
at each image. The red arrows indicate corresponding groups of cylinders.The gray value
of each pixel corresponds to the phase contrast, varying between −1.0 · 10−4 (black) and
2.5 · 10−4(white).
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Fig. 16. The EI reconstruction of the screw at different magnifications. The FOV varies
between 6.7 mm × 6.7 mm for the lowest magnification to 2.5 mm × 2.5 mm for the highest
magnification. The gray value of each pixel corresponds to the phase contrast, varying
between −1.3 · 10−4 (black) and 3.2 · 10−4(white).

5. Discussion

In this paper a multi-resolution EI approach was studied, which makes use of a trapezoidal grating
which can preserve the projected period when the magnification changes over a continuous range
of magnifications, and which is tilted to allow imaging on a 2D detector grid. The presented
simulation results show that the suggested trapezoidal grating allows for multi-resolution EI from
a single experimental configuration, i.e., no optical elements need to be changed. The experiments
with the test phantoms illustrate the trade-off between resolution and FOV, and highlight the
possibility to perform selective region-of-interest scans. The experiments with the flat field and
the 2D radiograph show how tilting the trapezoidal grating results in a 2D FOV. The experiments
with the flat field and the p2p-CNR for an aluminum cylinder show that the results obtained with
the trapezoidal grating are similar to conventional gratings, and that the flux loss is limited. In
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this study, only attenuation and refraction contrast was considered, because it was sufficient to
demonstrate the concept of multi-resolution EI. Samples with sub-resolution micro-structures,
resulting in dark field contrast, would make the experiments of this study needlessly complex, but
could be considered in future work. While the simulation results are promising, some practical
considerations have to be taken in to account. First of all, while the trapezoidal grating allows
imaging a sample at different resolutions, the resolution has a lower limit at the pixel size, and
an upper limit by the aperture width before diffraction becomes non-negligible. Manufacturing
should also be taken into account. Our research group is at this moment investigating how
to manufacture a trapezoidal grating at micrometer scale and are discussing the options with
specialised companies. Similar to our current conventional grating which consists of sequential
gold plating, sequential trapezoids might be necessary for the trapezoidal grating, creating a
dotted-line pattern, as shown in Fig. 17. This may cause a certain loss in continuity, which has to
be studied further.

Fig. 17. Dotted line-pattern that may be required when the trapezoidal grating is manufac-
tured.

A trapezoidal grating has to be positioned very carefully into an EI setup, and has to be tilted
very precise to achieve optimal alignment. The setup also requires motion of the sample and
sample grating along the optical axis to change the magnification, like in conventional CT, as
well as vertical motion of the grating to compensate for the difference in magnification. A careful
selection of movement stages with the required range and precision is required, along with a
specific alignment strategy. From aligning the trapezoidal grating in this simulation study, we
noticed that a rotational misalignment around the ’tilting’ axis of around 20 arc seconds can
severely reduce the image quality, and rotational misalignment of around 1 arc minute results
in unusable images for the selected FOV. Another element to take into account is the influence
of translating along the optical axis on the illumination curve. While studying the trapezoidal
grating, it was observed that moving the grating closer towards the source changes the width of
the ICs, changing the sensitivity for the different contrasts. For setup stability, mask-stepping
with the detector grating is advised, and the range of the grating displacement should be adapted
to the magnification. This study can be further elaborated by validating the grating with real data
in the FleXCT setup [42,43], optimizing the grating parameters, and working out an alignment
strategy.
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6. Conclusion

Current EI setups, with conventional one-dimensional line aperture gratings, have a fixed
resolution, which is determined by the period and aperture of the grating positioned upstream of
the sample. In this paper, a novel trapezoidal grating geometry was introduced that allows EI at a
continuous range of resolutions, and is tilted to allow imaging on a 2D detector grid. The grating
was evaluated using GATE and CAD-ASTRA simulations. The trapezoidal gratings shows
similar performance compared to a conventional grating in the experiments based on flat field
intensity and p2p-CNR. The experiments with test phantoms show that this trapezoidal grating
allows to perform multi-resolution EI from a single experimental configuration for a continuous
range of magnifications, and demonstrates the tilting concept. Introduction of trapezoidal gratings
can greatly improve the flexibility of EI, which is an important step towards a generic and flexible
EI setup in the future.
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