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A different x-ray phase contrast imaging technique based on the combination of structured illumination and
an optimized hybrid input-output algorithm for phase and amplitude retrieval is presented and discussed. Based
on a modified and flexible experimental setup, compared to standard propagation-based x-ray imaging setups,
the method we propose here represents a real advance in the phase-contrast imaging technique relating to the
determination of the phase and amplitude distribution. Moreover, in coherent diffractive imaging applications,
the proposed technique may yield high spatial resolution with currently available imaging detectors.
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I. INTRODUCTION

Over the past few decades, x-ray phase-contrast imaging
!XPCI" has become a powerful tool for structural investiga-
tions #1–5$. A wide range of applications spanning industrial
research to biomedical investigations has benefited from the
availability of these techniques. In this regard, the determi-
nation of the phase is highly desirable, since it relates to a
fundamental property of the material, namely, the projected
electron density. To fulfill this task of phase determination
from the measured intensity distribution, several methods
have been proposed. Among them, the in-line or
propagation-based !PB-PCI" x-ray phase-contrast imaging
techniques are the simplest and most widely used among the
available experimental methods. The possibility to extract a
quantitative phase map from propagation-based XPCI was
first achieved by Nugent et al. #6$ in a direct way applying
the transport of intensity equation !TIE" to perform phase
retrieval #7–9$ based on using monochromatic data from a
synchrotron source. Separately, Wilkins et al. #4$ showed
that polychromatic x rays could be used for x-ray in-line
imaging and, working within the same framework of the
TIE, Gureyev and Wilkins also described methods for phase
retrieval using polychromatic data #10–12$. The phase re-
trieval problem is a difficult task to manage in practice be-
cause the longitudinal derivative of the intensity, !I /!z, of
the propagating x-ray beam, which is involved in the TIE
equation, requires the accurate collection of images at least at
two different distances from the sample #13$ or at two dif-
ferent energies #10–12$. Meanwhile, the development of in-
direct methods of phase recovery has become an active field
of investigation. For the near-field diffraction case, multi-

plane image intensity measurements, recorded over planes at
a series of distances along the optical axis, have been used to
produce quantitative phase recovery #14,15$. Another
method to collect adequate data !three or more diffraction
patterns in a given viewing angle" for quantitative phase re-
trieval within the Fresnel region was proposed by Zhang et
al. #16$, in which different wave front modulation is per-
formed for every exposure. For the far-field diffraction case
#17–28$ !better known as coherent diffractive imaging tech-
niques", the oversampling approach is used together with the
hybrid input-output !HIO" algorithm and a support con-
straint, to yield successful phase recovery in many cases
#29–33$.

In this contribution, we discuss the possibility of perform-
ing an XPCI experiment for the purpose of providing an
improved method for phase and amplitude retrieval via the
use of a structured incident x-ray beam. This structure in the
beam can be introduced either by inserting a reference phase
mask along the optical system or by illuminating the sample
with two interfering coherent beams. Both approaches are
equivalent, as confirmed by numerical simulations. With the
use of the structured illumination for the imaging system, we
succeed in extracting the quantitative phase and amplitude
distribution from two diffraction patterns taken in opposite
viewing angles of the sample. As a result, the only mechani-
cal movement of the whole imaging system is the rotation of
the sample in a CT scan, which is indispensable for three-
dimensional !3D" reconstruction.

II. STRUCTURED ILLUMINATION BASED XPCI
SCHEME AND ALGORITHM

The experimental setup for x-ray in-line imaging of a
complex object using structured illumination is illustrated in
Fig. 1. In this scheme, a reference mask of known structure is
placed upstream of the object to be investigated and the in-
tensity distribution is recorded within the Fresnel diffraction
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regime. The method has conceptual links with the method of
Fresnel coherent diffractive imaging !FCDI" #24$ in that it
imposes a structure on the incident field, either in the form of
a phase curvature !as in FCDI, see Ref. #24$" or other struc-
tured illumination as outlined here.

In order to collect the data necessary to solve for the
phase distribution, rather than moving the detector along the
optical axis as discussed earlier, we instead collect data with
a combination of object and mask configurations, i.e., col-
lecting data in opposite viewing angles of the sample, as
illustrated in Fig. 2.

The proposed experiment has been simulated using the
Fresnel diffraction formula #33$, which describes the wave
propagation. Starting from an initial estimation of the com-
plex refractive index distribution of the sample, we choose the HIO algorithm, which is optimized for the proposed

scheme, to return an improved image at each cycle. To in-
vestigate the proposed method, we simulated different x-ray
Fresnel near-field imaging experiments where the parameters
of the optical system have been set according to the effective
layout, e.g., the sample size was set to 1.4 mm"1.4 mm
with a thickness of 100 #m, the distance from sample to
detector was set to 80 cm, and the resolution of the detector
was set to 2 #m. The reference mask involved !i.e., a $
phase grating with a period of 18 #m, see Fig. 3!c", in order
to obtain information associated with the interference pat-
tern, should be able to cover the investigated field of view
and is set to be of the same size as the sample in our simu-
lation. According to the restriction implied by Eq. !1", the
detector is placed far enough to ensure that the diffraction
patterns at the detector plane with respect to the angles of
view % and %+$ of the sample are independent from each
other due to the asymmetry of the reference mask,

zod &
T2

4'
. !1"

In Eq. !1", T is the period of the reference mask while ' is
the wavelength of the incident x-ray beam.

Considering that we work with a plane monochromatic
x-ray beam at an energy of 10 keV, a complex object is
employed for our numerical simulations, with the real part of
the refractive index decrement ranging from 0 to 10−6 while
the imaginary part ranges from 0 to 10−7, as illustrated in
Figs. 3!a" and 3!b", respectively. Fresnel diffraction calcula-

FIG. 1. !Color online" Schematic layout of the experimental
setup for x-ray in-line imaging experiments with structured illumi-
nation produced by a reference mask set along the optical path
upstream of the sample.

FIG. 2. !Color online" Schemes showing how an experimental
layout with a fixed reference mask associated with a sample that is
free to rotate over a wide angular range permits an equivalent com-
bined object data set to that obtained using a layout with two dif-
ferent reference masks. Panel !a" shows the sample set at the angle
of view % of the object with respect to the reference mask A. Panel
!b" refers to the same sample at the same viewing angle %, but after
a rotation of the mask around the vertical axis by 180 degree. Panel
!c" shows the same sample as seen from the opposite angle %+$
with respect to the mask orientation in panel !a". This latter geom-
etry is equivalent to that of the panel !b" via a simple coordinate
transformation.

FIG. 3. !Color online" Comparison among simulations of the
modified HIO phase retrieval algorithm, as discussed in the text.
The distributions of the real and the imaginary parts of the complex
object involved in our simulation are presented in panels !a" and
!b", respectively; panel !c" denotes the phase mask; the simulated
Fresnel diffraction pattern both with and without the mask on is
demonstrated in panels !d" and !e"; while panel !f" is the recorded
image with mask in place but in the opposite viewing angle of the
sample; the recovered argument distribution and the amplitude dis-
tribution of the wave field over the exit plane of the sample are
shown in panels !g" and !H".
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tions of images were performed both with and without the
reference mask #Fig. 3!c"$. The corresponding Fresnel dif-
fraction patterns at the detector plane are shown in Fig. 3!d"
without mask", 3!e" !with mask", and 3!f" !in the opposite
view angle and with mask", respectively. Assuming no sup-
port but a knowledge of the mask and refining on the two
Fresnel diffraction patterns recorded with the phase mask in
place !both Figs. 3!e" and 3!f"$, the iterative phase retrieval
algorithm yielded, successfully, both the phase distribution
#Fig. 3!g"$ and the amplitude distribution #Fig. 3!h"$ of the
wavefield over the exit plane of the sample.

To better understand and evaluate the performance of the
algorithm, the flow chart of the modified HIO algorithm,
which is optimized for our case, is demonstrated in Fig. 4!a".
As demonstrated in Fig. 4!a", the algorithm can be summa-
rized as follows:

Uobj
i+1 = Aswitch% iF&Icorrection#F!Uobj

i Umask"$'
Umask

( , !2"

where Uobj
i denotes the estimated wave field after i iterations;

Umask denotes the effect induced by the phase mask; F and
iF, respectively, stand for the numerical calculation of the
Fresnel diffraction forward and backward; Icorrection denotes a
function that modifies the estimated intensity distribution of
the wave field over the detector plane according to the one
measured experimentally; and Aswitch denotes the switch of
the viewing angle #see Figs. 3!e" and 3!f"$.

We also introduced the goodness-of-fit parameter, (,
which is defined as follows:

( = log)* *)
% I!x,y"

estimated − I!x,y"
exp

Imean
exp (2

dxdy

++)dxdy
, , !3"

in which !x ,y" is the coordinate system associated with the
detector plane while I is the intensity distribution over the
detector plane. Actually ( is also a suitable parameter to
evaluate the difference between the estimated intensity dis-
tribution and the experimental value. In Fig. 4!b", we show
the exponential-like convergent behavior of the algorithm
versus the iteration cycle with respect to different signal-to-
noise ratios. For a typical value of the signal-to-noise ratio
!RSN=5 on both the incident wave field and the image re-
cording system", the proposed algorithm reaches conver-
gence !(*−4" within 30 iterations.

The results obtained are very encouraging. However,
there are technical difficulties for fabricating masks with the
required structure #34$ to allow coherent diffractive imaging
at very high spatial resolution. Therefore, we also performed
simulations in which a structured illumination is obtained as
a coherent interference pattern, as shown in Fig. 5!a". In the
following discussion, we limited our considerations to the
case of a pure phase object #see Fig. 3!a"$ for the sake of
simplicity. The amplitude and the argument distributions for
the interference pattern over the plane upstream of the
sample are outlined in Figs. 5!b" and 5!c", respectively, while
the recovered phase map in this case is presented in Fig.
5!d".

III. DISCUSSION AND CONCLUSION

The simulations presented in this contribution demon-
strate that structured illumination produced by a reference

FIG. 4. !Color online" The flow chart of the modified HIO algorithm is presented in panel !a", while the behavior of (, the representative
fitting parameter for the HIO algorithm, versus the iteration cycle with respect to different signal-to-noise ratios is shown in panel !b".
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mask placed along the optical axis combined with an x-ray
Fresnel diffraction imaging and a modified HIO algorithm
may significantly improve the ability to carry out phase re-
trieval in propagation-based x-ray in-line imaging. More-
over, when compared to the multiple-distance-based phase
retrieval methods employed in the propagation-based x-ray
imaging, the proposed approach would appear to allow for
the possibility of working with a more convenient experi-
mental layout and is also characterized by a simple phase
retrieval procedure, which we have found is not very sensi-
tive to the noise.

Finally, we investigated also a layout in which the struc-
tured illumination is achieved as a coherent interference pat-
tern. Results show that, in principle, with this technique a
successful phase recovery may also be obtained. In fact, the
illumination of a sample with an asymmetric interference

pattern is equivalent to the use of a physical mask. Moreover,
a structured illumination obtained via a coherent interference
pattern offers effective advantages and the possibility to be
applied to the coherent diffractive imaging case.

A wide range of x-ray PCI techniques may benefit from
the adoption of the proposed schemes, including the
propagation-based x-ray imaging and also coherent diffrac-
tive imaging techniques. In fact, considering the traditional
algorithms used for phase retrieval in propagation-based PCI
!e.g., solving of the TIE" and in CDI !oversampling-based
HIO", our method based on a modified HIO algorithm is
versatile and allows for a more convenient experimental
setup, optimizing also the use of a given detector, i.e., it is
anticipated that the structured-illumination-based HIO algo-
rithm for phase and amplitude retrieval in CDI applications
would make better use of the available detector and may lead
to better resolution, since the routinely used oversampling
approach is no longer a necessary data process procedure in
the proposed scheme.

In conclusion, due both to the use of structured illumina-
tion and to the performance of the modified HIO algorithm,
the proposed method may be used to retrieve phase informa-
tion in a straightforward way for a wide variety of cases.
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