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1. Introduction

Recently, there have been significant advances in x-ray 
microscopy due to great progress in the development of x-ray 
sources and optical components. Advanced synchrotrons and 
x-ray free electron lasers (XFEL) provide ultra-intense x-ray 
beams with a high degree of spatial coherence [1, 2], and 
focusing optics such as zone-plates [3–5], Kirkpatrick–Baez 
(K–B) mirrors [6, 7], and multilayer Laue lenses [8] have 
been used to focus x-ray beams to nanometer scale size. Based 
on this progress, much effort has been dedicated to utilizing 
x-rays for imaging applications, since x-ray microscopy is 
considered to be the most straightforward optical approach 
to image objects with a nanometer scale resolution subject 

to the Abbe’s diffraction limit. Image resolution of an opti-
cal microscope is typically limited by the Rayleigh criterion, 

/( )λ1.22 2NA  [9], where λ is the wavelength of light and NA 
is the numerical aperture of the imaging objective lens. The 
resolution corresponds to the distance to the first dark ring 
in the airy disk of the lens. Due to the sub-nanometer scale 
wavelength of x-rays, structures much smaller than optical 
wavelength are expected to be well resolved.

In addition, x-ray microscopy has advantages in imaging 
objects non-destructively due to the high-penetration power of 
x-rays resulting from the weak interaction or small scattering 
cross section  with matter. In this aspect, x-ray microscopes 
have substantial advantages in imaging buried interfacial 
structures and internal structures of biological specimens 
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nondestructively without sectioning or staining. Using x-ray 
microscopy, three dimensional (3D) imaging of biological 
objects and materials in harsh environments becomes possi-
ble. Furthermore, with the recently developed XFEL sources, 
ultrafast x-ray imaging to study dynamic behaviors in a few 
tens of femtoseconds timescale is feasible. X-ray micros-
copy methods with time resolved in situ imaging capability 
are good candidates to compliment high resolution electron 
microscopy methods.

Among x-ray microscopic techniques, much effort has 
been dedicated to coherent x-ray diffraction imaging (CDI) 
recently [10–13]. Different from transmission x-ray micros-
copy (TXM) [14, 15]—which is a straightforward extension 
of conventional optical microscopy employing condenser and 
objective lenses—diffracted intensity from an object is directly 
recorded on a detector without using lenses in CDI. The dif-
fraction intensity of an object illuminated by a coherent x-ray 
beam represents the exact amplitude of the Fourier transform 
of the object’s electron density in the spatial frequency space. 
This is in contrast to typical incoherent x-ray diffraction pro-
files, which are averaged diffraction intensities over many 
coherent volumes providing statistically averaged informa-
tion. An object’s image in CDI is then reconstructed using 
the measured diffraction amplitude and its phase retrieved 
computationally by using various phase-retrieval algorithms  
[16–18]. The resolution of CDI is free of the limitations 
imposed by lens numerical aperture, which gets much more 
stringent as the wavelength of light decreases to the x-ray 
region. Since no image forming lenses are involved, CDI is 
called a ‘lensless’ imaging technique and expected to provide 
an extremely high spatial resolution that approaches the x-ray 
wavelength scale [19, 20].

Figure 1 schematically illustrates the processes involved in 
typical two dimensional (2D) CDI experiments in transmission 
geometry. Since the diffraction plane is almost perpendicular 
to the direction of the main x-ray beam in small angle regimes, 
the diffraction intensity represents the squared amplitude of a 
2D Fourier transform of the electron density integrated along 
the main beam direction, called projected electron density. It 
is also possible to reconstruct a 3D object image using the 
tomography principle by obtaining the images of the projected 
electron density at various φ rotation angles, as shown in the 
figure.

Retrieving the phase of diffraction signal from the meas-
ured diffraction amplitude (called modulus constraint) and 
known object information (support constraint) is a key ingre-
dient in CDI. Sayre [21] and Bates [22] realized that one 
needs to oversample diffraction intensity from an object twice 
as fine as the Nyquist frequency in each dimension in the spa-
tial frequency space to retrieve the lost phase and reconstruct 
an object image. The Nyquist frequency, the minimum spatial 
frequency to sample a Fourier transform of an object with-
out losing information predicted by the Nyquist theorem, is 
given by the reciprocal of the size (L) of an object, 1/L [23]. 
Gerchberg, Saxton (G–S) [24] and Fienup [16, 25] developed 
iteration algorithms which can be used to retrieve phase from 
oversampled diffraction intensity numerically. In most itera-
tion algorithms, the measured diffraction amplitude together 

with an initial arbitrary phase is inverse Fourier-transformed 
to get a trial object image. After applying the object con-
straint, typically the object size constraint imposing zero 
density outside the object, it is Fourier-transformed to yield a 
calculated diffraction signal in the reciprocal space. In the fol-
lowing iteration cycle, the calculated phase of the diffraction 
signal is kept while the amplitude is replaced by the measured 
diffraction amplitude. The iterations repeat until a self-con-
sistent solution satisfying both the modulus constraint and the 
support constraints is found. Miao et al [26] showed numer-
ically that reconstructing images in two or three dimensions 
is possible by oversampling diffraction intensity [21, 22]. 
They successfully reconstructed lithographed characters from 
exper imental x-ray diffraction intensity [10], which initiated 
numerous subsequent works in CDI. Since Miao’s demon-
stration, various CDI techniques including plane-wave CDI, 
Fresnel CDI, Bragg CDI, and ptychographic CDI have been 
developed and applied [27–37].

Nevertheless, the spatial resolution of CDI still remains 
near the 10 nm range [38], much larger than the wavelength 
of x-rays, which places great limitations on the practical 
application of CDI. The resolution limitation fundamentally 
originates from the weak diffraction amplitude and resulting 
poor signal-to-noise ratio (SNR), especially at high diffraction 
angles. The angular range of detectable diffraction signal with 
a reasonable SNR defines an effective NA in CDI. A small 
NA results in a poor spatial resolution similar to the cases of 
lens based microscopic techniques. Fundamentally, the scat-
tering cross-section of matter (electrons) to x-rays becomes 
extremely small as the wavelength decreases below 1 nm, 
which limits NA. Since the scattering cross-section is propor-
tional to the square of the number of electrons, bio or poly-
meric materials diffract even more weakly and it is extremely 
difficult to image them in high resolution [39, 40]. In addition, 
the phase retrieval algorithms do not work ideally, and fre-
quently result in false or non-unique image reconstructions, 
which further degrades image resolution.

This paper reviews the resolution issues and methods sug-
gested to overcome the limits in CDI. In section 2, we discuss 
how to assess the spatial resolution of retrieved images in CDI 
and consider factors affecting the retrieved image quality and 
resolution. In section 3, the errors involved in discrete Fourier 
transformation are presented, and possible corrections are 
suggested. The efforts to utilize reference objects to increase 
SNR and to enhance the image resolution in CDI are reviewed 
in section 4.

2. Spatial resolution in coherent diffraction imaging

2.1. Assessing the spatial resolution in coherent diffraction 
imaging

To assess the spatial resolution in CDI, it is necessary to dis-
cuss the effective NA determined by the range of recognizable 
diffraction intensity profile on a detector. As the diffraction 
intensity rapidly decreases with increasing diffraction angle, 
there is a finite angular range within which diffraction sig-
nal is distinguishable from noise and statistically meaningful. 
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The NA in CDI is defined as the angle from the direct inci-
dent beam to the furthest direction of the diffracted beam with 
meaningful intensity, as represented by Θmax in figure 2.

Shen et al selected five photons per detector pixel, which 
yields Poisson’s signal-to-noise ratio (SNR) of 5 , as a rea-
sonable criterion for minimum signal level and confirmed its 
validity in their simulation [41]. This is less stringent than the 
Rose criterion typically employed in imaging, which states 
that a signal is readily detectable above random background 
noise when SNR reaches about 5. Rose set the criterion by 
imposing a condition that there should be less than one pixel 
with false signal out of 105 pixels on average considering the 
percentage of values that lie within five standard deviations in 
a normal distribution. It has been used as a standard to judge 
the minimum observable contrast in a microscope [42]. The 
situation in detecting diffraction signal in reciprocal space 
is somewhat different since SNR is typically large enough 
in the pixels at small diffraction angles with strong diffrac-
tion signal, and the pixels with possible false signal are only 
those at large diffraction angles. In addition, as pointed out 

by Starodub et al the diffraction amplitude—the square root 
of the diffraction intensity rather than the intensity itself—is 
used in CDI phase retrievals [43]. Applying Rose’s argument 
to the diffraction amplitude, one may realize that SNR of 2.5 
in diffraction intensity (6.25 photons per pixel) satisfies the 
criterion since / ( ) /∆ = ∆I I I I2 . Therefore, Shen’s crite-
rion might be more appropriate to apply in CDI than the Rose 
criterion. In practical experiments, however, much higher sig-
nal level than five photons per pixel is desirable, due to instru-
mental noise other than the Poisson’s shot noise.

The spatial frequency q corresponding to a given diffraction 
angle Θ (the angle between the direct and diffracted beams) is 
defined as /λ= Θq sin . The largest spatial frequency of the 
pixels with statistically meaningful SNR, qmax is given by 

/λNA . We note that the spatial frequency q thus defined is 
related to the momentum transfer 

→ → →
= −Q k kf i, where 

→
kf  and 

→
ki are the momentum of diffracted and incident x-ray photons 
respectively, by 

→
π| |=Q q2 . The momentum transfer is used as 

the reciprocal space coordinates in typical diffraction experi-
ments. The pixel size or the distance between two adjacent 

Figure 1. Schematic illustration of typical coherent x-ray diffraction imaging in transmission geometry. Diffraction intensity is recorded 
using a phase coherent x-ray beam directly on a detector and the image is reconstructed by applying a phase retrieval algorithm.

Figure 2. Relationship between the numerical aperture (NA) and the spatial resolution. NA is defined by the angular range with meaningful 
diffraction signal and the real space pixel size ∆r is given by q1 2 max/ . The relationship between the sample size L and the oversampling 
ratio (OSR) is indicated.
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pixels, ∆r, of an image in real space is related to qmax through 
/( ) /( )λ∆ = =q1 2 2NAr max  (see figure 2) which sets the upper 

limit of the spatial resolution in CDI consistent with the 
Rayleigh criterion. Since the reciprocal space pixel size ∆q 
with an oversampling ratio of OSR is /( )×L1 OSR , where L 
is the object size, the number of pixels in the reciprocal space 
with meaningful signal is ( / ) ( / )× ∆ =L q LOSR 2 OSRr max  in 
each dimension.

The spatial resolution in reported CDI measurements, 
however, is significantly lower than the single pixel size ∆r, 
namely pixel resolution, determined by NA since there are 
additional instrumental noises and errors in phase retrieval 
algorithms due to missing central part of diffraction, non-
uniqueness, non-exact support constraints, and so on. The 
accuracy in retrieving the phase is most critical in determining 
actual spatial resolution of a CDI image. Therefore, the reso-
lution of an image obtained by CDI is estimated by analyz-
ing the retrieved phases in reciprocal space or reconstructed 
images in real space, and evaluating the confidence level of 
the image reconstruction.

The resolution of a 3D tomographic CDI image depends 
also on the number of 2D projection images as well as the 
NA in each 2D diffraction profile discussed above. At a given 
rotation angle φ shown in figure  1, a 2D diffraction pattern 
recorded on a detector represents the 2D Fourier transform of a 
projected object density that is in fact its 3D Fourier transform 
in the plane normal to the incident beam with zero momen-
tum transfer component in the beam direction. A 3D CDI 
imaging starts by collecting slices of diffraction intensity of 
an object from 2D intensity profiles at various φ. The spac-
ing between the momentum transfer vectors in two adjacent 
slices is φ×∆q2D  where q2D is the magnitude of the spatial 
frequency in each slice and φ∆  is the angle between the slices 
given by the /π Nslice. This should be less than 1/(2L) to satisfy 
the oversampling requirement, and constrains useful q s2D  to 
be smaller than /( )πN L2slice  which plays the role of effective 
qmax. The pixel resolution is then given by /πL Nslice. Holler 
et al reported an x-ray ptychographic computed tomography at 
16 nm isotropic 3D resolution by taking 720 projections [44].

In various imaging systems, the modulation transfer func-
tion (MTF), which measures the degree of the accuracy 
in transferring object modulation to image modulation, is 
widely used to estimate the spatial resolution. The MTF at 
a par ticular frequency →q is defined as the ratio of the Fourier 
amplitude of an image, ( )→S q img, to that of the object under 
inspection, ( )→S q obj,   ( ) / ( )→ →≡ | | | |S q S qMTF img obj . The diffraction 
intensity ( )→I q  or power spectral density is the square of the 
Fourier amplitude ( )→S q . Thus MTF functions as an indica-
tor for the visibility of a structure at a spatial frequency →q, 
and the spatial resolution of an image can be defined by the 
inverse of a threshold spatial frequency →qth above which the 
MTF decreases below a specified value such as 0.5. However, 
estimating MTF requires a priori structural information of an 
actual object, which is impractical in most CDI experiments 
where object information is unknown. Using a test speci-
men such as a resolution bar for resolution estimation is also 
impractical since the resolution in CDI depends sensitively on 

the scattering power of the object under imaging. In the case 
of CDI, one may set an upper limit of the modulation transfer 
frequency at a q value where the SNR in diffraction inten-
sity drops below a specified value for resolution estimate [45]. 
This is essentially the same procedure as defining NA and set-
ting the pixel resolution as discussed above.

For quantitative assessment of the spatial resolution in 
CDI, many researchers have used the phase retrieval trans-
fer function (PRTF) defined by the ratio of phase-averaged 
Fourier amplitude to the measured diffraction amplitude in 
reciprocal space,

( )
⟨ ( )   ⟩

( )

( )
→

→ →

→≡
| |φ

q
S q

S q
PRTF

e
,

q
recon

i

data

recon

 (1)

where ( )→φ q recons are the retrieved phases and the average is 
over independent phase retrieval trials that are used to recon-
struct a final image [46]. Thus defined PRTF mainly provides 
a confidence level in the retrieved phase values by evaluating 
⟨  ⟩| |φei recon .

Incomplete diffraction data, limited OSR, and errors in 
phase retrieval algorithms cause decrease in PRTF. Typically, 
an annular average of PRTF is used to estimate the spatial 
resolution of a reconstructed image. A threshold PRTF value 
such as 1/e or 1/2 can be set up to define a threshold spa-
tial frequency qth value above which PRTF drops below the 
threshold value [46–48]. The spatial resolution is then given 
by 1/2qth. In a few experimental reports, the PRTF initially 
decreases from unity with increasing spatial frequency but 
saturates at some value [49, 50]. This value is often used as a 
guide for the spatial resolution.

The PRTF defined in equation (1) provides a measure of 
the accuracy of the phase retrieval by comparing the phase 
averaged amplitude to the measured amplitude. However, 
each retrieved phase has equal weight in the average without 
evaluating its accuracy. Researchers often use their own cri-
teria to determine whether to include retrieved phases in the 
above average or not based on physical arguments or known 
sample information. One may develop a more rigorous defi-
nition of PRTF employing a weighting scheme based on the 
‘figure of merit’ of each retrieved phase similar to that used 
in electron microscopy where each phase is weighed by a 
Gaussian using the deviation of ( )S q recon from ( )S q data as the 
argument. [51, 52].

Frequently, the spatial resolution in CDI is directly esti-
mated in real space by evaluating a line spread function (LSF), 
the width of sharp edges in a reconstructed image. A sharp 
edge is modeled using an error function and its width is quoted 
as the value for the spatial resolution. There are two remark-
able reports which present a spatial resolution of about 5 nm 
using the LSF. Shapiro et al [53] measured a 200 nm thick Si/
Mo multilayer with focused soft x-rays, and Takahashi et al 
[48] measured about 100 nm sized Ag nanocube structure with 
focused hard x-rays. In both cases, structures with sharp edges 
were used to maximize diffraction intensity in specific direc-
tions to claim a superb spatial resolution, but in this case the 
resolution depends on the direction, and it is rather difficult to 
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achieve high resolution imaging for arbitrarily shaped objects. 
Nonetheless, LSF is the most straightforward and the simplest 
way to estimate the level of a spatial resolution as illustrated 
in figure 3. We note that the resolution estimated by PRTF in 
figure 3(c) is consistent with the width of the LSF shown in 
figure 3(b).

2.2. Factors determining resolution in coherent diffraction 
imaging

As discussed in the previous section, a fundamental limiting 
factor of the spatial resolution in CDI is the diffraction inten-
sity at large diffraction angles that determines NA. Two factors 
contributing to diffraction intensity are coherent x-ray photon 
flux and the scattering cross-section of a sample. Atomic scat-
tering cross-section for x-rays is proportional to the number 
of electrons in an atom, and objects with high atomic number 
elements are advantageous in terms of the spatial resolution. 
It is, therefore, especially difficult to image biological objects 
composed of low-Z carbons and hydrogens at a high spatial 
resolution. In case of weakly scattering objects, to obtain 
diffraction signal enough for the CDI reconstruction, one 
needs to increase incident photon flux by focusing [5, 7, 8] or 
increasing exposure. Typical flux of coherent x-ray beam on 
a sample from a third generation synchrotron is of order 109 
photons s−1 [54]. Current efforts in developing synchrotron 
radiation sources of high flux and high degree of coherence 
such as diffraction limited ultimate rings [55, 56] will be of 
great help for improving CDI resolution.

Exposing bio or polymeric specimens to x-rays above 
radiation damage threshold often destroys their structure. This 
radiation damage sets another limit without regard to the flux 
of x-rays on improving resolution. Since the amount of the 

required x-ray dose increases as one tries to achieve higher 
resolution imaging, one may estimate the best possible resolu-
tion by evaluating the dose that corresponds to the radiation 
threshold. Shen et al deduced that the required incident flux 
increases in proportion to dr

4 for 2D and dr
3 for 3D imaging 

where dr is the dimension of the resolution or a pixel (voxel) 
size [41, 57]. According to their argument in a 3D imaging, 
one needs 103 more photons to improve its resolution by one 
order of magnitude, say from 10 nm to 1 nm. Meanwhile, 
a maximum tolerable dose for biomaterials decreases as 
−dr

1. Henderson et al reported that a dose of ×2 107 Gy would 
destroy crystalline orders in proteins at atomic scale [58]. 
However, x-ray dosages over 1010–1011 Gy can be tolerated 
at a much lower resolution [59]. From this argument [41, 57], 
Shen et al estimated the best achievable spatial resolution of 
bio and polymeric materials to be about ∼5 10 nm as illus-
trated in figure 4. They also deduced that for a protein sample 
of size 0.1 μm the required incident coherent x-ray photon 
flux is as much as ×6.7 1013 photons μm−2

To overcome the limit imposed by radiation damage and 
to image biological objects in their natural intact states, cryo-
genic cooling [60, 61] and full hydration [50, 62, 63] have 
been employed. Hydration of biological specimens allows 
imaging them in their natural or live states but increases the 
risk of radiation damage due to radicals produced in the sol-
vent. By lowering temperatures to cryogenic conditions, sec-
ondary chemical reactions are expected to decrease since the 
motion of molecular fragments and reactive free radicals gen-
erated by ionizing radiation from initial positions would be 
suppressed by ‘caging effect’ by ice or cryo-protectants. [64, 
65]. Even with these efforts, the spatial resolution on biologi-
cal specimens in most experimental reports remains at about 
20 nm range [39, 40], and much further research is necessary 

Figure 3. High-resolution CDI imaging of a silver nanocube published by Takahashi et al [48]. The retrieved image resolution was 
estimated by LSF (b) and PRTF (c). Both methods, analyzed in real & reciprocal space, represent about 3 nm spatial resolution. The half 
period resolution is obtained by 1/2q. (d) SEM image of the measured silver nanocube. Reproduced with permission from [48], copyright 
2009 American Physical Society.
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to improve the resolution. The CDI resolution for biological 
specimens using synchrotron radiation is rather far behind that 
required to resolve them in molecular length scale, which is 
necessary to address the key issues in bioscience.

‘Diffraction-before-destroy’ methods based on the ultra-
short XFEL pulses may open a way to overcome the limits 
imposed by radiation damage and greatly improve the resolu-
tion [66]. By utilizing an intense x-ray pulse with temporal 
duration shorter than the time scale of molecular disinte-
gration following x-ray photo absorption, one may record a 
diffraction pattern with significant intensity prior to the dis-
ruption of a biomolecule [67]. This argument has often been 
used to justify construction of XFELs. With advanced XFELs 
such as LCLS and SACLA, it is now feasible to obtain x-ray 
pulses with a time duration near 10 femtoseconds. Single-
pulse based x-ray imaging also provides a unique capability of 
studying static and dynamic nature of various biomolecules. 
With these advantages, results of XFEL single pulse bioim-
aging on lacticum cells, mimivirus, RNAi microsponges, etc, 
that support the ‘diffraction-before-destroy’ concept, have 
been reported recently [62, 68–71]. Providing spatially fully 
coherent x-ray pulses, XFELs offer a great opportunity for 
CDI, but the flux of single x-ray pulse, about 1011 photons per 
pulse currently available, is not yet quite enough to achieve 
spatial resolution at molecular length scales, and the resolu-
tion reported by XFEL remains about ∼10 20 nm. In addi-
tion, biomolecules are destroyed completely after exposure to 
a single XFEL pulse, which imposes experimental difficul-
ties related to sample preparations and control. Furthermore, 
although one may obtain partial 3D information by analyz-
ing 2D images of identical specimens in various orientations, 

it is impossible to apply traditional tomography methods for 
3D imaging based on 2D images obtained at various angles. 
3D imaging of non-crystalline biological objects with XFEL 
pulses is an extremely challenging problem and still requires 
extensive research.

Shown in figure 5 is a 2D CDI image of an RNAi micro-
sponge sample obtained by using a femtosecond single XFEL 
pulse at SACLA. The pulse was focused by a pair of K–B 
mirrors to a 1.5 μm spot and there were ×1.1 1011 photons in 
each single pulse. The pixel resolution, which was estimated 
from qmax of the diffraction data, was about 17 nm. We note 
that the data range used in their reconstruction algorithm was 
about twice the range shown in figure 5(a). The image reso-
lution, estimated by noting that the meaningful data range 
shown in the figure is about 15 µ −m 1, is about 34 nm which 
is about the size of two pixels. It is worthy of note that the 
resolution is far from 1 nm even using a focused XFEL pulse 
in this case of a noncrystalline biological object. Being an 
image free of radiation damage reflecting the concept of ‘dif-
fraction-before-destroy’, this 2D image obtained by a single 
XFEL pulse was used to judge the validity a high resolution 
3D tomographic image obtained using a synchrotron source 
at higher resolution.

Minimizing instrumental noise during the measurement of 
diffraction intensity is as critical as increasing the x-ray flux, 
because SNR depends not only on signal but also even more 
sensitively on noise. Intrinsic noise due to Poisson shot noise 
is given by the square root of diffraction counts and the related 
SNR can be improved by increasing exposure. However, 
inherent instrumental noises associated with detectors, light 
sources, and optical elements impose limits on improving 
SNR regardless of exposure. Instrumental noises increase lin-
early with exposure (counting) time in general and are rather 
insensitive to the diffraction angle. Since the diffraction signal 
sharply decreases with increasing diffraction angle, the effect 
of instrumental noise becomes more important at large spatial 
frequencies and eventually dominates.

Recently much effort has been dedicated to minimizing 
the instrumental noises. The detector noise has been sig-
nificantly improved as noise free pixel counting detectors 
such as MEDIPIX and PILATUS [30] have replaced x-ray 
detectors based on CCD technology. In the case of the CDI 
based on plane wave x-ray beam, the diffraction pattern is 
not influenced by the translational sample drift as long as it 
remains inside the coherent volume of the x-ray beam, which 
can be as large as a few micrometers. This is in fact a great 
advantage of the plane wave CDI since the sample drift at 
nanometer scale is a critical issue in high resolution imaging. 
However, the sample drift must be minimized if one aims 
to achieve a sub 10 nm spatial resolution for CDI based on 
focused x-ray beam, such as Fresnel CDI and Ptychographic 
CDI. Stability of x-ray sources and optical elements is being 
enhanced to maintain steady constant illumination of sam-
ples. For the drift of samples, one should minimize temper-
ature fluctuations, air turbulence and vibration. Until now, 
a few nanometers to a few tens of nanometers drift [72] has 
been reported, which is comparable to the best achievable 
image resolution.

Figure 4. Achievable 3D image resolution of biological specimen 
as a function of required x-ray dose reported by Shen et al [41]. 
8 keV x-ray with a fixed sample volume, (   )=V 100 nm 3, was 
considered in two different conditions: in ice (thick solid line) 
and in a vacuum (thin solid line). The dotted line corresponds to 
the radiation damage limit for biomaterials, which is connected 
to Henderson’s limit at angstrom resolution and calculated by −dr

1 
relation between the image resolution and a maximum tolerable 
dose. Reproduced with permission from [41], copyright 2004 the 
International Union of Crystallography. (http://journals.iucr.org/)
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Errors in the phase retrieval process deteriorate CDI 
image resolution significantly, although quantitative access 
is difficult. Most of the current phase retrieval algorithms 
do not treat the error in measured diffraction amplitude 
explicitly differently from ordinary fitting procedures where 
weighted error bars on each data point are taken care of. In 
CDI, diffraction data are fed back directly with equal weight 
to reconstruct the image without regards to the accuracy in 
each data point. A couple of phase retrieval algorithms, 
such as noise reduction and oversampling smoothness, 
have been introduced to take into account of the noise in 
measured coherent diffraction intensities [73, 74]. Despite 
the improved performance for some demonstrated exam-
ples compared to HIO, those algorithms often require 
data specific optimization steps, and are yet to become a 
robust remedy. Therefore the data at large diffraction angles 
with relatively small SNR cause errors in reconstruction. 
Furthermore, diffraction signal and reconstruction image 
are digitized to calculate numerically. Discrete Fourier 
transform causes errors in the phase retrieval process which 
are critical in achieving the best possible resolution within 
the limit imposed by NA. This will be discussed in the fol-
lowing section.

3. Errors in phase retrieval procedures with  
discrete fourier transform

Currently employed phase retrieval algorithms rely on various 
kinds of Fourier transforms between a discrete set of diffrac-
tion signal pixels S(qj) in spatial frequency q-space and a set 
of object electron density pixels, ( )ρ xn , in real space. In CDI 

experiments, diffraction intensity, ( ) ( )=| |I q S qj j
2, is measured 

using pixel array detectors and therefore discretized automati-
cally. Intensity measured in each pixel represents that inte-
grated over the spatial frequency q-space covered by the finite 
size of the pixel. A phase retrieval algorithm begins with initial 
estimation of the complex diffraction signal S q S q ei q= | | φ( ) ( ) , 

where the diffraction amplitude S(q) is set to ( )I qj  and the 
phase values ( )φ qj  are set to random values.

When there are ×N M intensity pixels, an object electron 
density under imaging is approximated as an array of delta 
function points that satisfy the following relation in many 
reported CDI phase retrieval algorithms:

( ) ( )
⎡

⎣
⎢

⎤

⎦
⎥∫∑ ∑ρ ρ δ≈ = −π π

= −∞

∞

=

S q A A x x xe e dj
n

N

n
q x

n

N

n n
q x

1

2 i

1

2 ij n j

 (2)

Figure 5. XFEL single-pulse imaging of a single biological macromolecule reported by Gallagher-Jones, et al, [69]. Femtosecond x-ray 
speckle pattern of an RNAi microsponge (MS) (a), reconstructed image (b), SEM image of a similar RNAi MS (c), and histogram analysis 
of the density profile (d) are shown. The scale bars in ((a)–(c)) are 10 μm, 250 nm and 500 nm respectively. Reproduced with permission 
from [69], copyright 2014 the Nature Publishing Group.
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where the object electron density ( )ρ x  is approximated as a 
series of delta functions centered at points xn. (Here, we have 
presented the Fourier relation in one dimension only for the 
purpose of convenience, but this applies in the other dimen-
sion.) A is a constant including the scattering cross-section 
of an electron, incident x-ray beam intensity, and sample-to-
detector distance.

However, the density of a real object must be continuous 
and it is better approximated as an ×N M array of blocks of 
uniform density ρn as illustrated in figure 2 rather than discrete 
delta points as described in equation (2). The relation between 
the diffraction signal and density is then

∫ ∑ρ
π

π
ρ= ≈∆

∆

∆
π π

−∞

∞

=

( ) ( )
( )

¯
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟S q r x

q

q
e d

sin
ej

qx
r

j r

j r n

N

n
q x2 i

1

2 i j n

 (3)
where ∆r represents the pixel size, and ρ̄n is the mean density 
in the nth pixel. Comparing equations (2) and (3), we realized 
that one should include a sinc function factor correction to the 
measured intensity ( )I qM j ,

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟I q I q

q

qsinj M j
j r

j r

2π

π
=

∆

∆
( ) ( )

( )
 (4)

prior to running a phase retrieval routine base on a discrete 
Fourier series transformation. The correction factor for the 
measured intensity is as large as /π 42  at = ∆/q 1 2 rmax  and is 
about 1.2 even at /q 2max . Therefore, we expect that the best 
resolution achievable without using the correction factor is 
about twice the pixel resolution, the upper limit estimated by 
the size of NA. Figure  6 shows the simulation results with 
and without the correction factor. As expected, the image 

without the correction factor shown in figure 6(c) is blurred 
by one or two pixels. Addressing the error associated with the  
discreteness of pixels property can improve the spatial resolu-
tion by as much as a factor of two. Details of the simulation 
with experimental verification will be published in the near 
future [75].

Similarly, intensity measured in reciprocal space is also 
treated as ×N M arrays of S(q)s, representing intensity at 
the center of each pixel. However, experimentally recorded 
values represent intensity values integrated over each pixel. 
Therefore, one needs to deconvolute the measured integrated 
intensity to extract the intensity at the center of the pixel qj. 
When the OSR is much larger than 2, the integrated intensity 
is well approximated by the intensity at the center multiplied 
by the pixel area since the variation of the spatial frequency in 
a pixel, ∆q is much smaller than the inverse of the object size. 
In this case, no correction is necessary and there is not much 
effect on the resolution. On the other hand, when the sampling 
frequency is close to the minimum value, twice the Nyquist 
frequency (OSR  =  2), this effect becomes important. This 
problem in reciprocal space was carefully addressed by Song 
et al through a deconvolution method [76]. In their paper, the 
deconvoluted intensity at the center of a detector pixel was 
evaluated using,

( ) [ ( ) ] /
( / )

⎧
⎨
⎩

⎛
⎝
⎜

⎞
⎠
⎟
⎫
⎬
⎭

π
π

= −I q FT FT I q
x N

x N

2

sin 2j S k M
i

i

1 (5)

where I(q)S and I(q)M are the deconvoluted and measured 
intensities. As illustrated in figure 7, it was demonstrated that 
deconvoluting the intensity of diffraction patterns improves 
the quality of phase retrieval greatly, especially when the 

Figure 6. Numerical analysis of intrinsic error in real space during discrete Fourier transform. ((a), (b)) Simulated diffraction intensity 
without (a) and with (b) the sinc factor correction. Inset image in (a) shows the original image used in simulation. ((c), (d)) Reconstructed 
images based on the discrete Fourier transform using the diffraction intensities given in (a) and (b). The effect of the sinc factor correction 
is clearly illustrated by the blurring in the image shown in (c).
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oversampling ratio is small. The effect of the deconvolution 
on spatial resolution is not as serious as the previously dis-
cussed effect on the discrete treatment of real space density 
because the deconvolution effect is more relevant at low spa-
tial frequencies. However, since it affects overall image recon-
struction, the deconvolution is an important step to process 
prior to running a phase retrieval algorithm.

4. Enhancement of resolution using reference 
objects

Improving SNR to increase NA is the most essential element 
in enhancing the spatial resolution in CXDI, which can be 
achieved by increasing x-ray exposure in general. However, 
when it is not desirable to increase x-ray dose—such as for 
biological objects—one way to amplify the diffraction inten-
sity of a weakly scattering object is to place a strongly scat-
tering object nearby the sample object within the coherent 
volume and utilize their interference. The diffracted inten-
sity I(q) from an object and an amplifying reference object 
is given by,

φ φ= + + − +( ) ( ) ( ) ( ) ( )/ ( ) ( )  I q I q I q I q I q I q2 cos noiseO R O R O O R
 (6)

where IO and IR are the diffraction intensity from the object 
of interest and the reference respectively, and φO and φR are 
the phases of diffracted waves from sample and reference. 
When �I IR O, the third interference term is the dominant one 

in equation (6) that retains the object information. For a given 
x-ray flux and exposure, the scattering signal with object 
information would be amplified by about /I IR O.

Marchesini et  al [77] reported an ultrafast holographic 
x-ray imaging process with improved resolution using a 
known reference object, called ‘uniformly redundant arrays’. 
They imaged a sprioplasma cell at 75 nm resolution (estimated 
by the PRTF) holographically, using a single soft x-ray pulse 
of 15 nm wavelength. In holography, a known reference object 
provides phase information φO as well as amplifying the dif-
fraction signal as illustrated in equation (6), and therefore a 
strongly scattering reference object would be of great advan-
tage. Providing phase information plays a more critical role in 
holography. In CDI, where the reference object is unknown in 
principle, the situation is rather different.

Shintake [78] had discussed the improvement of the res-
olution in CDI using a reference object namely ‘coherent 
reference pump wave’ based on the amplification by the inter-
ference term in equation  (6). He initially argued that image 
resolution could be significantly improved using a strongly 
scattering reference object due to the amplification effect. In 
a simulation, he combined an iterative phase retrieval method 
with a low-pass filter for the reference reconstruction, and the 
digital Fourier transform holography with band-pass filter 
for the object reconstruction. Later, however, he realized that 
the Poisson shot noise of the signal from the reference object 
also increases in proportion to IR , which exactly cancels the 
amplification effect of the interference term and thus there is 

Figure 7. Numerical analysis of intrinsic error in reciprocal space during discrete Fourier transform published by Song et al [76]. ((a), (b)) 
Retrieved real images from diffraction intensities without deconvolution, I(q)M, with (a) = =OSR OSR 2x y  and (b) = =OSR OSR 10x y . 
((c), (d)) Retrieved real images from deconvoluted intensities, I(q)S, with (c) = =OSR OSR 2x y  and (d) = =OSR OSR 10x y . OSRx 
and OSRy correspond to OSR in x and y directions. The effect of deconvolution is more critical when OSR is small. Reproduced with 
permission from [76], copyright 2007 the American Physical Society.
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no advantage in improving SNR by using reference objects. 
He finally concluded that there is no gain in resolution and 
intrinsic SNR by employing reference scatterers, as is clear in 
table 1. Later, Lan et al [79] readdressed the improvement of 
spatial resolution of CDI for biological objects. They named 
the amplifying reference objects as a ‘template’ that amplifies 
the diffraction signal. In their simulation, they demonstrated 
improvement in bioimaging using a template without increas-
ing the radiation dose. In both reports based on simulations, 
improved image reconstruction was demonstrated using the 
amplified signal but, strictly speaking, the gain in SNR was 
not proved or demonstrated.

The enhancement of the spatial resolution using amplify-
ing reference object was finally verified by Kim et  al both 
in a simulation and an experiment [80]. They noted that the 
strong amplifying signal from reference objects is effective in 
reducing the effect of instrumental noise rather than photon 
shot noise, and argued that this is the major factor in enhanc-
ing SNR. Instrumental noise always becomes dominant over 
photon shot noise as the spatial frequency increases since the 
scattering cross-section decreases rapidly with increasing spa-
tial frequency in most diffraction measurements on weakly 
scattering objects. Instrumental noise caused by CCD noise 
(dark current, readout noise), photon flux noise, and sample 
noise generally increases in proportion to the exposure while 
Poisson’s photon shot noise increases with the square root of 
exposure time. Eventually, the instrumental noise becomes 
larger than photon shot noise after a long exposure, and the 
SNR is dominated by the instrumental noise. Table 2 summa-
rises the effect of a reference object on SNR including instru-
mental noise as well as photon shot noise. The effective SNR 

/( )∼ +I I I NO R R I  can be rewritten,

/
/

(   )
⎛

⎝
⎜

⎞

⎠
⎟×

+
≡

I

N

I I

I N1
amp. fac.O

I

R O

R I
 (7)

to show the amplification factor. Equation (7) shows that the 
SNR is amplified by the reference object and the enhancement 
in the spatial resolution is expected.

For samples free of radiation damage, one might think of 
increasing exposure to increase the weak signal at high spa-
tial frequencies. Then the noise that determines the spatial 
resolution in CDI is instrumental noise as discussed before. 
When instrumental resolution is dominant, the SNR without 
reference objects is simply /I NO I, and NA is defined by the 
spatial frequency where ( )/I q NO I becomes less than a speci-
fied criterion such as 5  or the Rose criterion. On the other 
hand with a reference object, SNR approaches to pure pho-
ton counting noise, ( )I qO  in the spatial frequency range 
where ( )I qR  is much larger than NI. The amplification factor 
becomes /∼ N II O . At even larger spatial frequencies, even 

( )I qR  becomes smaller than NI, and the resolution is set by 
the spatial frequency where ( ) ( ) /I q I q NO R I becomes smaller 
than the resolution criterion. The amplification factor in SNR 
in this regime is approximately ( )/ ( )I q I qR O , the same as the 
amplification in the interference term with the sample infor-
mation. This shows that the effect of instrumental noise on 
SNR can be overcome by using strongly scattering reference 
objects and the spatial resolution can be enhanced.

To demonstrate the resolution enhancement, they per-
formed a simulation on a bacterial phantom including both 
intrinsic photon counting noise and simulated instrumental 
noise [80]. Four different cases were simulated: bacterial 
phantom with photon counting noise (case I), bacterial phan-
tom with photon counting and instrumental noise (case II), 
bacterial phantom and reference objects with photon counting 
noise (case III), and bacterial phantom and reference object 
with photon counting and instrumental noise (case IV). The 
x-ray dose was set to the radiation damage limit (∼ ×1 109 
Gy) of typical biomaterials for a few nanometer resolution 
[41, 57].

Figures 8(a)–(d) show simulated diffraction intensities and 
reconstructed images of the phantom shown in figure 8(e). The 
diffraction profiles (shown in (c) and (d)) with the reference 
objects present exhibit a detectable interference pattern up to 
high spatial frequencies, and the reconstructed images show 
successfully the details of the phantom even when the instru-
mental noise was included as shown in (d). On the other hand, 
those without reference objects, illustrated in (a) and (b), show 
very weak diffraction intensity outside the central region. In 
this case, a reasonably good reconstruction was obtained 
when only photon noise was included as displayed in (a), but 
for the case with instrumental noise, details were missing in 
the reconstructed image as displayed in (b). By comparing 
the images shown in (b) and (d), it is clear that the reference 
objects were effective in enhancing the spatial resolution. The 
behavior of the SNR as a function of the momentum transfer 
Q is shown in figure 8(f ), which explains the enhancement 
of the image resolution in the presence of instrumental noise. 
With the reference objects, the SNR significantly increased 
compared to the case without them, especially at high spatial 
frequencies. The reference objects improved SNR to a level 
close to the value free of instrumental noise, ∼ IO  approach-
ing the case with only photon shot noise. It is interesting to 
note that the SNR in case II decreases to around one at high 

Table 1. Signal-to-noise ratio comparison with/without a reference 
object including photon-shot noise.

Signal Noise SNR

With Ref. ∼ ( ) ( )I q I qO R ∼ ( )I qR ∼ ( )   I qO

Without Ref. ( )I qO ( )I qO ( )   I qO

Note: The SNR in both cases are the same.

Table 2. Signal-to-noise ratio comparison with/without a reference 
object including photon-shot and instrumental noise.

Signal Noise SNR

With Ref. ∼ ( ) ( )I q I qO R ∼ ( ) +I q NR I ∼ ( ) ( )
( )+

I q I q

N I q

O R

I R

Without Ref. ( )I qO ( ) +I q NO I
( )

( )+
I q

N I q
O

I O
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Figure 8. Numerical simulation of the effect of reference particles in visualizing biological specimen published by Kim et al [80]. ((a)–(d)) 
Estimated diffraction intensities and reconstructed images of bacterial phantom when there exist ((a), (c)) photon counting noise or ((b), 
(d)) photon counting and detector noises. The three yellow dots in (c) and (d) correspond to Au reference particles with about 10 times 
higher electron density than bacteria. (e) Original image of bacterial phantom used in the simulation. (f ) Behavior of the SNR in diffraction 
profiles as a function of the momentum transfer Q, which is π2  times the spatial frequency q. The scale bars correspond to 200 nm for real 
images and 100 μm−1 for diffraction intensity in Q. Reproduced with permission from [80], copyright 2014 the Optical Society of America.

Figure 9. Experimental results demonstrating the effect of reference objects published by Kim et al [80]. SEM image, diffraction intensity, 
and reconstruction image without ((a), (c), (e)) and with the reference objects ((b), (d), (f )). The scale bars correspond to 100 μm−1 ((c), 
(d)) and 500 nm ((a), (b), (e), (f )). We note that momentum transfer Q is used as the coordinate for reciprocal space rather than spatial 
frequency q in ((c), (d)). Reproduced with permission from [80], copyright 2014 the Optical Society of America.
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frequencies, which does not meet the criterion set by Rose or 
Shen. In contrast, the reference object improved it to about 10, 
above the criterion. The analysis of the reconstruction error, 
defined as the difference between the reconstructed electron 
density and true density divided by their sum, also signifi-
cantly dropped in the presence of the reference objects.

Reference particles aid the retrieval of the phase φO 
through the phase term ( )φ φ−cos O R  in equation  (6). It is 
expected that φR of the strongly diffracting reference objects 
is determined in the early stage of phase retrieval iterations. 
Similar to Fourier transform holography with a priori infor-
mation [22], once their phase is determined, the interference 
term provides information on the phase of the sample object 
relative to the reference objects as also demonstrated in other 
simulations [79, 81].

Reference objects should be designed to effectively mag-
nify the sample diffraction signal at high spatial frequencies. 
For this purpose, it is desirable to have the size of a reference 
object be smaller than the object under investigation, and it 
should be made of high Z materials such as Au with many 
scatterers. In case of 2D imaging, one can employ rod-like 
reference objects elongated along the main beam direction. 
Based on the analysis of the reconstruction error, Kim et al 
found that reference objects with a density more than 5 times 
the sample object density are effective for amplification of the 
SNR. In their simulations, three reference particles having a 
size of about one third of the sample were used. Therefore, we 
infer that when the total x-ray scattering cross section of refer-
ence particles is more than 5 times that of a sample object, the 
amplification is effective. Asymmetric shaping or grouping a 
few reference objects asymmetrically is effective in avoiding 
stagnation during phase retrieval iterations due to twin-image 
problems and helpful in providing a unique solution.

The enhancement of resolution using reference objects was 
also confirmed experimentally. Figure 9 shows x-ray diffrac-
tion patterns of two test specimens: Au nano-assemblies with-
out and with reference objects together with the reconstructed 
images ((e) and (f )). The scanning electron microscopy (SEM)  
images of the samples are illustrated in figures 9(a) and (b) 
respectively. The reference objects, three large gold parti-
cles shown in figure 9(b), enhanced the diffraction intensity 
significantly as shown in figure  9(d), especially in the high 
spatial frequency region and provided much better resolvable 
speckles. The spatial resolution was greatly enhanced by the 
reference objects, as clearly illustrated in the reconstructed 
image in figure 9(f ). While individual Au nano-particles were 
not resolved and connected due to the low SNR in figure 9(e), 
they are clearly identified when the reference objects are 
included almost at one or two pixel level, as shown in the inset 
of figure 9(f ). One might make one-to-one matching between 
the small particles shown with those in the SEM image (figure 
9(b)). Kim et al applied reference objects to image nanoscale 
NiO nano-shell structures and a mammalian mitochondrion 
[82]. In the NiO sample case, relatively large NiO particles 
whose size was about 200 nm played a role as reference 
objects to image the detailed structures in smaller NiO parti-
cles. About 30 nm thick NiO shell structure was clearly recon-
structed, which was not recognizable in their SEM image.

5. Conclusion

We have reviewed coherent x-ray diffraction imaging with 
emphasis on its spatial resolution. Factors determining CDI 
resolution were discussed, together with the methods to 
access it. In CDI, the angular range with meaningful diffrac-
tion intensity plays the role of NA since diffraction intensity 
is directly recorded without using any lens. NA sets the upper 
limit of the spatial resolution, and increasing NA is the most 
critical element in enhancing the spatial resolution of CDI. 
Intense coherent x-ray sources and advanced detectors with 
minimal noise are necessary in increasing the diffraction signal 
and NA. For biomaterials, reducing radiation damage is also 
important so that one can increase exposure and diffraction 
signal. ‘Diffraction-before-destroy’ tactics based on XFEL 
pulses can provide molecular scale resolution with increasing 
x-ray flux. We have demonstrated that using strongly scatter-
ing reference objects as an interference source when studying 
weakly scattering object is quite effective in obtaining reliable 
image reconstruction and enhancing the image resolution. 
The reference objects will be especially useful in imaging 
biological or polymeric materials susceptible to low SNR due 
to weak scattering power and radiation damage. The errors 
involved in discrete Fourier transforms used in phase retrieval 
algorithms are discussed. Correcting these errors, one may 
improve the spatial resolution to the upper limit allowed by 
NA. There is still much room to improve phase retrieval algo-
rithms to achieve a high special resolution.

With the recent progresses in coherent x-ray sources 
including x-ray free electron lasers, we have a great opportu-
nity to utilize x-rays for high resolution imaging applications 
to address critical issues in materials and biology. Coherent 
x-ray diffraction imaging with an improved spatial resolution 
approaching 1 nm would clearly be one of the most prom-
ising techniques for imaging non-crystalline objects non- 
destructively. We expect that detailed sub-cellular structures 
such as internal structures of cell nuclei and mitochondria 
will be imaged with high resolution coherent x-ray diffraction 
imaging. Revealing the molecular structure of non- crystalline 
proteins is a challenging task for CDI based on XFELs. 
Interesting nanoscale materials phenomena including magn-
etic domain wall structure, skyrmions [83], catalyst atomic 
exchanges [84], and nano-scale coarsening [85] could also be 
addressed using CDI methods with improved spatial resolu-
tion. For all these applications, further efforts to enhance the 
spatial resolution to 1 nm or below are in demand.
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