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We propose a lens-free coherent modulation imaging (CMI) method for reconstructing a general complex-valued
wave field from a single frame of a diffraction pattern. A numerical Fourier transform is introduced in the iter-
ative reconstruction process to replace the lens or zone plate used in the current CMI technique to adopt the
constraint on the Fourier components of the exit wave field of the sample. While the complexity of the exper-
imental setup is remarkably reduced by replacing the zone plate and additional accessories with the numerical
processing, the energy fluence loss induced by the undesired diffraction orders of the zone plate can be also
avoided. The feasibility of the proposed technique is verified experimentally with visible light.
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Phase retrieval technology has attracted much attention
in recent years, owing to its significant contribution in
several applications of many areas, such as the materials
science[1–3], biology[4], and physics[5–7], where it is effectively
used for the high-contrast imaging or wavefront sensing[8–10].
Coherent diffraction imaging (CDI) has emerged as a
powerful approach for retrieving the phase information
by using the far-field diffraction intensity with an iterative
algorithm[11]. CDI has been widely used with a broad range
of radiations, including the visible light, high-energy elec-
trons, and x ray photons[12–16]. Like the recently developed
CDI method, the coherent modulation imaging (CMI)
method[17–22] can reconstruct a general complex-valued wave
field from a single diffraction pattern. It converges rapidly
with a convergent illumination and has a less stringent dy-
namic range requirement on detectors. The standard phase
retrieval process of CMI requires a constraint on the wave
field with the hybrid input–output (HIO) algorithm at the
“entrance plane,” which is essentially the focal plane of the
illumination on the sample[17,23]. Thus, a lens is required to
form a convergent illumination. A random phase plate
(RPP) is placed behind the illumination focus to modulate
the wave to be measured, and a CCD is used to record the
diffraction pattern. In Ref. [17], a lens (f ¼ 50 mm) was
used to form the convergent laser beam, and for imaging
with an x ray, the converging illumination can only be gen-
erated by using a zone plate together with the beam stop,
the order-sorting aperture, and other accessories[13], so the
experimental setup will be complex. In addition, since the
beam stop blocks the central part of the x ray beam and
only the first-order diffraction of the zone plate can illumi-
nate the sample after passing the order-sorting aperture,
only a small ratio of the x ray energy fluence is applied

for the imaging[24–26]. On the other hand, since the radiation
from most of synchrotron sources is roughly a parallel
beam, the application of the parallel beam directly for
CMI imaging is obviously important in consideration of
the experimental setup complexity and the usage efficiency
of the beam energy. A lens-free CMI is proposed in this
Letter, and a set of experiments with lasers was conducted
to demonstrate its feasibility.

Figure 1 shows the schematic of the lens-free CMI
method. A parallel incident beam passes through the sam-
ple and then illuminates the RPP to form a diffraction
pattern at the CCD camera. Compared to the current
CMI technique, which uses a focused beam for the illumi-
nation, this setup is remarkably simplified, especially in
terms of the x ray imaging. Since there are no focal
spots and the so-called “entrance plane” in Fig. 1, the

Fig. 1. Schematic of lens-free CMI method.
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HIO-based spatial constraint cannot be adopted directly
in the reconstruction process. However, according to the
principle of Fourier optics, the focal spot on the “entrance
plane” of the current CMI is essentially the Fourier Trans-
form of the exit wave field of the object in Fig. 1. In other
words, the constraint adopted on the “entrance plane” of
the current CMI can be replaced by doing a Fourier trans-
form on the exit field of the sample of Fig. 1 and adopting
the constraint on the obtained spatial Fourier compo-
nents. The underlying physics of the constraint used for
Fig. 1 are the same as that of the current CMI, except that
the optical Fourier transform is replaced by a numerical
Fourier transform.
If the constraint function is assumed as a circular aper-

ture S and the RPP has a known transmission function
Oðx; yÞ, the reconstruction of the exit wave field can be
done iteratively as follows, starting with a random initial
guess for the exiting wave field φnðx; yÞ of the sample,
where n stands for the number of iterations:
(1) Make a fast Fourier transform (FFT) of φnðx; yÞ as

ψnðu; vÞ ¼ FFT½φnðx; yÞ�. A constraint function of
circular aperture Sn ¼ f1;0; 0≤r≤rn

r>rn
is adopted at the ob-

tained Fourier components, where rn is the radius of
the circular aperture, and initially, rn (n ¼ 1) is a
small constant of the order of microns. The Fourier
components become ψc;nðu; vÞ ¼ ψnðu; vÞ· Sn. Then,
the improved exiting wave field of the sample is
obtained by the inverse Fourier transform φe;nðx; yÞ ¼
FFT−1½ψc;nðu; vÞ�, where n represents the nth
iteration.

(2) Propagate φe;nðx; yÞ to the modulator plane
Pm;nðx; yÞ ¼ I½φe;nðx; yÞ; z1�, where I represents the
propagation process.

(3) The exiting wave function of the RPP is
φm;nðx; yÞ ¼ Pm;nðx; yÞ·Oðx; yÞ, where Oðx; yÞ is
the transmittance function of the designed RPP.

(4) Propagate the exit wave function to the detector
plane as ϕm;nðx; yÞ ¼ I½φm;nðx; yÞ; z2� and replace the
amplitude of the wave function with the square root of
the recorded diffraction pattern intensity ϕc;nðx; yÞ ¼���

I
p

exp½i arg jϕm;nðx; yÞj�, where arg jϕm;nðx; yÞj rep-
resents the phase of ϕm;nðx; yÞ.

(5) The updated wave function ϕc;nðx; yÞ is pro-
pagated back to the RPP plane as φc;nðx; yÞ ¼
I−1½ϕc;nðx; yÞ; z2�, where I−1 represents the back
propagation process.

(6) Update the illumination function on the RPP as

Pnewðx; yÞ ¼ Pm;nðx; yÞ þ
jOðx; yÞj

jOðx; yÞjmax

Oðx; yÞ�
½jOðx; yÞj2 þ α�

× ½φc;nðx; yÞ− Pm;nðx; yÞ·Oðx; yÞ�;

where α ¼ 0.5 is an appropriately chosen constant to
suppress the noise[27].

(7) Back propagate Pnewðx; yÞ to the sample plane
φ0
e;nðx; yÞ ¼ I−1½Pnewðx; yÞ; z1�.

(8) The new Fourier spectrum is obtained by taking an
FFT of φ0

e;nðx; yÞ as ψ 0
c;nðu; vÞ ¼ FFT½φ0

e;nðx; yÞ�. In-
crease the value of rn by 0.1 μm in each iteration
and update the spectrum with the HIO algorithm[23] as

ψc;nþ1ðu; vÞ ¼ ψ 0
c;nðu; vÞ· Snþ1

þ β½ψ 0
c;nðu; vÞ− ψc;nðu; vÞ�ð1− Snþ1Þ;

where β takes a value from 0.4 to 0.9[15]. The corre-
sponding exit wave function at the sample plane
is φe;nþ1ðx; yÞ ¼ FFT−1½ψc;nþ1ðu; vÞ�.

Repeat steps (2)–(8) until the change between two suc-
cessive iterations of the exit wave field at the sample plane
φe;nðx; yÞ becomes sufficiently small. The hence obtained
φe;nðx; yÞ is regarded as the real exit wave function to be
measured. Since the illumination is a parallel beam,
φe;nðx; yÞ actually is the complex transmission function
of the sample. Figure 2 is the flowchart of the
reconstruction.

The feasibility of the proposed method is verified with
experiments using an He–Ne laser. The parallel laser beam
transmits the sample and then illuminates the RPP. A
CCD camera set at 65 mm behind the RPP is used to rec-
ord the diffraction patterns. The diameter of the parallel
laser beam is 2 mm. The RPP used is a binary RPP with
phase values of 0 and π for the He–Ne laser, and its trans-
mission function was premeasured with the extended

Fig. 2. Flowchart of the proposed method.
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ptychographical iterative engine (ePIE) method[27–29]. The
distance between the sample plane and the RPP is
22.26 cm. The wavelength of the laser source used is
632.8 nm, and the CCD used is a PIKE-421B (Allied
Vision Technologies, AVT). The CCD has 2048 × 2048
pixels, and the size of each pixel is 7.4 μm× 7.4 μm.
According to the basic principle of imaging optics, the spa-
tial resolution achievable at the sample plane can be cal-
culated with Δx ¼ ðz1∕z2ÞΔxD, where z1 is the distance
between the sample plane and the RPP, z2 is the distance
between the RPP and the detector plane, and ΔxD ¼
7.4 μm is the size of each pixel of the CCD. In our setup,
the resolution is 25.3 μm.
Figures 3(a) and 3(b) show the measured intensity and

phase distribution of the RPP with the ePIE algorithm,
respectively. The phase values of 0 and π are represented
in gray and black, respectively. The size of each diffraction
element is 14.8 μm× 14.8 μm. It can effectively disperse
the incident light beam and hence reduce the dynamic
range requirement of the detector.
When the incident parallel beam illuminates the RPP,

the diffraction pattern recorded by the CCD is shown in
Fig. 4(a), where the obvious speckle is due to the random
structure of the RPP. With the lens-free CMI algorithm
suggested, the illumination on the modulator plane can
be reconstructed. Figure 4(b) shows the reconstructed
Fourier components of the exit wave field of the sample.
Figures 4(c) and 4(d) show the reconstructed modulus and
phase on the RPP plane, respectively. Figures 4(e) and
4(f) show the amplitude and the phase of the exit field
of the sample. The amplitude clearly shows the edge of
the laser beam, and the phase is purely flat.
The diffraction pattern recorded when a biological

specimen (a pumpkin stem) was used as the sample is
shown in Fig. 5(a). The corresponding reconstructed
Fourier components of the exit wave of the sample are
shown in Fig. 5(b). The obvious change in the distribution
is due to the disturbance of the incident light field by the
biological specimen. Figures 5(c) and 5(d) show the am-
plitude and phase of illumination on the RPP plane, re-
spectively. The amplitude and phase distribution of the
reconstructed image of the sample are shown in Figs. 5(e)
and 5(f), respectively. The structures of the cells are
clearly visible.

To evaluate the performance of the proposed method
quantitatively, the following error function is calculated
on the recorded plane with the ongoing iteration.

Error ¼
�
�jϕm;nðx; yÞj−

���

I
p �

�2

I
; (1)

where jϕm;nðx; yÞj is the modulus of the calculated wave
distribution at the CCD plane and I denotes the intensity
of the diffraction pattern recorded.

The three convergence curves shown in Fig. 6(a) are the
calculated residual errors for rn ¼ 0.1 μm, α ¼ 0.5, and
β ¼ 0.4, 0.6, and 0.9, respectively, and Fig. 6(b) shows
three convergence curves for rn ¼ 0.1 μm, β ¼ 0.6, and
α ¼ 0.2, 0.5, and 0.8, respectively. We find that the final
residual reconstruction error is much less than 10% after
300 iterations for all these cases. In other words, the
dependency of the performance on the values of α and
β is quite weak. Fig. 6(c) shows four convergence curves
for α ¼ 0.5, β ¼ 0.6 and rn ¼ 0.05, 0.1, 0.2, and 0.3 μm,
respectively. From the four curves, we can find that here,
rn ¼ 0.1 μm is a suitable parameter chosen to improve the
convergence speed.

Fig. 3. (a) The amplitude and (b) phase distribution ofOðx; y) of
the RPP obtained with the ePIE algorithm.

Fig. 4. Recorded diffraction pattern and field reconstructions for
the incident beam. (a) The diffraction pattern recorded by CCD,
(b) the Fourier components of the exit incident beam, (c) recon-
structed amplitude and (d) phase distribution of illumination
on the RPP plane. (e) Obtained amplitude and (f) phase distri-
bution of the incident beam.
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The spatial resolution capability of the proposed lens-
free CMI method is measured by imaging a United States
Air Force (USAF) 1951 target. Figures 7(a) and 7(b)
show the amplitude and the phase distribution of the

transmitted field of the sample, respectively, where we
can find that the resolution achieved is about 24.8 μm,
which agrees with the calculated spatial resolution
of 25.3 μm.

In conclusion, we experimentally demonstrate a lens-
free CMI method to realize the measurement of a com-
plex-valued wave field with a single diffraction pattern.
By illuminating the sample with the parallel beam and
adopting constraints on the Fourier transform of the exit
wave of sample, the converging lens or zone plate, and
additional accessories, which remarkably increase the
complexity of the experimental setup and lead to energy
fluence loss, are no longer required. The feasibility of
the proposed method is verified by experiments with a
laser beam.
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Project of the Chinese Academy of Sciences, China
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