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The demand for low-cost, high-performance miniaturized optical imaging systems requires creating a new im-
aging paradigm. In this paper, we propose an imaging paradigm that achieves diffraction-limited imaging with a
non-imaging spatial information transfer lens. The spatial information transfer lens realizes a perfect match be-
tween the space–bandwidth product (SBP) of the lens and that of the image sensor so that the collected spatial
information from the object can be totally recorded and fully resolved by the image sensor. A backward wave
propagation model is developed to reconstruct the object by propagating the light wave modulated by the in-
formation transfer lens back from the image space to object space. The proposed imaging paradigm breaks the
point-to-point imaging structure and removes the focusing-distance constraint, allowing a flexible arrangement
of the object and the image sensor along the optical axis with a compact form factor of the optical system.
We experimentally demonstrate the versatility and effectiveness of the proposed imaging paradigm. The proposed
imaging paradigm is low-cost, simple in configuration, flexible in arrangement, and diffraction limited with great
potential applications in biomedical imaging. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.523318

1. INTRODUCTION

An imaging-forming optical system, which relies on point-to-
point imaging structure, aims to bring the light rays received
from all object points within a desired field of view to their
corresponding image points. Optical aberration is a critical
factor affecting the performance of an image-forming system.
Optical design optimization can be considered as the process of
finding an optimal solution of an extremely overdetermined
problem, by which a group of optical elements and their spatial
relationships are optimized to minimize optical aberrations
and yield an acceptable image quality over a desired field of
view. This usually leads to complex stacks of optical elements
due to the overdetermined nature of optical aberration correc-
tion. With the development of computer science, the bur-
dens of optical systems have been shifted to computational
reconstruction, which allows us to develop imaging systems
with reduced optical complexity.

Computational imaging involves the joint design of imaging
systems and computational algorithms to create novel imaging
systems with unprecedented capabilities [1]. A typical compu-
tational imaging system mainly consists of two dependent
components: optical encoding and digital decoding [2]. The

optical encoding transfers the light waves from an object into
intensity measurements. The digital decoding recovers the de-
sired physical quantity using the intensity measurements. The
optical encoding and digital decoding are related by a physical
model and optimized jointly to extract the object information
of interest. A key challenge facing optical encoding is how to
modulate the captured spatial information from the object in a
desired manner [3]. Various techniques have been developed to
perform optical encoding, such as point-spread-function (PSF)
engineering [4,5], coded diffractive masks [6–8], and diffusers
[9–11]. The PSF engineering is accomplished by tailoring PSFs
of a traditional imaging system in a computationally invertible
form so that a high-quality image can be reconstructed by PSF
deconvolution [12–14]. A concerning issue in PSF tailoring of
a traditional imaging system is that a certain number of optical
surfaces are still needed for aberration control, which means
reduction in optical complexity is limited. Diffractive masks,
which are widely utilized in lensless imaging to achieve a com-
pact form factor, can be broadly divided into amplitude masks
and phase masks [15–19]. A coded amplitude mask (e.g., a
coded aperture in X-ray imaging) is an array of perforations
in a specific arrangement [20]. The reduced light throughput
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and the limited achievable PSFs caused by diffraction effects are
two major issues facing the coded amplitude masks. A coded
phase mask, which is generally a diffractive optical element
(DOE), reshapes the phase of incident light with higher light
throughput compared to amplitude masks. However, it may
still be a great challenge and costly to fabricate a large-
scale (e.g., centimeter scale) phase mask with minor errors.
Moreover, the unavoidable speckle noise and stray light mainly
caused by the random phase profiles and fabrication errors of
the coded phase mask are knotty issues in lensless imaging,
which inevitably reduces the signal-to-noise ratio and limits
the achievable resolution of lensless imaging systems [21–23].
A diffuser can be considered as a pseudorandom phase mask
[24]. The optical memory effect is an important characteristic
of a diffuser, which enables us to reconstruct an object with
speckle autocorrelation [25]. However, the field of view (FOV)
of the optical memory effect is very limited due to the nature of
a diffuser. To break this limitation for a larger FOV, one needs
to measure the light-field transmission matrix based on diffuser
encoding [26]. High-resolution imaging requires a large trans-
mission matrix [27]. However, the experimental measurement
of a large transmission matrix is rather time-consuming and re-
measurement of the transmission matrix is still needed once
either object distance or image distance is changed. Besides,
diffusers also suffer from speckle noise due to the pseudoran-
dom phase profiles, and the SBP of the scattered light beam
cannot match that of the image sensor, inevitably resulting
in a large amount of losses in the spatial information of the
object.

The demand for low-cost, high-performance miniaturized
optical imaging systems requires creating a new imaging para-
digm. In the current work, we propose a computational imag-
ing paradigm that achieves diffraction-limited imaging with a
non-imaging spatial information transfer lens. The proposed
computational imaging paradigm, which does not rely on either
aberration control or PSF tailoring, combines the following
advantages: (1) the proposed imaging paradigm enables both
large-scale and fine modulations of the phase distribution of
a light wave without speckle noise and stray light; (2) the
proposed imaging paradigm is low-cost, simple in configura-
tion, flexible in arrangement, and diffraction limited with a
compact form factor; (3) the proposed backward wave propa-
gation model provides a powerful tool for wave optics model-
ing of advanced optical systems. We demonstrate the versatility
and effectiveness of the proposed imaging paradigm via the
diffraction-limited imaging of a standard test chart and a mouse
ovarian tissue.

2. METHODS

A. Introduction to the Proposed Computational
Imaging Paradigm
The proposed computational imaging paradigm is schemati-
cally shown in Fig. 1(a). A coherent light beam with a known
complex field illuminates the object, and the modulated light
beam is then collected and delivered by a spatial information
transfer lens. The transfer lens is essentially a non-imaging
lens without aberration control and PSF tailoring. Both the

Fig. 1. Overview of the proposed computational imaging paradigm. (a) Architecture of the proposed imaging system. A transfer lens is placed
between the object and the image sensor to collect and deliver the object information. (b) Prototype of the proposed imaging paradigm. (c) The
object is reconstructed from the measured intensity patterns by use of a backward wave propagation model.
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entrance and exit surfaces of the transfer lens are smooth optical
surfaces with rotational symmetry, which are very easy to fab-
ricate. The spatial information transfer lens has two essential
functions in the proposed imaging paradigm: (1) it provides
a perfect match between the SBP of the lens and that of the
image sensor so that the collected spatial information from
the object can be totally recorded and fully resolved by the im-
age sensor; (2) it enables both large-scale and fine modulations
of the phase distribution of a light wave without speckle noise
and stray light, which are knotty issues in lensless imaging that
employs pixelated masks. The light beam after propagating
through the transfer lens is captured by an image sensor.
The proposed imaging paradigm breaks the point-to-point im-
aging structure and removes the focusing-distance constraint,
allowing a flexible arrangement of both the object and the im-
age sensor with a compact form factor of the optical system.
Since only the intensity of the outgoing light wave is recorded
due to the nature of an image sensor, two intensity measure-
ments are taken and a dual plane phase retrieval algorithm is
used to retrieve the complex field of the light wave in image
space. Then, a backward wave propagation model is developed
to reconstruct the object by propagating the light wave modu-
lated by the information transfer lens back from the image
space to object space. With the proposed computational imag-
ing paradigm, a diffraction-limited reconstruction of the object
can be achieved. We will introduce the proposed imaging para-
digm in more details in the rest of this paper.

B. Design of the Spatial Information Transfer Lens
As mentioned above, the spatial information transfer lens is
such that the spatial information from the object collected
by the lens can be totally recorded and fully resolved by the
image sensor. To achieve this goal, the quantity of information
collected by the transfer lens should be equal to that of the in-
formation recorded by the image sensor. That also means the
SBP of the lens should not be greater than that of the image
sensor. Figure 2(a) shows the design process of this spatial in-
formation transfer lens. Given a target FOV and numerical
aperture (NA) of the transfer lens, which determines the res-
olution of the imaging system, we calculate the SBP of the lens.
To fully resolve the spatial information recorded by the image
sensor, the key parameters of the image sensor should satisfy
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where Δ is the pixel size of the image sensor; D is the shortest
side length of the photosensitive area of the sensor; π�D∕2�2
can be considered as the image size. After the image sensor
is chosen, the maximum frequency of the information that
can be resolved by the sensor is fully determined by the pixel
size Δ. The angular spectrum theory tells us that a light wave
with any specified spatial structure can be decomposed into a
combination of plane waves with different directional angles
and amplitudes. To fully record and resolve all the modulated
object information collected by the transfer lens, the maximum

Fig. 2. The optimal spatial information transfer lens. (a) Design process of the spatial information transfer lens. (b) Ray tracing of the transfer lens.
(c) Spot diagrams on the observation plane. (d) Intensity distributions at sampled points on the observation plane. (e) Retrieved spectrum dis-
tributions in image space in the two examples. (f ) Fabricated transfer lens. (g) Surface error maps of the entrance and exit surfaces of the transfer lens.
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spread angle of the outgoing light beam after refraction by the
transfer lens should meet the condition defined by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − cos θ2x − cos θ

2
y

q
λ

≤
1

2Δ
, (2)

where λ is the wavelength; θx and θy, respectively, denote the
angle between the outgoing ray and the x-axis and y-axis. In the
examples given below, we make the SBP of the transfer lens
equal that of the image sensor to achieve a perfect match be-
tween the transfer lens and the image sensor. It should be
noted that Eq. (2) imposes a relatively strict constraint on the
propagation of the outgoing light beam, because the maximum
frequency component produced by the interference of the out-
going waves on the image sensor could be less than the one
determined by Eq. (2). That gives us some more degrees of
freedom to design the transfer lens.

In the proposed imaging system shown in Fig. 1(b), the
diameter of the circular FOV is 3 mm and the NA of the
transfer lens equals 0.5, which means the resolution of the sys-
tem equals 0.532 μm at a wavelength of 532 nm. The sensor
size is 29.9 mm × 22.4 mm and the number of pixels equals
9344 × 7000. The pixel pitch equals 3.2 μm, suggesting that
the maximum spread angle, θz , of the outgoing beam should
be less than 4.8°. The working distance between the object
plane and the entrance surface of the lens is 13.5 mm, and the
lens material is NBK7. It should be mentioned that a typical
microscope objective with a numerical aperture of 0.5 usually
comprises stacks of lenses for aberration control. The situation
is quite different in the design of the proposed information
transfer lens, because no aberration needs to be controlled.
What we need to do is to make the spread angle of the outgoing
beam less than 4.8°. Obviously, it is much easier to control the
maximum spread angle compared to aberration control. When
we optimize the transfer lens, several field points are sampled
and several tangential and meridional rays emanating from the
field points are traced. Then, the spread angle of the outgoing
rays is evaluated. Since neither the aberration control nor PSF
tailoring is required, the lens surface profiles can be very simple.
It is worth mentioning that the transfer lens can also be easily
optimized at multiple wavelengths over a certain wavelength
range (e.g., the visible spectrum) because correction of the chro-
matic aberrations of the transfer lens is not needed either. That
means the proposed imaging paradigm can also be applied to
chromatic imaging. In the proposed imaging system, the en-
trance surface of the lens is a spherical surface, and the exit
surface is a conic surface. After simple optimization, the lens
thickness equals 9.7 mm and the clear aperture is 16.52 mm.
The other optimized parameters of the lens surfaces are given in
Table 1. Figure 2(b) shows the ray tracing of the optimized
transfer lens. The red, green, and blue solid lines denote the
light rays emanating from the on-axis field point and two
off-axis field points, respectively. Figure 2(c) gives the spot dia-
grams produced by three sampled field points on an observa-
tion plane. The distance between the observation plane and the
exit surface of the lens equals 3 mm. From Fig. 2(c) we see that
the root-mean-square (RMS) spot diameter is around 14 mm,
telling us again that the proposed information transfer lens

is not a typical image-forming lens. Since we remove the
focusing-distance constraint and impose a constraint on the
maximum spread angle of the outgoing beam, this allows a flex-
ible arrangement of both the object and the image sensor along
the optical axis with a compact form factor of the optical sys-
tem. In order to investigate the incident angle distribution of
the incident rays at each sampled point on the observation
plane, a circular isotropic source disk with diameter of 3 mm
is placed at the object plane, and non-sequential ray tracing is
performed to evaluate the intensity distribution at each sampled
point on the observation plane. Figure 2(d) gives the intensity
distributions at the points (0,0), (0,3), (0,7), and (0,9). From
Fig. 2(d) we clearly observe that the angles of incidence at each
sampled point, which are fully determined by the pixel size
of the image sensor, are no more than 4.8°. Figure 2(e) gives
the retrieved spectrum distributions in image space in the two
examples, which will be introduced in Section 3. This figure
tells us that the highest retrieved frequency, which is also fully
determined by the pixel size of the image sensor, is around
156 lp/mm. From Figs. 2(d) and 2(e) we know that the spatial
information from the object collected by the transfer lens can
be totally recorded and fully resolved by the image sensor.
Figure 2(f ) gives the information transfer lens fabricated by
grinding and polishing. Detailed fabrication process of the de-
signed lens can be found in Appendix D. The surface error
maps of the entrance and exit surfaces of the lens are depicted
in Fig. 2(g). From this figure we can see the peak-to-valley (PV)
errors of the entrance and exit surfaces equal 0.279λ1 and
0.427λ1, respectively. Here, λ1 � 633 nm, which is the wave-
length of the light used to test the optical surface. It is of great
interest to mention that the transfer lens can also be an optical
plastic lens with smooth low-order aspheric surfaces, which is
apparently low-cost, easy to fabricate, and suitable for mass pro-
duction and commercialization.

C. Image Reconstruction Using a Backward Wave
Propagation Model
The incoming light wave captured by the transfer lens contains
the object information, and is recorded by the image sensor.
However, the image sensor can only detect the intensity (or
amplitude) component of light but the phase information can-
not be accessed directly. As we mentioned above, we develop a
backward wave propagation model that performs a full path
optical inverse diffraction calculation to reconstruct the object.
A key step to perform the inverse diffraction calculation is to
calculate a complex light field of the outgoing light wave behind
the transfer lens. That means we need to obtain the phase in-
formation of the outgoing light wave. Here, we employ a dual
plane phase retrieval algorithm to reconstruct the complex field
of the outgoing light wave from two intensity measurements
recorded by the image sensor. Compared with multi-plane
phase retrieval algorithms [28–31], the dual plane phase

Table 1. Optimized Parameters of the Two Surfaces of
the Spatial Information Transfer Lens

Entrance Surface Exit Surface

Radius (mm) 42.3 −12
Conic constant 0 −0.89862
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retrieval algorithm only needs two intensity measurements of
the outgoing light wave [32,33]. Consequently, the errors
caused by the movements of the image sensor can be greatly
reduced. For ease of calculation, the complex field of the out-
going wave in the tangential plane at the vertex (z � 0 mm) of
the exit surface is reconstructed using two intensity measure-
ments at z � H 1 and z � H 2. The two planes at z � H 1 and
z � H 2 are perpendicular to the optical axis of the lens, as
shown in Fig. 3(a). It should be noted that an appropriate dis-
tance between the two planes should be chosen to guarantee
sufficient diversity between the two intensity measurements.
Figure 3(b) illustrates the dual plane phase retrieval algorithm.
A weighted shrink-wrap constraint is added to the dual plane
phase retrieval algorithm to speed up the convergence of phase
retrieval, and a gradient descent method is used to suppress the
influence of noise by minimizing the total variation metric.
More detailed derivation and implementation of the dual plane
phase retrieval algorithm can be found in Appendix A.

Once the complex light field of the optical wave at
z � 0 mm is obtained, the next key step is to propagate the
outgoing light wave back to the object plane through the trans-
fer lens. Since the transfer lens is a thick lens, the property of
space invariance or simple transmission function [34,35] that
relies on thin lens approximation becomes invalid. To this end,
we develop a backward wave propagation model that takes
the lens thickness into account and propose a full path optical
inverse diffraction calculation for image reconstruction. That
means the outgoing light wave needs to propagate reversely
from the tangential plane at the vertex of the exit surface to
the object plane. The proposed inverse diffraction calculation
is based on the angular spectrum theory due to its accuracy
compared to the Fresnel diffraction formula. In terms of the
different sampling intervals at the object and detection sides,
an improved angular spectrum computation based on the
Bluestein method is employed to recover the high frequencies
from the lower frequencies at the detection side. The improved
angular spectrum method allows us to calculate an arbitrary

region of interest with an arbitrary sampling interval (see
Appendix B). To propagate the outgoing light wave through
the transfer lens, both the entrance and exit surfaces of the lens
are divided by a set of cutting planes perpendicular to the op-
tical axis with an unequal spacing between each two neighbor-
ing planes. The smaller the radius of curvature of the lens
surface, the smaller the spacing between each two neighboring
planes, and vice versa. Since the transfer lens is rotationally
symmetric, the decomposition of the two surfaces yields a set
of annular surface slices. We take the inverse diffraction calcu-
lation between the p-th and (p� 1)-th cutting planes as an ex-
ample, as shown in Fig. 4(a). The p-th slice of the exit surface
is projected onto the p-th and (p� 1)-th planes, which yields
two identical annuluses p1 and p2 in two different media shown
in green in Fig. 4(b). It is apparent that the p1 annulus projec-
tion lies in the air, and the p2 annulus projection lies in the lens.
Then, what we need to do is to propagate the light wave from
the p1 annulus to the p2 annulus. Since both the p1 annulus and
the tangential plane lie in the air and are perpendicular to the
optical axis, the diffraction calculation between these two par-
allel planes is straightforward [36–38]. The complex field of the
optical wave on the p1 annulus is given by

Up1 � Pzp�u�⊙ Pupilp,

Pupilp �
�
1 R2

p ≤ x2 � y2 < R2
p�1

0 else
, (3)

with

Pzp�u� � F −1

�
F �u� exp

�
i
2π

λ
zp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − �λf x�2 − �λf y�2

q ��
,

where the symbol “⊙” represents the Hadamard product; Pzp is
the back propagation operator (at the propagating distance
jzpj), which is modeled as angular spectrum propagation; f x
and f y denote the spatial frequencies. Since the light wave is
modulated by the p-th slice when propagating from the p1 an-
nulus to the p2 annulus, phase compensation should be

Fig. 3. Key steps of the full path optical diffraction calculation. (a) Illustration of the two intensity measurements. (b) Flowchart of the dual phase
retrieval algorithm.
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included in the diffraction calculation of the complex field of
the light wave on the p2 annulus, which is defined by

Up2 � Up1 exp

�
i
2π

λ
�g�x, y� − zp�

�

× exp
�
i
2π

λ
n1�zp�1 − g�x, y��

�
, (4)

where g�x, y� denotes the z-coordinate of a sample point on the
lens surfaces; zp and zp�1 represent the location of the p-th and
(p� 1)-th planes along the optical axis. The phase compensation
term, which reveals the influence of surface profile on the propa-
gation of a light wave, can greatly reduce the number of decom-
posed slices. The whole propagation through the information
transfer lens is introduced in Appendix C. It is worth highlighting
that we could use the measured surface profiles of the fabricated
lens instead of the nominal ones for better object reconstruction
when we perform the full path optical inverse diffraction calcu-
lation. This will make the proposed imaging paradigm insensitive
to fabrication errors, and certainly simplify fabrication of the
transfer lens. It is also of great interest to mention that the pro-
posed full path optical diffraction calculation can also be applied
to forward wave propagation, and could be a powerful tool for
wave optics modeling of advanced optical systems.

D. Digital Refocusing
A slight deviation between the actual working distance and
the nominal working distance cannot be avoided due to the
fabrication and alignment errors when we build the imaging
system. To achieve a high-quality image reconstruction, a dig-
ital refocusing algorithm is used here to find an optimal work-
ing distance. When the complex field on the object plane is

reconstructed, we calculate the gradient of the reconstructed
complex amplitude. Then, the singular value decomposition
of the module of the gradient can be written as

R �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j∇xOj2 � j∇yOj2

q
� W

0
BB@

r1 0 0

0 . .
.

0

0 0 rm

1
CCAV T , (5)

where O represents the reconstructed complex amplitude at the
object plane; ∇xO and ∇yO are the x and y components of the
gradient; W and V are the matrices consisting of eigenvectors.
The singular value fusion of the gradient (SVFG) [39] is em-
ployed here to quantify the quality of image reconstruction,
which is given by

SVFG � 1

M

XM
m�1

rm, (6)

where M is the number of sample points of the object in one
dimension. It is apparent that a larger value of SVFG represents
a better image reconstruction. An interval that includes the
nominal working distance should be provided for digital refo-
cusing, and the length of the interval is determined by the res-
olution of the system. It is worth mentioning that the digital
refocusing allows us to reconstruct a diffraction-limited image
even if the working distance is not given.

3. RESULTS

A. Standard 1951 USAF Resolution Test Chart
Reconstruction
To demonstrate both the effectiveness and versatility of the
proposed imaging paradigm, we build a prototype shown

Fig. 4. Illustration of decomposition operation in the full path optical diffraction calculation. (a) Perspective view of the decomposed lens with a
set of cutting planes. (b) Front view of the two identical annuluses p1 and p2, which are the projections of the p-th surface slice on the p-th and
(p� 1)-th plane, respectively. Since the two annuluses are identical, only one annulus is shown here for simplicity. (c) Side view of two identical
annuluses on the p-th plane and the (p� 1)-th plane and illustration of the phase compensation.
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in Fig. 1(b). A solid-state laser with wavelength of 532 nm is
expanded and collimated to illuminate the object. A field stop is
placed in front of the object. The collimated beam modulated
by the object is collected and delivered by the information
transfer lens. The outgoing light is captured by an image sensor
(VlXT-650C.I; Baumer, Germany), which is installed on a
z-axis linear motorized stage (travel range: 100 mm; Daheng
Optics, China) for the measurement of two intensity patterns.
The recorded intensity patterns are monochrome images with
12-bit depth. The full path optical inverse diffraction calcu-
lation is carried out on a computer (CPU: AMD 3990X;
RAM: 64G). First, the prototype of the proposed imaging
system is used to observe a standard 1951 USAF resolution
test chart. The diameter of the circular FOV equals 3 mm.
Figure 5(a) shows two intensity measurements recorded at two
planes. To achieve a good balance between the high signal-to-
noise ratio and diversity of the two intensity measurements,
the distance between the two planes equals 20 mm. From
Fig. 5(a) we can see obvious diversity between the two intensity

measurements. The amplitude distribution produced by the re-
constructed optical wave in the tangent plane at the vertex of
the exit surface is given in Fig. 5(b). It is apparent that we can-
not identify the object from the intensity measurements taken
in image space due to the fact that the information transfer lens
is a non-imaging lens.

Both the entrance and exit surfaces of the transfer lens are
divided into 200 slices. After the full path optical inverse dif-
fraction calculation, we obtain the complex field in the object
space. The digital refocusing algorithm gives us the optimal
working distance between the object plane and the entrance
surface of the transfer lens, which equals 13.501 mm, as shown
in Fig. 5(c). This figure also indicates that it is very easy to
find an optimal working distance because there is only an ex-
treme point of SVFG. Figure 5(d) shows the reconstructed am-
plitude of the object. From this figure we can see that the
Group 9 Element 2 of the test chart with a lateral resolution
of 0.87 μm can still be resolved, indicating the effectiveness
of the proposed imaging paradigm. As mentioned above, the

Fig. 5. Reconstruction of the USAF 1951 resolution test chart. (a) Two intensity patterns recorded by the image sensor. (b) Amplitude dis-
tribution in the tangent plane at the vertex of the exit surface. (c) Change of SVFG. (d) Reconstructed object with the transfer lens. (e) Reconstructed
object without the transfer lens. (f ) Reconstructed object with thin lens approximation.
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target resolution of the system is 0.532 μm. The slight deviation
between the actual resolution and the target is mainly caused by
the fabrication errors of the transfer lens, the alignment errors of
the imaging system, and the phase reconstruction errors.

In order to further illustrate the advantages of the proposed
imaging paradigm, we remove the transfer lens, and therefore
the proposed imaging system becomes a lensless imaging sys-
tem. Two intensity measurements are taken, and the amplitude
of the object is reconstructed, as shown in Fig. 5(e). From this
figure we can see that the Group 7 Element 2 with a lateral
resolution of 3.5 μm is resolved. It is worth mentioning that
when the transfer lens is not used, the achievable resolution
of the lensless imaging system is limited by the pixel size of
the image sensor. Obviously, the achievable resolution of the
proposed imaging paradigm is significantly enhanced, and is
limited by the NA of the transfer lens. As mentioned above,
the object is reconstructed by propagating the light wave back
from the image space to object space, and a key step of the
backward propagation is to propagate the light wave through
the thick non-imaging transfer lens. To further demonstrate the
effectiveness of the proposed backward wave propagation
model, the transfer lens is replaced by a thin spherical lens,
which is perhaps the most important optical element in
Fourier optics. It is well known that the thin lens introduces a
quadratic phase shift and the focal length of the thin lens can be
calculated from the parameters of the lens given in Table 1.
Figure 5(f ) gives the reconstructed object, which is very
blurred. The obvious difference shown in Figs. 5(d) and 5(f )
demonstrates the effectiveness of the proposed backward wave

propagation model. The proposed backward wave propagation
model provides a powerful tool for wave optics modeling of
advanced optical systems.

B. Biomedical Samples Reconstruction
In this section, the prototype shown in Fig. 1(b) is used to ob-
serve a mouse ovarian tissue. Due to the large field of view of
the prototype, the entire region of interest (ROI) denoted by
the yellow circle on the sample can be captured. Figure 6(a)
gives the two intensity measurements used in the dual plane
phase retrieval, and Fig. 6(b) shows the amplitude distribution
produced by the reconstructed optical wave in the tangent
plane at the vertex of the exit surface. Similarly, we cannot iden-
tify the object from the three blurred patterns. Figure 6(c) gives
the reconstructed image of the ROI. Vignette high-resolution
views of the reconstructed image are shown in Figs. 6(d)–6(g).
The image shown in Fig. 6(d1) is reconstructed from the pro-
posed imaging system. Figure 6(d2) shows a blurred image cap-
tured by a 2× microscope objective with NA of 0.08. It is
apparent that the mouse ovary cells cannot be resolved by this
low-power objective. The mouse ovary sample is also observed
by use of a commercial microscope (SOPTOP RX50M) with a
20× objective of NA = 0.5. The image captured by the micro-
scope is given in Fig. 6(d3). From Figs. 6(d1) and 6(d3) we can
clearly see that the mouse ovary cells resolved by the proposed
imaging system are comparable with those resolved by the
microscope. It is also worth mentioning that the circular FOV
of this commercial 20× objective is 1.25 mm, suggesting that
the proposed imaging system has a much larger FOV than the
commercial objective. Figures 6(e), 6(f ), and 6(g) show the

Fig. 6. Reconstruction of a mouse ovarian tissue. (a) Two intensity patterns recorded by the image sensor. (b) Amplitude distribution in the
tangent plane at the vertex of the exit surface. (c) Full FOV image of the mouse ovarian cells. (d1), (e)–(g) Vignette high-resolution views of the
image in (c). (d2), (d3) Images taken by a commercial microscope with a 2× (d2) and a 20× (d3) objective lens, for comparison.
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reconstructed image of three other different ROIs. From these
figures we can clearly observe the mouse ovary cells. This
example tells us that the proposed imaging system generates
high-resolution images only with a simple and low-cost spatial
information transfer lens, again indicating both versatility and
effectiveness of the proposed imaging paradigm.

4. DISCUSSION AND CONCLUSION

In this section, we investigate the influence of several key fac-
tors on the quality of object reconstruction in the proposed
imaging paradigm. As mentioned above, the lens surfaces need
to be divided into a set of annular surface slices and the phase
compensation should be made when we propagate the light
wave back to the object plane. Thus, the first key factor is
the number of annular surface slices generated from the surface
decomposition, as shown in Fig. 7(a). How many annular sur-
face slices should be used depends on the diameter of the lens
aperture and the radius of curvature of the lens surface. The
smaller the radius of curvature, the more the annular surface
slices for better phase compensation. We take the transfer lens
given in Fig. 2 as an example, and increase the number of an-
nular surface slices from 10 to 50. The quality of the object
reconstruction is greatly improved when the number is in-
creased from 10 to 30, as shown in Fig. 7(a). This figure also
shows that the quality of the object reconstruction is slightly
improved when the number is further increased from 30 to 50,

which tells us that a good balance could be achieved between
the quality of the object reconstruction and computation cost.

As also mentioned above, alignment errors cannot be avoided
when we build the imaging system. Thus, it is necessary to ana-
lyze the influence of both decenter and tilt of the information
transfer lens on the quality of image reconstruction. Due to
the rotational symmetry of the lens, we only investigated the de-
center of the lens along the y-axis and the tilt of the lens around
the y-axis. Two sets of line pairs with an interval of 775 nm and
1.55 μm are simulated. Figure 7(b) shows the change of the
image reconstruction when the decenter of the lens is increased
from 0.01 mm to 0.05 mm. From this figure we can see slight
differences between the three reconstructed images. Figure 7(c)
shows the change of the image reconstruction when the tilt of
the lens is increased from 0.1° to 0.5°. From this figure we ob-
served that the reconstructed image of the line pair with an in-
terval of 775 nm is too blurred to identify when the tilt equals
0.5°. Figures 7(b) and 7(c) tell us that the image reconstruction is
more sensitive to the tilt of the lens compared to decenter. This
provides a good guidance for us to assemble the proposed imaging
system. Figure 7 also indicates that the low-frequency compo-
nents are less sensitive to the number of annular surface slices,
the decenter, and tilt of the lens compared to the high-frequency
components. It is worth mentioning that we can also take the
alignment errors of the imaging system into account during the
backward propagation of the light wave, making the proposed
imaging paradigm insensitive to the alignment errors.

Fig. 7. Influence of key factors on the quality of image reconstruction. (a) Reconstruction results of the standard test chart with the number of
decomposed slices of 10, 30, and 50. (b) Change of the reconstruction resolution when the decenter of the lens is increased from 0.01 mm to
0.05 mm. (c) Change of the reconstruction resolution when the tilt of the lens is increased from 0.1° to 0.5°.
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It should be mentioned that the quality of the object
reconstruction is also determined by the phase retrieval errors.
The phase retrieval errors can be reduced by use of a good initial
phase, because a good initial phase can prevent the phase
retrieval from being trapped in local minima. To analyze the
influence of the initial phase on the reconstruction perfor-
mance, a uniform phase and a random phase are, respectively,
employed to initiate the phase retrieval, as shown in Figs. 8(a)
and 8(b). The number of iterations for the dual plane phase
retrieval algorithm is also 500, ensuring the convergence of each
phase retrieval. From Fig. 8(a) we observe that the Group 9
Element 2 of the test chart can be roughly resolved with a lower
signal-to-noise ratio compared to the result in Fig. 5(d) when
a uniform phase is used. However, the Group 9 Element 1
cannot be resolved when a random phase is used, as shown
in Fig. 8(b). Figures 5(d) and 8 tell us that final reconstruction
performance is also determined by the phase retrieval errors.
It means that the initial phase should be carefully chosen to
reduce the phase retrieval errors. Fortunately, a good initial
phase can be easily obtained by use of the forward full path
optical diffraction calculation introduced above, as indicated
by the final reconstruction result shown in Fig. 5(d).

The two examples presented above clearly show the versa-
tility and effectiveness of the proposed computational imaging
paradigm. Both large FOV and high resolution are achieved
only by use of a simple non-imaging spatial information trans-
fer lens, which could be a big challenge for the other computa-
tional imaging paradigms that employ a single element (e.g., a
diffuser, a phase mask) for optical encoding. The non-
imaging transfer lens breaks the point-to-point imaging struc-
ture and removes the focusing-distance constraint, allowing a
flexible arrangement of both the object and the image sensor.

The proposed imaging paradigm could be insensitive to fabri-
cation and alignment errors. Moreover, it is low-cost, simple in
configuration, flexible in arrangement, and diffraction limited
with a compact form factor. Although the proposed imaging
paradigm is a powerful and promising computational imaging
technique, its current form still suffers from a few limitations
that need to be addressed in the future. Currently, the proposed
imaging paradigm still needs two intensity measurements to
recover a complex light field. A sophisticated coded transfer
lens could be used to reshape the complex light field to realize
single-shot imaging without moving the image sensor or the
transfer lens. Moreover, high-resolution reconstruction requires
a large number of surface slices and sampling points, which
inevitably yields heavy computation. This can be solved by im-
proving the angular spectrum method (e.g., we could calculate
the corresponding frequency ranges for different annular slices
and use a more accurate phase compensation term), or using
a learned backward wave propagation model. In addition, the
burdens of system calibration can be greatly reduced by devel-
oping an optimization algorithm to automatically calibrate the
tilt and decenter of the transfer lens. Finally, it is of great in-
terest to explore the wide applications of the proposed imaging
paradigm in many different scenarios (e.g., biomedical imaging,
cellphone microscopy) in the future.

APPENDIX A: DUAL PLANE PHASE RETRIEVAL
ALGORITHM

The dual plane phase retrieval algorithm is employed in
the proposed imaging paradigm to reconstruct the complex
field of the outgoing wave from two intensity measurements.
Multi-plane phase retrieval is a mature algorithm for phase

Fig. 8. Influence of the initial phase on the final reconstruction results. Final reconstruction results generated from (a) a uniform phase and (b) a
random phase.
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information recovery; however, it usually stagnates at a local
minimum when the number of planes is reduced. In this work,
we add a weighted shrink-wrap constraint to the dual plane
phase retrieval algorithm to speed up the convergence of the
phase retrieval algorithm, and use a gradient descent method
to suppress the influence of noise by minimizing the total varia-
tion metric. The dual plane phase retrieval algorithm with only
two intensity measurements can reduce the measurement time
and the errors caused by the translation of the image sensor.
The flowchart of the dual plane phase retrieval algorithm is
shown in Fig. 3(b), and more details are given below.

As shown in Fig. 9, two intensity measurements I 1�x, y�,
I 2�x, y� are converted to the amplitudes

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I 1�x, y�

p
andffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I 2�x, y�
p

of the complex light fields. An initial complex am-
plitude is randomly set as u�x, y� at the plane z � 0. The com-
plex light field propagates forward to two designated planes at
z � H 1 and z � H 2. Then, the two complex light fields in the
two designated planes at the k-th iteration can be written as

Ck
n � PHn

fu�x, y�g, n � 1, 2, (A1)

where P is the propagation operator. An amplitude replacement
is conducted to impose constraints, which is represented by

Ĉk
n �

ffiffiffiffiffi
In

p Ck
n

jCk
nj
, n � 1, 2: (A2)

Then, the two updated complex light fields are propagated
back to the initial plane at z � 0, yielding two complex fields:

gkn � P−Hn
fĈk

ng, n � 1, 2: (A3)

The gradient descent minimization based on total variance
metric is added to gkn to improve the signal-to-noise ratio. The
smoothed complex fields can be written as

ĝ kn � gkn �
t
2
∇ ·

�
∇gkn
jgknj

�
, n � 1, 2, (A4)

where t is the gradient step that equals 0.05. We take the aver-

age of ĝ k1 and ĝ k2, which is given by ûk � 1
2

	
ĝ k1 � ĝ k2



. Then,

we impose a weighted feedback constraint on the estimated com-
plex field at the (k � 1)-th iteration, which can be written as
�
uk�1 � ûk, k ≤ 2,
uk�1 � �1� a� b�ûk − auk − buk−1, otherwise

, (A5)

where a and b are the weights. We assume that a and b,
respectively, equal 0.7 and 0.5 in the examples. The correlation
between the reconstructed amplitude and the captured ampli-
tude in the plane at z � H 1 is employed to quantify the per-
formance of the dual plane phase retrieval, which is given by

CC �
PN

i �X i − X̄ ��Y i − Ȳ �
�PN

i �X i − X̄ �2
Pn

i �Y i − Ȳ �2�1∕2
, (A6)

where X and Y represent the normalized reconstructed ampli-
tude and the captured amplitude in the plane at z � H 1, respec-
tively, X̄ and Ȳ are the mean values of the normalized
reconstructed amplitude and the captured amplitude, and
N is the total number of pixels. A larger value of correlation
represents a better phase recovery. We could obtain the complex
field in the tangential plane at z � 0 once the iteration gets sa-
turated. Figure 10 shows the convergence of the dual plane phase
retrieval. From this figure we can see the iteration converges sta-
bly and gets saturated at the 500th iteration.

APPENDIX B: FOURIER TRANSFORM BASED
ON THE BLUESTEIN METHOD

Due to the different sampling intervals at the object and detec-
tion sides, an improved angular spectrum computation based
on the Bluestein method is employed here to recover the high
frequencies from the lower frequencies at the detection side.
In addition, the decomposed annuluses belong to different re-
gions on the lens surface, and accordingly correspond to differ-
ent frequency ranges of spatial information. In order to reduce
the computational costs, calculation of an arbitrary region of
interest with an arbitrary sampling interval is necessary. Here,
we take the inverse Fourier transform of F �f x , f y� based on the
Bluestein method as an example, which is given as

Fig. 9. Two intensity patterns are measured to recover the complex
amplitude.

Fig. 10. Convergence of the dual plane phase retrieval.
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f �x, y� �
ZZ

F �f x , f y�ei2π�f xx�f yy�df xdf y

� ei2πl�x2�y2�

×
ZZ

F �f x , f y�ei
2π
l �f 2

x�f 2
y �e−i

2π
l ��l x−f x �2��l y−f y�2 �df xdf y

� ei2πl�x2�y2��F�f x , f y�ei
2π
l �f 2

x�f 2
y �e−i

2π
l �f 2

x�f 2
y ��,

(B1)

where l � Δf x∕Δx � Δf y∕Δy. Here, Δf x , Δf y, Δx, and
Δy, respectively, represent the sampling interval in the spec-
trum and space domain. The space interval can be changed
by adjusting the scaling factor l. We define the back propagator
(in Section 2) using (inverse) Fourier transform based on the
Bluestein method as PB .

APPENDIX C: FULL PATH OPTICAL
DIFFRACTION CALCULATION METHOD

Since the complex light field u�x, y� at z � 0 has been ob-
tained, the wave propagation through the designed lens is a
key step in the full-path optical inverse diffraction calculation.
A diagram of the lens decomposition is shown in Fig. 11.
It should be noted that the cutting planes used to divide the
lens [Fig. 4(a)] are not depicted in Fig. 11. A virtual plane
is placed at z � ztemp between the entrance and the exit sur-
faces of the lens. Then, the complex fields on all annular pro-
jections of the exit surface slices are propagated back to this
virtual plane, producing a complex field on this virtual plane.
Here, the exit surface of the lens is divided into L slices and the
entrance surface of the lens is divided intoQ slices. For the p-th
(q-th) slice of the exit (entrance) surface, two identical annu-
luses are formed by projection of the slice onto the two neigh-
boring cutting planes. The annular projection on the right
cutting plane is denoted by p1 (q1) and the projection on the
left cutting plane is denoted by p2 (q2). There are two annuluses
on each cutting plane except the first and the last cutting planes

of the lens surface, which are the tangential planes at the ver-
texes of the entrance and exit surfaces of the lens.

As shown in Fig. 11, it is apparent that the p1 annulus and
the tangential plane lie in the air and are perpendicular to the
optical axis; the diffraction calculation between the two parallel
planes is straightforward. The complex light field on the p1
annulus is given by

up1�x, y� � PB
zpfu�x, y�g⊙ Pupilp,

Pupilp �
�
1 Rp ≤ x2 � y2 < Rp�1

0 else
,

(C1)

where zp represents the location of the p-th cutting plane along
the optical axis; PB

zp is the back propagation operator based
on the Bluestein method as depicted above; Rp and Rp�1 de-
note the inner radius and outer radius of the p1 annulus, re-
spectively. It is worth mentioning that if the transfer lens is
not rotationally symmetric (e.g., a freeform lens), the calcula-
tion can also be conducted by modifying Pupilp:

Pupilp �
�
1 zp�1 ≤ g1�x, y� < zp
0 else

: (C2)

Since the complex field on the p2 annulus is modulated by
the p-th surface slice, phase compensation should be included
in the diffraction calculation, which is given by

up2�x, y� � up1�x, y� exp
�
i
2π

λ
�g1�x, y� − zp�

�

× exp
�
i
2π

λ
n1�zp�1 − g1�x, y��

�
, (C3)

where g1�x, y� denotes the z-coordinate of the sampled points
on the exit surface. Then, the complex field on each p2 annular
projection of all the exit surface slices is propagated back to the
virtual plane, yielding a complex field on the virtual plane,
which can be written as

uvirtual�x, y� �
XL
p�1

Pz temp−zp�1
fup2�x, y�g: (C4)

It can be seen from Eq. (C4) that the computation costs are
greatly reduced by use of this virtual plane, because we have to
propagate the light field on all the p2 annuluses to one of the
q1 annuluses successively without this virtual plane. Since both
the virtual plane and the q1 annuluses lie inside the lens and are
perpendicular to the optical axis, the complex amplitude of the
optical wave on the q1 annulus is given by

uq1�x, y� � PB
zq−z temp

futemp�x, y�g⊙ Pupilq,

Pupilq �
�
1 Rq�1 ≤ x2 � y2 < Rq

0 else
, (C5)

where Rq�1 and Rq represent the inner and outer radii of the q1
annulus, respectively. Similarly, the complex light field on the
q2 annulus is also determined by adding a phase compensation
term to the complex light field on the q1 annulus, which can be
written as

Fig. 11. Illustration of the lens decomposition: the annuluses pro-
jected from the slices to the adjacent planes are marked in green to
better show the full path diffraction calculation process.
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uq2�x, y� � uq1�x, y� exp
�
i
2π

λ
n1�g2�x, y� − zq�

�

× exp
�
i
2π

λ
�zq�1 − g2�x, y��

�
, (C6)

where g2�x, y� denotes the z-coordinate of the sampled points
on the entrance surface. A sum of the complex light fields
propagated back from all the q2 annuluses is calculated on the
tangential plane (z � zen) at the vertex of the entrance surface
for the digital refocusing:

uen�x, y� �
XQ
q�1

PB
zen−zq�1

fuq2�x, y�g: (C7)

We can see that the full path optical diffraction calculation
method is basically composed of angular spectrum calculation
and phase compensation. This backward wave propagation
model offers an accurate and universal way to simulate the op-
tical wave propagation through thick lenses. It is of great inter-
est to mention that the proposed full path optical diffraction
calculation can also be applied to forward wave propagation,
and could be a powerful tool for wave optics modeling of
advanced optical systems.

APPENDIX D: FABRICATION OF THE DESIGNED
LENS

The designed information transfer lens was fabricated by
grinding and polishing. The two surface profiles of the lens
were measured by TaYlor hobsom with a detection accuracy
of λ1∕30. Anti-reflective films were coated on both entrance
and exit surfaces of the lens to reduce stray light.
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