
Lensless imaging through multiple
phase patterns illumination

Anwar Hussain
Yicheng Li
Diyi Liu
Cuifang Kuang
Xu Liu

Anwar Hussain, Yicheng Li, Diyi Liu, Cuifang Kuang, Xu Liu, “Lensless imaging through multiple phase
patterns illumination,” J. Biomed. Opt. 22(11), 110502 (2017), doi: 10.1117/1.JBO.22.11.110502.



Lensless imaging
through multiple phase
patterns illumination

Anwar Hussain,a,b Yicheng Li,a Diyi Liu,a
Cuifang Kuang,a,c and Xu Liua,c,*
aZhejiang University, College of Optical Science and Engineering,
State Key Laboratory of Modern Optical Instrumentation,
Hangzhou, China
bCOMSATS Institute of Information Technology, Department of
Physics, Quantum Optics Lab, Islamabad, Pakistan
cShanxi University, Collaborative Innovation Center of Extreme
Optics, Taiyuan, China

Abstract. A stable optical system is required to acquire
a high-quality image. A motionless lensless setup is
designated to obtain high-resolution and large field of
view images. The sample is sequentially illuminated
with multiple random phase patterns, and the recorded
images are subtracted from the system calibration images
correspondingly. The resultant images are propagated
to the sample plane. The summation of all images yields
a final image with resolution of ∼4 μm, field of view of
∼15 mm2, and better signal-to-noise ratio. This technique
provides a compact, stable, and cost-effective optical sys-
tem. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI:

10.1117/1.JBO.22.11.110502]
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Lensless microscopy is mainly restricted by signal-to-noise ratio
(SNR) and image reconstruction process. Such systems have
a simplified geometry but a complex information retrieval
process. The sample is placed very close to the sensor plane
to take advantage of unit magnification as well as the compact
size configuration. The phase retrieval process in conventional
systems is relatively easy due to having a large configuration.1–4

The 4f optical systems5 or holographic systems6 have been used
to retrieve the recorded phase and amplitude of the sample at the
sensor plane. For lensless microscopy, the diffracted higher spa-
tial frequencies are retrieved through multiangle illumination
both in the transverse7–8 and axial directions.9 The multiwave-
length concept is also used to enhance the resolution of lensless
optical systems.10–11 The resolution of an image is also restricted
by sensor pixel sampling due to large pixel size.12–14 In lensless
microscopy, this factor is corrected through x − y translation of
the illumination source.8 The lensless microscopic system is
made more compact through the side illumination technique15

to reduce the complexity while achieving a large field of
view. The reconstruction process is simplified through the
phase mask pattern that is placed before the sample, where infor-
mation of a sample is encoded.16 This idea is carried out to

improve the quality of the image without elongating the geom-
etry of the system.

We report a stable optical system for lensless microscopy
without mechanical motion of any optical component. The sys-
tem consists of a laser source, a phase mask, the sample, and a
CMOS sensor in a vertical column. The sample is illuminated
through random phase mask patterns that are generated by
a spatial light modulator (SLM) in a sequential manner. The
phase value range for all phase mask patterns is fixed (0 to 2π),
while distribution of the phase for each phase mask is varied.
These multiple phase patterns encode the amplitude and phase
of the sample, which are propagated toward the sensor. The
interference pattern recorded at the sensor plane contains a
real image embedded in the twin image and a self-interference
term. The system is initially calibrated with different phase mask
patterns, and images are recorded correspondingly. The two
types of images are independently captured and mutually sub-
tracted to obtain a set of resultant images. The resultant images
are sequentially propagated to the sample plane. The summative
result of these images is a final image with an improved reso-
lution and high SNR.

The working principles of our technique are very simple and
straightforward. The sample is placed in close vicinity of the
imaging sensor and is illuminated with a phase pattern generated
by a transmission mode SLM as shown in Fig. 1. The sample
elements phase is added to the random phase of the phase mask
and the phase from coherent illumination, and images are
recorded at the sensor with an accumulative phase. This process
gives different combinations of the elements phase at the sensor
plane. The sensor is from Sony Company with a pixel size of
1.4 μm, with some restrictive electronics parts. Two main
parameters that affect the image quality in our technique are
sample-to-sensor distance and number of phase patterns. The
measurement of hundreds of micron-level separation between
sample and sensor is also critical, and the exact value for this
parameter is found through a computational autofocusing
method. This method is based on the sharpness of the sample
elements edges. The second parameter that affects the quality of
image is the number of illumination phase patterns per experi-
ment. To find the exact value is difficult, while the probabilistic
value is used as a standard value. In our case, we test the tech-
nique for 20 different phase mask patterns in both simulation
and experiment. The phase retrieval relation of our proposed
technique is given in Eq. (1), in which the left side shows
the amplitude and phase of the sample
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where the coordinates ðη∕; ξ∕Þ and ðη; ξÞ represent the sample
and sensor planes, respectively, while i is the running integer
for summation that gives the number of experiments with differ-
ent phase mask distributions. The term in bracket on the right
side of Eq. (1) shows the difference of two types of images: with
sample and without sample, multiplied with the numerically
reconstructed phase pattern of the phase mask at the sensor
plane correspondingly. The term Pro gives the propagation func-
tion, which propagates the square bracket term to the sample
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plane. The numerically retrieved phase pattern of the phase
mask is propagated to the sample plane from the sensor plane
using an angular spectrum propagation method. In Eq. (1),
the denominator term represents the phase pattern during
each illumination. The noise term shows the background
noise and evenly distributed twin image effect throughout the
retrieved sample image. This relation replaces the iterative proc-
ess of phase and amplitude retrieval in lensless microscopy. In
Eq. (1), the key factor is the phase mask pattern ϕr, whose dis-
tribution was changed before every illumination. The sequential
illumination encodes the phase and amplitude information of the
sample, and the image is recorded at the sensor plane, respec-
tively. The alteration of the phase distribution at the individual
phase mask will update the final image phase at the sensor plane.
This process will help to improve the SNR of the reconstructed
image at the sample plane. The 20 different phase masks illu-
mination process is like the iteration process that updates phase
and amplitude at the sensor plane.

The technique is verified through simulation and experiment.
In simulation, the USAF 1951 resolution target is used as a sam-
ple having vertical and horizontal groups of lines. The field of
view for our simulation is 15 mm2, which is equal to the active
area of the image sensor in lensless microscopy. The simulation
results are presented for comparison, as shown in Fig. 2. The
sample captured without using the phase mask is compared
with images recovered using single-phase pattern illumination
and multiple phase patterns illumination in Figs. 2(a)–2(c).
With the proposed technique, the twin image artifacts in (a)
are suppressed, and the low SNR in (b) is improved. Thus,
the image resolution of the multiple phase patterns illumination

technique is much better than the other two methods. In addi-
tion, the image retrieved with this technique has approximately
the same level of resolution as the image obtained through multi-
angle illumination for which the phase pattern is fixed, as shown
in Fig. 2(d).17 The main difference is the imaging process as well
as the system compactness. The multiangle illumination method
has a more complex imaging processing procedure and a less
compact system when compared with this technique, but they
share the same resolution.

A more authentic verification of our technique is carried out
in the laboratory. For this technique, the laser with a wavelength
of 641 nm is from Coherent Company, and the SLM working in
transmission mode is from Daheng Company. The USAF 1951
resolution chart is from Edmund Optics with maximum resolu-
tion of about 1 μm but ∼4 μm for group 7. The phase mask
plane is fixed at 9.6 cm above the sample while a sensor is
placed beneath the sample with the distance of about 750 μm
correspondingly. The experimental results are shown in
Fig. 3, in which (a) is the raw image obtained directly from the
sensor for single-phase pattern illumination, (b) is the final
image because of multiple phase patterns illumination, and
(c) is the final image as a result of multiangles phase masks
illumination.17 In each row of Fig. 3, the first image gives the
entire field of view image and the second one is the central mag-
nified portion of the corresponding image. The visual compari-
son of all the three images validates our technique. For a more
detail analysis, the central part of all the images, groups 6 and 7,
is magnified. The improved resolution is quantified through the
magnified portion, which is approximately equal for Figs. 3(b)
and 3(c). However, the innovative point is the stable and
compact system for our recent technique. The comparison of
our recent technique in Fig. 3(b) with the other images in
Fig. 3 clearly validates the improvement of the system based
on optical geometry and the imaging process. The mutual com-
parison of these magnified images further endorses our tech-
nique. In Figs. 4(a) and 4(b), the phase information of our
sample obtained from the multiple phase patterns illumination
technique is compared with that of the single-phase mask image
profile. The sharp edges of Fig. 4(b) reveal the high phase image
quality with a significant value of SNR. The quantitative analy-
sis of the SNR versus the number of illumination patterns is
presented in Fig. 5. This graph beautifully explains the trend
of SNR with the increment of the number of illumination
patterns. The graph shows the increasing trend of SNR as the
number of illuminations increased. The graph becomes saturated
at the higher values, which means that a further increase in num-
ber of illuminations will collect noise instead of useful informa-
tion. This collection of noise will increase the computational
time rather than enhance the resolution.

Fig. 1 Wide-field lensless microscopy using multiple phase masks
illumination: z1 (phase mask-to-sample distance) and z2 (sample-
to-sensor distance).

Fig. 2 Simulation results: (a) image retrieved without phase mask, (b) the resultant image of single-
phase mask illumination, (c) resultant image after 20 phase patterns sequential illumination, and
(d) resultant of multiangles of illumination.
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The phase information of the phase mask strengthens the
idea of retrieving the sample information along the axial direc-
tion for three-dimensional samples for future work.

In conclusion, the innovation of this technique is the stable
optical setup without any translation or rotational motion. This
is the turning point in lensless microscopy, in which the reso-
lution and SNR are simultaneously improved with a compact
size system.

Such systems are highly demanded for optical imaging in
remote areas, which are out of reach for large optical systems.
Our reported compact system can be placed anywhere due to its
portable attribute. To commercialize the system, several modi-
fications have been suggested: manufacturing of a sensor with
a protuberant active area and compact illumination assembly.
However, there is a trade-off between the number of phase pat-
terns illumination and the imaging speed. For future work, the

simultaneous illumination of random phase patterns to retrieve
the sample information in a single step is recommended. This
will improve the speed of the imaging process. This type of opti-
cal system is designated to provide a compact and cost-effective
microscope. The best option in this regard is the transmission-
mode imaging, in which the sample is placed near the image
sensor at a distance of a few microns. To translate the setup
into reflection mode, the geometrical shape will be changed
into a little bulky system to capture the images. The working
principles for such a type of system remain the same with modi-
fied geometry from compact to a little bulky. The goal of such
a type of system is to take an image of biological tissue to
diagnose an infection with high resolution and precision at a
minor level. The system will work for biological tissues both
in shadow imaging and fluorescence imaging schemes. In
Fig. 4, our phase retrieval claim is strengthened for the

Fig. 3 Experimental results: (a) the images obtained with single phase mask, (b) the final image obtained
as the result of multiple phase masks illumination, and (c) the images retrieved using multiangles of
illumination.

Fig. 4 Simulation results: (a) the phase profile of resultant image of single-phase mask illumination and
(b) the phase profile of the resultant image after 20 phase patterns sequential illumination.

Journal of Biomedical Optics 110502-3 November 2017 • Vol. 22(11)

JBO Letters



USAF 1951 resolution chart. In the case of biological tissues,
the imaging technique of multiple phase patterns illumination
will remain the same with sample replacement.
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