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Scatter-plate microscope for 
lensless microscopy with diffraction 
limited resolution
Alok Kumar Singh  1, Giancarlo Pedrini1, Mitsuo Takeda1,2 & Wolfgang Osten1

Scattering media have always been looked upon as an obstacle in imaging. Various methods, ranging 
from holography to phase compensation as well as to correlation techniques, have been proposed to 
cope with this obstacle. We, on the other hand, have a different understanding about the role of the 
diffusing media. In this paper we propose and demonstrate a ‘scatter-plate microscope’ that utilizes 
the diffusing property of the random medium for imaging micro structures with diffraction-limited 
resolution. The ubiquitous property of the speckle patterns permits to exploit the scattering medium 
as an ultra-thin lensless microscope objective with a variable focal length and a large working distance. 
The method provides a light, flexible and cost effective imaging device as an alternative to conventional 
microscope objectives. In principle, the technique is also applicable to lensless imaging in UV and X-ray 
microscopy. Experiments were performed with visible light to demonstrate the microscopic imaging 
of USAF resolution test target and a biological sample with varying numerical aperture (NA) and 
magnifications.

Traditional lens-based microscope objectives have fixed focal length, short working distance, limited depth of 
focus and magnification, which often sets restrictions in applications. The correction of aberrations for micro-
scope objectives requires a combination of spherical lenses (sometimes more than 10), which increases com-
plexity, bulkiness, and price. Aspherical elements can reduce the complex multiple-lens system and make the 
objectives more compact, but they demand more complex fabrication and testing procedures, which also raises 
the cost. Hybrid systems, integrating diffractive and refractive elements, have been developed, but they still need 
solutions for enhanced diffraction efficiency and stray light reduction. Techniques have been proposed to replace 
conventional lens systems for microscopy purposes. Digital holographic microscopy1–3 phase retrieval tech-
niques4–6 and ptychography7 are few such techniques which are successfully demonstrated. However, holography 
suffers from coherent noise, and phase retrieval and ptychography require sequential recording of multiple dif-
fraction patterns followed by time consuming signal processing.

Imaging through the scattering media has potentially wide range of applications. Freund proposed in 1988 an 
intensity-correlation-based technique, which permits lensless imaging of an object through a scattering medium 
by making use of the memory effect8, 9. This principle was further exploited by combining it with phase retrieval 
algorithms10, 11 for diffraction limited imaging. A color imaging scheme was also presented12. Many other meth-
ods have been developed in recent times for this purpose, among which are coherence and time gating12–17 phase 
compensation18–26 and unconventional holography27–32. However, microscopic imaging through diffusing media 
has been performed exclusively with traditional lens-based microscope objectives being combined with the above 
mentioned methods23, 25, 33–36. In these approaches, the diffusing media play no constructive role but have always 
been treated negatively as a nuisance, except for a few instances where diffusing media have been utilized success-
fully for resolution enhancement in microscopy37, 38 and speckle scanning endoscopy39, 40.

Whereas Katz et al.10 and Vellekoop et al.19 gave important contributions to the development of imaging that 
can cope with a scattering medium, we take an alternative approach that does not regard the scattering medium as 
an obstacle but exploits its lens-like function8, 41, for the imaging of objects. Specifically, we propose a new imag-
ing device called ‘scatter-plate microscope’ in which a conventional objective lens is replaced by a simple scatter 
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plate. The scatter-plate microscope has the following unique characteristics that are not available with traditional 
microscopes:

•	 extremely thin and light (suitable for low cost production),
•	 variable focal length and magnification (self-adaptive to any conjugate image planes),
•	 variable NA and field of view,
•	 flexible working distances extendable as desired,
•	 compatible in reflection and transmission modes,
•	 immune to phase disturbances and aberrations,
•	 easy to fabricate with scalability in device size, robust to environmental changes.

Thus, a single low-cost scattering plate can perform the tasks of various microscope objectives with different 
magnifications, NAs and focal lengths. A relatively wider field of view (FOV) and variable depth of focus (DOF) 
are exclusive features of the presented technique. Whereas autocorrelation techniques, combined with phase 
retrieval algorithm, are restricted to the imaging of sparse objects only10, our cross-correlation technique, com-
bined with a reference point source, is capable of imaging complex objects. To our knowledge, this is the first 
experimental demonstration of lensless microscopy using a scatter plate.

It also opens up the possibility of utilizing the scattering media as imaging lenses for x-ray and ultraviolet 
wavelength. For x-rays, the scattering properties have been extensively studied42, so that an appropriate diffusing 
layer can be chosen.

Thus we present a technique that can turn a costless scattering surface into a high resolution microscope 
objective. We demonstrate by experiments, the high potential of the scatter-plate objectives for microscopic imag-
ing. Experiments were performed on USAF test target and biological samples to verify our claims.

Materials and Methods
Principle. Like other imaging systems, a microscope objective can be characterized by its point spread func-
tion (PSF), which is the output intensity distribution in the image plane when a point source is placed in the input 
(object) plane. The objective produces a magnified image of the object. On the assumption of shift invariance and 
incoherent illumination, the image is given by the convolution of the object intensity distribution with the PSF43. 
Figure 1(a) and (b) show the impulse response of a conventional microscope objective and the imaging operation, 
respectively. A scatter-plate-microscope system can be defined in the same way, except for the fact that the PSF in 
this case is a speckle pattern ˆ ˆr rS z z( , , , ) as shown in Fig. 1(c).

ẑ and z are the distances of the object plane (point source in this case) and the image plane from the scattering 
layer, whereas r̂  and r  are the lateral position vectors in the respective planes.

For a thin scattering layer, this PSF remains shift invariant in the vicinity of the point source i.e. 
+ ∆ + ∆ =ˆ ˆ ˆˆ ˆr r r r r rS z z S z z( , , , ) ( , , , ), where ∆r̂  and ∆ = − ∆ ˆˆr rz z( / )  are lateral shifts in the object and the 

image planes, respectively. This phenomenon is called memory effect9, which states that each elementary point 
source that constitutes the object, placed in the vicinity of the reference point source, produces a shifted but sim-
ilar speckle pattern to that of the point source. To attain a wide field of view, we enhance the memory effect by 
choosing a scatter-plate with a thin scattering layer. Thus if the PSF of the diffusing medium, placed at distance ẑ 
from the point source, is known as ˆ ˆr rS z z( , , , ), the object placed near the point source can be reconstructed from 
the cross-correlation between its intensity distribution = ⁎r r rI z O z S z( , ) ( , ) ( , )ob  in the image plane and the PSF, 
i.e.

= = ∗r r r r r rI z I z S z O z S z S z( , ) ( , ) ( , ) [ ( , ) ( , )] ( , ) (1)ob  

= ∗r r rO z S z S z( , ) [ ( , ) ( , )] (2)

where ★ and * represent the cross-correlation and convolution operations, respectively. For simplicity, the 
auto-correlation of the PSF i.e. r rS z S z[ ( , ) ( , )] can be assumed as a ‘δ’ function with a constant background aris-
ing from the non-negativity of the PSF. Thus from equation (2) we can write the cross correlation of the PSF and 
the object speckle pattern as the convolution of the object intensity distribution and a δ function, which results in:

= + .r rI z O z C( , ) ( , ) (3)

Equation (3) gives the object reconstruction rO z( , ), with an additive constant term C. In this way, the scatter- 
plate-based incoherent imaging system operates in three steps; (1) recording the PSF of the scattering layer, (2) 
recording the speckle intensity distribution of the object and (3) cross-correlating these two to reconstruct the 
object. This scheme was first proposed by Freund8 for imaging through a scattering medium. However, no exper-
imental proof was presented, nor any applications for microscopy were suggested. Here we propose and experi-
mentally prove the principle of a scatter-plate microscope, which reveals the great potential of a thin scattering 
layer as an imaging device in microscopy. An example of the imaging process is shown in Fig. 1. The numeral ‘6’, 
which is ~15 µm wide and ~20 µm tall, is imaged using a scatter-plate microscope. Figure 1(e) shows the conven-
tional microscope image of the object, Fig. 1(f) and (g) show a part of the PSF of the scattering layer and the object 
intensity distribution in the imaging plane. Their cross correlation reconstructs the object image as shown in (h).

The necessary condition for such imaging is that the object and image plane should satisfy the lens equation 
+ =ˆz z f1/ 1/ 1/ , where f  is the focal length of the scattering lens. Whereas a conventional lens has a fixed focal 

length, the scattering lens has an adaptive focal length that adjusts itself automatically to satisfy this 
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conjugate-image condition between the arbitrarily chosen planes at z and ẑ. In analogy to a conventional lens, the 
lateral magnification of the scatter-plate - based imaging system can be defined as ∆ = − ∆ ˆr rm , where 

= − ˆm z z( / ). Note that this magnification does not depend on the wavelength even though the speckle pattern 
changes with the wavelength. Thus the magnification of the system can be increased by increasing the distance of 
the image plane z  form the scatter-plate, or simply by moving the scattering lens toward the object. In a similar 
fashion, if the diameter of the input aperture D is known, the resolution of the system is given by 

λ λ= . ≈ . ˆR NA z D0 61 ( / ) 1 22 ( / )res , where θ=NA n sin  is the numerical aperture of the system. By bringing the 
object closer to the scatterer or by increasing the diameter of the aperture, the NA as well as resolution of the 
system can be increased. If the magnification is chosen such that m 1, the scatter-plate plays the role of a 
microscope objective. The ease of fabricating a scatter-plate with a large aperture permits high NA imaging with 
a long working distance, which has been difficult with conventional objective lenses. Because the resolution 
observed in the object space can be much higher than that in the sensor space, we can overrule the practical res-
olution that is limited in the sensor space by the pixel size and the sampling theorem.

The depth of focus (DOF) of such a system is defined by the axial correlation length of the speckles i.e. 
δ λ= .z z D6 7 ( / )2 44, 45. For point shoot imaging systems (pinhole camera system), the diameter of the aperture is 
very small, so the DOF is infinity. In our case, the aperture of the imaging system has a defined finite value and so 
does the DOF. The field of view (FOV) of this system is limited by the decorrelation of the speckles or the maxi-
mum range of the memory effect and is given by λ π= ˆFOV z t( / ), where t is the thickness of the diffusing layer8, 10. 
Thus by varying the parameter ẑ (working distance between object and the scatter-plate) the FOV, resolution and 
the magnification of the imaging system can be changed. Let =f R1/res res be the highest spatial frequency resolv-
able with the scatter plate objective, we have λ λ π π× = . × = . =ˆ ˆf FOV D z z t D t[ /(1 22 )] [( )/( )] /(1 22 ) constantres . 
This shows the trade-off relation between the resolution and FOV; interestingly it is achromatic with no depend-
ence on the wavelength.

Figure 1. Microscope imaging systems: (a) PSF of a conventional microscope objective (b) conventional 
microscope imaging (c) PSF of a scattering layer, which in this case is a speckle pattern ˆ ˆr rS z z( , , , ), (d) 
microscope imaging using a thin scattering layer (‘scatter-plate microscope’). The object is placed close to the 
scattering layer at ẑ, and the aperture size is increased to achieve a high numerical aperture. The image plane is 
far at a distance z from the scattering layer, to have a larger magnification. The images are produced from the 
cross-correlation of the object intensity distribution rI z( , )ob  (in the image plane) and the PSF ˆ ˆr rS z z( , , , ). (e) 
Conventional microscope image of numeral 6, (f) a part of the PSF of the scattering layer (speckle pattern), (g) a 
part of the recorded object intensity distribution and (h) the image reconstruction via intensity cross-
correlation. The scale bar is 3 µm in object space.
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Experimental setup. Experiments were performed on a 1951 USAF test target, which has a maximum 
resolution of 4.38 µm, to verify the microscopy principle (see Supplementary Figure S1). The object was illu-
minated with a narrow band spatially incoherent light source. A Nd:YAG laser with 532 nm central wavelength 
was employed as the light source during the experiments. The beam was split into two parts, one was fed into a 
rotating ground glass to create spatially incoherent light source to illuminate the object. Another part of the laser 
beam was utilized as a point source to detect the PSF of the diffuser. The object was placed in the close vicinity of 
the point source, so that it remains in the memory effect range but both were placed in the same plane. A varia-
ble diameter aperture was placed in front of the scattering layer to adjust the speckle size and also the NA of the 
system. The CCD was placed behind the diffuser at an appropriate distance so that the speckles are well sampled 
on the pixels. Once the PSF was recorded, the object was placed in the reference plane, off-axis to the reference 
point, and an intensity distribution was recorded. The cross-correlation operation was then performed digitally 
using Intel core i5 processor. To record the conventional microscope images a setup was prepared with a Nikon 
objective with 0.16 NA and 6.3X magnification was utilized. The monochromatic illumination was created by 
feeding the laser light into a rotating diffuser that destroys spatial coherence as earlier, and for white light image 
the object was illuminated with a white light source.

Post processing. The cross-correlation images also contain the image of the point source, which was utilized 
to calculate the PSF. We cropped it out of the image to obtain desired image only. Normalization of the contrast 
was also performed.

Results and Discussion
High resolution imaging. Our scatter-plate microscope is an incoherent imaging system that has no con-
ventional lens elements. It images microscopic objects by making use of the non-localized speckle patterns gen-
erated by a scattering layer. Since r rS z S z[ ( , ) ( , )] should approximate a δ function, a strong scatterer with a large 
scattering angle is a better choice for the objective, so that marginal rays can be scattered into the image sensor. 
For the experiments, we used poly-carbonate diffuser, which is a strong scatterer and is easily available in our 
laboratory. A 1951 United States Air Force (USAF) test target was used as the high resolution microscopic object. 
For each object position ẑ, the PSF of the optical system was recorded. The object was then illuminated with nar-
row-band spatially incoherent light with λ = 532 nm, created by passing the laser light through a rotating ground 
glass, and the intensity distribution of the scattered field was recorded with a CCD in the observation plane at z. 
The object was reconstructed by computing the cross-correlation between the PSF and the speckle intensity dis-
tribution generated by the object. Many experiments with different magnifications and numerical apertures using 
the same scattering lens were performed. A result of scatter-plate microscope imaging of a 1951 USAF test target 
and a comparison with images from a conventional microscope is shown in Fig. 2. The first two images shown in 
Fig. 2(a) and (b) were obtained with the conventional microscope under monochromatic and white light illumi-
nations, respectively with NA = 0.16 objective, whereas the third image shown in Fig. 2(c) was captured using 
scatter-plate microscope while keeping the aperture diameter D = 16 mm and the working distance (the object 
distance from the diffuser) ẑ = 51 mm, resulting in the same numerical aperture NA = 0.16. In Fig. 2, all the ele-
ments of the 7th group were imaged and resolved. The width of 1 line of the 6th element in the group 7 is 2.19 µm. 
It can be seen that the quality of the images, in terms of resolution and contrast, of the scatter-plate microscope is 
almost comparable to that of a conventional microscope even though the edges look less sharp. Since the object 
reconstruction is based on the cross-correlation of two images, the quality of images of the scatter-plate micro-
scope depends on the number of speckles available or number of contributing pixels in the averaging process. We 

Figure 2. Comparison of conventional and scatter-plate microscope imaging: A 1951 USAF test target was used as 
an object. We imaged the highest resolution area of the test target, i.e. the 7th group, with smallest line thickness of 
2.19 µm; (a) and (b) are the images obtained with a conventional microscope for NAs 0.16 under monochromatic 
and white light illuminations, respectively, whereas, (c) is their scatter-plate microscope counterpart for the same 
NA. The image quality, contrast and resolution of both techniques are almost equally good but the working 
distances of the scattering objective is comfortably long (ẑ = 51 mm). The scale bar is 21.5 µm.

http://S1
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used a SVS VISTEK CCD with 3280 × 4896 pixels, with unit pixel size 7.45 µm × 7.45 µm. Thus the total number 
of available correlation points (pixels) is over 16 million. The spatial averaging of speckle pattern on this large 
scale contributes to the good quality of reconstruction. The FOV of the scatter-plate microscope is limited by the 
memory effect of the scattering layer and is inversely proportional to its thickness, which implies that the FOV 
can be increased by using a thinner scattering layer.

Next we performed the imaging with a fixed NA but with different magnifications. Figure 3(a) and (b) show 
the results of the scatter-plate microscope imaging with NA = 0.38 and the magnifications 13X and 18X, respec-
tively. The numerical aperture was increased by increasing the aperture size to 25 mm and by bringing the diffuser 
close to the object. The object was placed at a distance 30.7 mm from the diffuser, and the CCD image sensor was 
positioned at different axial locations = − ˆz m z depending on magnification m. Noticeable points here are that 
even at a relatively high numerical aperture, the working distance remains long and comfortable to work with, 
and also that imaging with variable magnification can be realized with the same diffuser while keeping the 
conjugate-image condition between the object and the CCD image senor. As pointed out above, by bringing the 
diffuser closer to the object and reducing the aperture size, the working distance, for the same NA, can be 
decreased if required.

Imaging of biological samples. A scatter-plate microscope, like the conventional microscope, can per-
form imaging of biological samples. Microscopic imaging was performed on a pine-wood stem, which has many 
miniature features, to show the imaging performance of the scatter-plate microscope on the biological samples. 
Figure 4 shows the comparison of the images between conventional microscope and scatter-plate microscope 
images with NA = 0.16. Figure 4(a) and (b) show the images of a part of the tissue obtained with a conventional 
microscope under monochromatic and white-light illuminations, respectively. The contrast of the image under 
the monochromatic illumination is better than with white light illumination and the structures are clearly visible.

As the microscope objective is color-corrected, the degradation of the image with white light may be attrib-
uted to the chromatic aberrations caused by the dispersion intrinsic to the miniature features of the pine-wood 
stem, where part of the object itself serves as a medium for light propagation.

The same feature was imaged using a scatter-plate microscope with spatially incoherent quasi-monochromatic 
light, and the image is shown in Fig. 4(c). Although the contrast of the image with the scatter-plate microscope 
does not surpass that of the conventional microscope under monochromatic illumination, in Fig. 4(a), it is better 
than the white light image shown in Fig. 4(b), and the structures are more obvious. The working distance in this 
case was ẑ  = 55 mm and the entrance pupil diameter was D = 16 mm. As noted earlier the NA can be further 
increased by increasing the size of the entrance pupil or by reducing the working distance which can be adjusted 
on will. Two microscopic features of sizes 12 µm and 8 µm are encircled by dashed rectangles and their 
cross-sectional plot is shown above them in insets. The smaller features in the image are not clear in the conven-
tional microscope image under white light illumination but are better resolved with scatter-plate microscope.

Figure 3. Imaging with varying magnification using a scatter plate. The 7th group of a 1951 USAF test target 
was imaged with NA = 0.38 and different magnifications. The Object was placed close to the diffuser at a 
distance ẑ = 30.7 mm and the diameter of the aperture was D = 25 mm. (a) m = 13X, the CCD was placed at 
distances z  = 400 mm from the diffuser. (b) m = 18X and the CCD was shifted to z  = 550 mm. The scale bar is 
21.5 µm.
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Figure 5 shows another example of microscopic imaging of biological sample using the scatter-plate micro-
scope. This time the central cross-section of the pine-wood stem, where thickness of the sample is comparatively 
higher and dispersion is more dominant, was imaged with conventional and scatter-plate microscopes. This sec-
tion of the tissue includes many microscopic features of different shapes and sizes as shown in Fig. 5.

The numerical aperture of the imaging system is 0.16 and the FOV in this case is over 100 µm. Two micro-
scopic features are encircled with dashed rectangles and the cross-sectional plots are shown on the right. The 
noise level in the reconstructed image is relatively low, which is evident from the cross-sectional plots.

Figure 4. Microscopic imaging of a biological sample. A section of pine wood stem is imaged to show imaging 
performance of the scatter-plate microscope. (a) Conventional microscope image with monochromatic 
illumination and NA = 0.16. (b) Conventional microscope image with white light illumination and NA = 0.16. 
(c) Imaging performed using a scatter-plate microscope with NA = 0.16 and magnification 9X. The working 
distance in this case is 55 mm. Microscopic features of the tissue are resolved. Two microscopic structures of 
sizes 12 µm and 8 µm are encircled with dashed squares, and the cross-sectional plots are shown above in insets 
to verify the respective sizes. The scale bar is 20 µm.

Figure 5. Imaging of a complex biological sample. The narrow band light source helps to reduce the 
noise considerably. At the same time, correlation based spatial averaging reduces the speckle noise in the 
reconstructed images. (a) and (b) are conventional microscope images of the central part of the pine-wood 
stem under monochromatic and white light illumination. White light image is marred by the blurs caused by 
chromatic aberrations and low contrast. (c) The scatter-plate microscope image with considerably less noise 
and high contrast. Two miniature features are encircled by dashed rectangles and their corresponding cross-
sectional plots are shown in the inset on the right side. Note that the structures in Fig. 4 and this image are from 
different regions of the stem. The central region has discrete structures and is more absorbing. That is why the 
background light level is low here. For better presentation the signal levels have been normalized in this case. 
The scale bar is 10 µm.
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Conclusion
We proposed an unconventional scatter-plate microscope that utilizes a thin scattering layer as a microscope 
objective. Imaging operations were performed on various microscopic samples as the proof of the principle. 
The resolution, the contrast, and the quality of the images are nearly as good as conventional microscope images 
acquired with the same numerical aperture objectives. The scatter-plate microscope has the advantages of varia-
ble focal length, NA, magnification, flexible working distances and ability to work in reflection and transmission 
mode. Cost is another factor, the scatter-plate microscope objectives can be produced on large scale and on much 
lower prices than the current objectives. The presented microscope is capable of working with coherent and 
incoherent light sources. This way, any thin scattering media can be standardized for different working distances 
and can be used as a compact, lightweight and cost effective alternative to the existing bulky and expensive micro-
scope objectives. In addition it may also be used in wide range of applications e.g. imaging lens in endoscopy etc. 
In principle, the presented technique should also be applicable in UV and x-ray regime as well, if the appropriate 
scattering surface is utilized.

The main restriction on the scatter-plate microscope is that the imaging process consists of two steps of 
speckle recording, first with a reference point source for PSF, and then with an object. However, once recorded, 
the same PSF can be used for different objects unless the object plane is changed. Limited FOV is another restric-
tion, which is set by the angular memory effect, namely the decorrelation of the scattered intensity field. However, 
because the limited FOV is set on the field angle, and also because of the variable focal length of the scattering 
lens, we can extend the field size, as desired for a large object, by increasing the object distance and the aperture 
size. The variable focal length also provides the opportunity of 3-D imaging by displacing either the diffusing 
media or the detector in the forward or backward direction so as to change the focal length of the system and 
bring different parts of the object into the focus.

References
 1. VanLigten, R. F. & Osterberg, H. Holographic microscopy. Nature211, 282–283 (1966).
 2. Pedrini, G. & Tiziani, H. J. Short-coherence digital microscopy by use of a lensless holographic imaging system. Applied optics41, 

4489–4496 (2002).
 3. Garcia-Sucerquia, J. et al. Digital in-line holographic microscopy. Applied optics45, 836–850 (2006).
 4. Rodenburg, J., Hurst, A. & Cullis, A. Transmission microscopy without lenses for objects of unlimited size. Ultramicroscopy107, 

227–231 (2007).
 5. Lee, D. J. & Weiner, A. M. Optical phase imaging using a synthetic aperture phase retrieval technique. Optics express22, 9380–9394 

(2014).
 6. Bao, P., Situ, G., Pedrini, G. & Osten, W. Lensless phase microscopy using phase retrieval with multiple illumination wavelengths. 

Applied optics51, 5486–5494 (2012).
 7. Zheng, G., Horstmeyer, R. & Yang, C. Wide-field, high-resolution fourier ptychographic microscopy. Nature photonics7, 739–745 

(2013).
 8. Freund, I. Looking through walls and around corners. Physica A: Statistical Mechanics and its Applications168, 49–65 (1990).
 9. Freund, I., Rosenbluh, M. & Feng, S. Memory effects in propagation of optical waves through disordered media. Physical review 

letters61, 2328 (1988).
 10. Katz, O., Heidmann, P., Fink, M. & Gigan, S. Non-invasive single-shot imaging through scattering layers and around corners via 

speckle correlations. Nature photonics8, 784–790 (2014).
 11. Fienup, J. R. Phase retrieval algorithms: a comparison. Applied optics21, 2758–2769 (1982).
 12. Zhuang, H., He, H., Xie, X. & Zhou, J. High speed color imaging through scattering media with a large field of view. Scientific 

reports6 (2016).
 13. Huang, D. et al. Optical coherence tomography. Science254, 1178–1181 (1991).
 14. Velten, A. et al. Recovering three-dimensional shape around a corner using ultrafast time-of-flight imaging. Nature 

communications3, 745 (2012).
 15. Leith, E. et al. Imaging through scattering media with holography. JOSA A9, 1148–1153 (1992).
 16. Indebetouw, G. & Klysubun, P. Imaging through scattering media with depth resolution by use of low-coherence gating in 

spatiotemporal digital holography. Optics Letters25, 212–214 (2000).
 17. Li, S. & Zhong, J. Dynamic imaging through turbid media based on digital holography. JOSA A31, 480–486 (2014).
 18. Hsieh, C. L., Pu, Y., Grange, R., Laporte, G. & Psaltis, D. Imaging through turbid layers by scanning the phase conjugated second 

harmonic radiation from a nanoparticle. Optics Express18, 20723–20731 (2010).
 19. Vellekoop, I. M. & Mosk, A. P. Focusing coherent light through opaque strongly scattering media. Optics letters32, 2309–2311 

(2007).
 20. Aulbach, J., Gjonaj, B., Johnson, P. M., Mosk, A. P. & Lagendijk, A. Control of light transmission through opaque scattering media 

in space and time. Physical review letters106, 103901 (2011).
 21. Mosk, A. P., Lagendijk, A., Lerosey, G. & Fink, M. Controlling waves in space and time for imaging and focusing in complex media. 

Nature photonics6, 283–292 (2012).
 22. Park, J., Park, J.-H., Yu, H. & Park, Y. Focusing through turbid media by polarization modulation. Optics letters40, 1667–1670 (2015).
 23. Ghielmetti, G. & Aegerter, C. M. Scattered light fluorescence microscopy in three dimensions. Optics express20, 3744–3752 (2012).
 24. Ghielmetti, G. & Aegerter, C. M. Direct imaging of fluorescent structures behind turbid layers. Optics express22, 1981–1989 (2014).
 25. Yang, X., Hsieh, C. L., Pu, Y. & Psaltis, D. Three-dimensional scanning microscopy through thin turbid media. Optics express20, 

2500–2506 (2012).
 26. Papadopoulos, I. N., Farahi, S., Moser, C. & Psaltis, D. High-resolution, lensless endoscope based on digital scanning through a 

multimode optical fiber. Biomed. Opt. Express4, 260–270 (2013).
 27. Naik, D. N., Singh, R. K., Ezawa, T., Miyamoto, Y. & Takeda, M. Photon correlation holography. Optics express19, 1408–1421 (2011).
 28. Singh, A. K., Naik, D. N., Pedrini, G., Takeda, M. & Osten, W. Looking through a diffuser and around an opaque surface: A 

holographic approach. Optics express22, 7694–7701 (2014).
 29. Osten, W. et al. Recent advances in digital holography [invited]. Applied optics53, G44–G63 (2014).
 30. Takeda, M., Wang, W., Duan, Z. & Miyamoto, Y. Coherence holography. Optics express13, 9629–9635 (2005).
 31. Naik, D. N., Ezawa, T., Miyamoto, Y. & Takeda, M. Real-time coherence holography. Optics express18, 13782–13787 (2010).
 32. Takeda, M. Singh, A. K. Naik, D. N. Pedrini, G. & Osten, W. Holographic Correloscopy - Unconventional holographic techniques 

for imaging a three dimensional object through an opaque diffuser or via a scattering wall: a review. IEEE Transactions on Industrial 
Informatics (2015).

 33. Anderson, G., Liu, F. & Alfano, R. Microscope imaging through highly scattering media. Optics letters19, 981–983 (1994).



www.nature.com/scientificreports/

8SCIEnTIfIC REPORTS | 7: 10687  | DOI:10.1038/s41598-017-10767-3

 34. Mahalati, R. N., Gu, R. Y. & Kahn, J. M. Resolution limits for imaging through multi-mode fiber. Opt. Express21, 1656–1668 (2013).
 35. Izatt, J. A., Swanson, E. A., Fujimoto, J. G., Hee, M. R. & Owen, G. M. Optical coherence microscopy in scattering media. Optics 

letters19, 590–592 (1994).
 36. Yang, X., Pu, Y. & Psaltis, D. Imaging blood cells through scattering biological tissue using speckle scanning microscopy. Optics 

express22, 3405–3413 (2014).
 37. Van Putten, E. et al. Scattering lens resolves sub-100 nm structures with visible light. Physical review letters106, 193905 (2011).
 38. Yilmaz, H. et al. Speckle correlation resolution enhancement of wide-field fluorescence imaging. Optica2, 424–429 (2015).
 39. Stasio, N., Moser, C. & Psaltis, D. Calibration-free imaging through a multicore fiber using speckle scanning microscopy. Optics 

letters41, 3078–3081 (2016).
 40. Choi, Y. et al. Optical Imaging with the use of a scattering lens. IEEE Journal of Selected Topics in Quantum Electronics20, 61–73 

(2014).
 41. Singh, A. k. Naik, D. N. Pedrini, G. Takeda, M. & Osten, W. Exploiting scattering media for exploring 3D objects. Light science and 

applications6 (2017).
 42. Sinha, S., Sirota, E. B., Garoff, S. & Stanley, H. X-ray and neutron scattering from rough surfaces. Physical Review B38, 2297 (1988).
 43. Goodman, J. W. Introduction to Fourier optics (Roberts and Company Publishers, (2005).
 44. Goodman, J. W. Speckle phenomena in optics: theory and applications (Roberts and Company Publishers (2007).
 45. Dainty, J. C. Laser speckle and related phenomena (Springer Science & Business Media (2013).

Acknowledgements
Mitsuo Takeda is thankful to Alexander von Humboldt Foundation for the opportunity of his research stay at 
ITO, University of Stuttgart.

Author Contributions
The conception of this work arose from the joint discussions between A.K.S. and M.T. Theoretical development 
of the principle and experiments were performed by A.K.S. with contributions from G.P. W.O. initiated the 
research and oversee overall research as the institute leader. All authors discussed the principle and results of the 
experiments. The manuscript was written mainly by A.K.S. with contributions from all authors.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10767-3
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-10767-3
http://creativecommons.org/licenses/by/4.0/

	Scatter-plate microscope for lensless microscopy with diffraction limited resolution
	Materials and Methods
	Principle. 
	Experimental setup. 
	Post processing. 

	Results and Discussion
	High resolution imaging. 
	Imaging of biological samples. 

	Conclusion
	Acknowledgements
	Figure 1 Microscope imaging systems: (a) PSF of a conventional microscope objective (b) conventional microscope imaging (c) PSF of a scattering layer, which in this case is a speckle pattern , (d) microscope imaging using a thin scattering layer (‘scatter
	Figure 2 Comparison of conventional and scatter-plate microscope imaging: A 1951 USAF test target was used as an object.
	Figure 3 Imaging with varying magnification using a scatter plate.
	Figure 4 Microscopic imaging of a biological sample.
	Figure 5 Imaging of a complex biological sample.




