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Several phenomena have been recently exploited to circum-
vent scattering and have succeeded in imaging or focusing
light through turbid layers. However, the requirement for
the turbid medium to be steady during the imaging process
remains a fundamental limitation of these methods. Here, we
introduce an optical imaging modality that overcomes this
challenge by taking advantage of the so-called shower-curtain
effect, which is adapted to the spatial-frequency domain via
speckle correlography. We present high-resolution imaging
of objects hidden behind millimeter-thick tissue or dense lens
cataracts. We demonstrate our imaging technique to be insen-
sitive to rapid medium movements (>5 m∕s) beyond any bio-
logically relevant motion. Furthermore, we show this method
can be extended to several contrast mechanisms and imaging
configurations. © 2016 Optical Society of America
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All-optical imaging through scattering turbid media is among the
biggest challenges in optics and has important applications in
many biomedical and engineering fields [1]. Pioneering work to-
ward this goal has been recently demonstrated using phenomena
such as the memory effect [2–4], phase conjugation [5], and the
scattering matrix inversion [6–8]. However, a fundamental issue
toward practical applications remains the requirement that the
turbid media should be stationary, as slight movements dramati-
cally degrade the image quality [3,9]. Recent studies have shown
significant progress toward this goal by demonstrating rapid fo-
cusing through dynamic scattering layers [10,11]. Here, we
present an all-optical method based on the so-called “shower-
curtain” effect, which enables imaging behind millimeter-thick
tissues and is fundamentally insensitive to turbid medium
motions.

The shower-curtain effect is a familiar phenomenon, routinely
observed in our everyday life: an object placed behind a scattering
layer appears blurred [Figs. 1(a) and 1(b)], but if the object is
attached to the scattering layer, it can be clearly resolved
[Fig. 1(c)]. The shower-curtain effect is known to represent an

obstacle to high-quality imaging [12,13]. From an optics stand-
point, the scattering layer behaves as a short-pass filter for spatial
frequencies: as the distance between the object and the scattering
layer increases, the frequency cutoff decreases, thus reducing the
imaging resolution [14–16]. However, at short distances, the cut-
off frequency is high enough that objects can be seen at high res-
olution even through a turbid medium of several scattering
lengths (Fig. S1, Supplement 1). Interestingly, the spatial corre-
lations between the front side and back side of the turbid medium
that are exploited in the shower-curtain effect can be considered as
the near-field counterpart of the spatial correlations exploited in
memory effect protocols (Fig. S2, Supplement 1) [17]; however,
working in an imaging configuration, the near-field correlations
exploited in the shower-curtain effect can be made robust against
turbid medium motions (Fig. S3, Supplement 1). The optical sys-
tem we developed takes advantage of the shower-curtain effect
properties and generalizes them to achieve high-resolution imag-
ing of objects placed at a nearly arbitrary distance behind the scat-
tering medium. The imaging procedure is based on retrieving the
object’s Fourier transform from the turbid medium (used as the
shower curtain) through a correlography technique based on
speckle illumination.

Imaging correlography [18–20], which was developed in the
1980s, uses similar principles as speckle interferometry [21,22]. A
coherent beam is diffused by a scattering object, giving rise to a
speckled object field f n�x; y�, where the subscript n refers to a
specific speckle configuration emerging from the object. After
propagation to the far field, a two-dimensional Fourier transform,
jF̃ �f n�x; y��j2 can be observed. By the Wiener–Khinchin theo-
rem, the Fourier transform of this pattern is related to the
autocorrelation of the speckled object: F̃ −1�jF̃ �f n�x; y��j2� �
f n�x; y� � f n�x; y�. Averaging over many independent realiza-
tions of processed speckle patterns, the autocorrelation of the
original object can be obtained (see Supplement 1) [18–20].
From the autocorrelation, a phase retrieval algorithm can be ap-
plied to image the object [23,24]. Traditional imaging correlog-
raphy techniques are not suitable for imaging close objects behind
highly scattering media. Here, we overcome these issues through
the aforementioned shower-curtain effect and with speckle illu-
mination. By illuminating the object with a speckle pattern rather
than a coherent beam, we extend the correlography technique to
transmitting or other nonscattering objects. More importantly, we
show that the correlography principles can be effectively applied
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in the near field. While the far-field condition is usually known as
z > 2D2∕λ (D, size of the object; λ, wavelength), by tuning the
spatial coherence of the illumination beam, as one can do with
speckle illumination, the “far-field” condition can be written as
z > 2DRc∕λ, where Rc is the correlation radius of the speckle
pattern (see Supplement 1) [25]. We experimentally verified this
property by illuminating a double-slit aperture (width 150 μm,
separation 1 mm) with a coherent beam and with a speckle pat-
tern. Placing the camera in the near field (50 mm), we observed
the double-slit Fresnel diffraction pattern as expected [Figs. S4(a)
and S4(b),Supplement 1]; however, by performing our correlog-
raphy-based reconstruction, we obtained the Fourier transform of
the double slit as if we were working under the Fraunhofer “far-
field” diffraction condition [Figs. S4(c) and S4(d), Supplement 1].
Using this property, in practice, for objects with sizes ranging be-
tween 100 μm and 1 mm, the Fourier transform can traditionally
only be recorded at distances as high as tens of centimeters; in-
stead, we can reduce this distance requirement by one to two or-
ders of magnitude by tuning the illuminating speckle size between
1 and 10 μm. This makes our technology compatible with bio-
medical applications such as retinal imaging behind cataracts or
imaging of the back of the ear behind the tympanic membrane.

Our experimental setup, processing procedure, and exemplary
results are shown in Fig. 1. We employed an He–Ne laser beam at
632 nm; after expanding the beam, we used a ground glass dif-
fuser to generate the speckle pattern that illuminates the aperture
mask (object). Light transmitted through the object hit a second
diffuser, which acted as the turbid medium of interest. Through
the shower-curtain effect, the light pattern projected on the front
side of the turbid medium can be observed on the back side of the
turbid medium. To record such a pattern, one can either place a
camera in the plane of the turbid medium, or, as we did, image
the plane of the turbid medium onto a camera with a lens. After
recording 3000 frames while shifting the first diffuser [Fig. S5(a),

Supplement 1], we Fourier transformed, processed, and summed
each frame to yield the autocorrelation of the object. At last, we
reconstructed the original object from the autocorrelation using
Fienup phase retrieval algorithm [Fig. 1(e)].

To present our imaging performances through biological tis-
sues, we used a dense nuclear cataract from ex vivo rabbit eyes and
a 0.8-mm-thick chicken breast tissue. Both these turbid media are
visually opaque, i.e., standard systems cannot image objects
hidden behind them [Figs. 2(a) and 2(b)]. For our experiment,
we used objects printed on a photolithography mask, with the
smallest features ∼10 μm [Figs. 2(c) and 2(d)]. We illuminated
the objects with a speckle pattern, as previously described, and
recorded the transmitted light at the back surface of the turbid
medium. The conventional imaging system yielded no informa-
tion about the objects [Figs. 2(e) and 2(f )]; instead, our
reconstruction process accurately retrieved the shape of the
original objects [Figs. 2(g) and 2(h)].

A key feature of the shower-curtain phenomenon is that any
phase aberration introduced in the plane of the turbid medium
does not affect the intensity pattern recorded if that plane is im-
aged onto a camera. Thus, in our scenario, the turbid medium can
be effectively thought of as a screen where images or other light
patterns are projected and recorded. As a result, the turbid
medium is not required to be stable during the imaging process;
in fact, operating in an imaging configuration, dynamic scattering
processes occurring at the turbid medium plane do not contribute
to the degradation of the point-to-point correspondence of the
imaging system. To vividly demonstrate this intriguing property,
we used a ground glass as a turbid medium, and we rapidly rotated
it (37 revs/s) using a commercial fan [Fig. 3(a)], yielding greater
than 5 m/s linear speed at the pattern location. We used the same
object aperture as in the static case [Fig. 3(b)]. As expected, nei-
ther the single shot of the camera [Fig. 3(c)] nor the average of all
recorded frames [Fig. 3(d)] seemed to provide useful information
about the object; however, by adding the processed Fourier trans-
forms of all images and applying the phase retrieval algorithm, we
could reconstruct a clear image of the object [Fig. 3(e)]. In our
method, the quality of the reconstructed image through a highly
dynamic turbid medium is as good as the one obtained with static

Fig. 1. Shower-curtain phenomenon, data acquisition, processing,
and results. (a) Object mask imaged in free space. Scale bar, 200 μm.
(b) The object placed 5 mm behind a ground glass diffuser appears
blurred. (c) The object placed very close to the ground glass diffuser
can be seen clearly. (d) Experimental setup: an expanded laser beam is
diffused by a first diffuser; the scattered light passes through the object
and generates a complex pattern on a turbid medium. The plane of the
turbid medium is imaged onto the camera with a lens of focal length
f �1∕a� 1∕b � 1∕f �. (e) Data processing and experimental results:
the acquisition procedure is repeated many times while the first diffuser
is shifted. For each frame, we performed a Fourier transform, DC filter-
ing, and averaging to obtain the autocorrelation of the object. From the
autocorrelation, we retrieved the object with a phase retrieval algorithm.

Fig. 2. Imaging through biological turbid media. (a) and
(b) Photograph of a ruler placed 0.5 in hidden behind a cataract and
an 0.8-mm-thick chicken breast tissue. (c) Object mask used for imaging
through cataract. Scale bar, 200 μm. (d) Object mask used for imaging
through the chicken tissue. Scale bar, 100 μm. (e) and (f ) Average of the
recorded images as seen through the cataract and the tissue (distances 80
and 100 mm, respectively). (g) and (h) The reconstructed images as
obtained after correlography analysis.
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turbid medium [Fig. S3(a), Supplement 1]. The speckle decorre-
lation time introduced by the turbid medium in this scenario is
shorter than 1 μs [Fig. S5(b), Supplement 1], which is several
orders of magnitude faster than the camera acquisition time.
This would dramatically degrade the spatial correlations used
in memory-effect-based protocols, as shown in Fig. S3(b),
Supplement 1, thus confirming the great improvements offered
by our protocol in terms of motions of the scattering medium.

Beyond transmission configurations, we demonstrated our im-
aging protocol in the “look around the corner” geometry. We used
a similar setup to Fig. 1, but we collected the light scattered off the
turbid medium [Fig. 4(a)]. High-quality image reconstructions
were obtained also in this configuration [Figs. 4(b) and 4(c)].

Furthermore, our imaging protocol can be extended to con-
trast mechanisms other than transmission. As a proof-of-principle
demonstration, we used the object birefringence as the imaging
contrast [Fig. 5(a)]. To make a birefringent object, we surgically
extracted and fixed a bovine cornea; we stained it with picrosirius
red (PSR) and attached it to a USAF chart [Fig. 5(b)]. The PSR
staining of the collagen-rich tissue sample changed the polariza-
tion of the incoming light; therefore, placing two crossed polar-
izers before and after the object, the recorded pattern was only due
to the birefringence contrast, while the light transmitted with no
polarization change was effectively suppressed (18 fold). Our
imaging protocol was clearly able to reconstruct the shape of

the birefringent regions of the object [Fig. 5(c)]. This result shows
that our protocol can be generalized to dark-field microscopy con-
figurations, where a positive contrast is obtained from the object
on a dark background. We used the same cross-polarized setup to
image a bovine retinal tissue sample through a ground glass dif-
fuser. Only light that was scattered by the different features in the
tissue was collected by the imaging system, as shown by directly
imaging the tissue with standard polarized microscopy [Fig. 5(d)].
Also in this case, our reconstruction process was able to retrieve
the object shape through the turbid medium [Fig. 5(e)].
Together, Figs. 4 and 5 demonstrate that our imaging protocol
could be extended to epi detection configurations for biomedical
applications where objects can only be accessed from one side.

At a fundamental level, the spatial correlations exploited by the
shower-curtain phenomenon are governed by the same principles
as the ones used in the memory effect [17,26,27]. The angular
range of the memory effect can be thought of as the maximum
numerical aperture through which an object can be observed, and
thus provides an upper limit on the spatial frequency cutoff of the
shower curtain. We quantitatively demonstrated this correspon-
dence in Fig. S2 of Supplement 1. Hence, in static conditions,
image protocols that use the shower-curtain effect will be able
to reconstruct objects through the same scattering layers as the
pioneering work by Bertolotti et al. [2] and Katz et al. [3], with
equivalent limitations on resolution and field of view. In particu-
lar, our protocol uses coherent processing to exploit the shower-
curtain effect in the Fourier domain, i.e., the features we measure
through the scattering layer are the spatial frequencies of the ob-
ject rather than the object features. Therefore, the scattering
medium primarily degrades the field of view (FOV) rather than
the resolution of the imaging system. The maximal FOV for im-
aging is found to be θmax < λ∕πRt , with Rt being the smallest
resolvable feature on the turbid medium plane. For a ground glass
diffuser, we measured Rt < 8 μm, corresponding to FOV ∼1.5°;
for the 0.8 mm chicken tissue, we measured Rt < 20 μm, cor-
responding to FOV ∼0.6°. The resolution of the system instead
is given by how many Fourier components can be recorded at a
high signal-to-noise ratio. Thus, the lens that images the turbid
medium plane onto the camera has to provide enough resolution
to distinguish Rt and enough field of view to capture the full

Fig. 3. Imaging through dynamic turbid media. (a) Experimental
setup: an expanded laser beam is scattered by a ground glass diffuser
and the resulting speckle pattern illuminates an object. The light trans-
mitted through the object propagates 190 mm and goes through a rapidly
rotating ground glass. We used a camera to record the light pattern on the
rotating ground glass. (b) Object. Scale bar, 200 μm. (c) Representative
single shot as recorded by the camera. (d) Average of 3000 camera frames
of different speckle realizations. (e) Reconstructed image.

Fig. 4. Imaging around the corner. (a) In the reflection configuration,
we recorded the light scattered off the turbid medium. For these experi-
ments, as the turbid medium, we used white paper located 150 mm from
the object. (b) Object. Scale bar, 200 μm. (c) Reconstructed image.

Fig. 5. Different contrast mechanisms. (a) Schematic principle of the
experimental setup. (b) and (c) We placed an object made of fixed corneal
tissue between two cross polarizers so that only light that changed polari-
zation went through. The distance between the object and the turbid
medium here was 55 mm. (b) Object aperture imaged in free space.
Scale bar, 250 μm. (c) Reconstructed image. (d) and (e) Between two
cross polarizers, we placed a dried retinal tissue sample so that only light
scattered by tissue features went through. The distance between the
object and the turbid medium here was 140 mm. (d) Retinal tissue
object imaged in free space in a cross polarized configuration. Scale
bar, 250 μm. (e) Reconstructed image through turbid medium.
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Fourier spectrum of the object. For a ground glass turbid medium
located 35 mm from the object, we obtained a 3 μm resolution
corresponding to an effective NA of 0.1 compared to the geomet-
rical 0.16 NA of the system. Diffraction-limited resolution can be
obtained by optimizing the pixel size, speed, and sensitivity of the
camera sensor. Working in the Fourier domain may be advanta-
geous because by enlarging the distance between object and
scattering layer, thicker media can be handled; we demonstrated
this property by imaging an object with 10-μm-sized features be-
hind a 3.3-mm-thick piece of chicken breast tissue (Fig. S6,
Supplement 1). However, the ultimate thickness of the scattering
medium is limited, as the light-diffusion delay spread within the
turbid medium should not exceed the temporal coherence set by
the first diffuser [3].

In dynamic conditions where the turbid medium is moving
and light correlations are degraded, our protocol is markedly dif-
ferent from memory-effect protocols. Three peculiar features (i.e.,
near-field correlations through the shower curtain, coherent for-
mation of the object Fourier transform, and direct readout of the
object Fourier transform in an imaging configuration) contribute
to make our protocol nearly insensitive to the motions of the
scattering medium. We have shown that in scenarios where
the speckle decorrelation time introduced by the turbid medium
is several orders of magnitude faster than the detector response
time, the spatial correlations of the speckle patterns are much de-
graded, while our protocol is not affected (Fig. S3, Supplement 1).
Being based on the Fourier transform retrieval, however, our
method is inherently a coherent technique. Therefore, unlike pre-
vious incoherent reconstructions, broadband contrast mecha-
nisms such as fluorescence are difficult to use. This also
represents the practical limit on the motion of turbid media that
can be handled. To retrieve high-quality Fourier transforms, the
single-frame acquisition time should be faster than the speckle
decorrelation time of the first diffuser, which in epi-detection con-
figurations may also be a moving biological tissue. With our low-
cost camera, we operated in the order of a 10 ms acquisition time,
which would already allow imaging without artifacts caused by
breathing, saccadic movements or heartbeats. It is straightforward
to improve this performance and achieve sub-millisecond acquis-
ition times using a more sensitive camera.

In summary, we demonstrated a speckle correlography proto-
col based on the shower-curtain effect adapted to the Fourier do-
main. This enabled imaging through millimeter-thick tissues,
which is insensitive to turbid medium motions. Using light power
levels safe for in vivo tissue applications and low-cost optical
components, we demonstrated imaging performances that are
promising for biomedical applications, such as imaging the retina

through a cataract or the back of the ear through the tympanic
membrane.
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