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Abstract: High-resolution optical imaging through or within thick scattering media is a long sought
after yet unreached goal. In the past decade, the thriving technique developments in wavefront
measurement and manipulation do not significantly push the boundary forward. The optical diffusion
limit is still a ceiling. In this work, we propose that a scattering medium can be conceptualized as an
assembly of randomly packed pinhole cameras and the corresponding speckle pattern as a
superposition of randomly shifted pinhole images. The concept is demonstrated through both
simulation and experiments, confirming the new perspective to interpret the mechanism of
information transmission through scattering media under incoherent illumination. We also analyze
the efficiency of single-pinhole and dual-pinhole channels. While in infancy, the proposed method
reveals a new perspective to understand imaging and information transmission through scattering
media.
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1. Introduction resolution. Unfortunately, the tradeoff between the
thickness and resolution is still unbroken, even after

Optical imaging through scattering media is recent thriving developments in optical phase
highly desired yet unresolved, especially when the conjugation [1-7], wavefront shaping [8-14],
medium is thick. For decades, researchers struggle scattering matrix measurement [15-19], hybrid

to see deeper or thicker while maintaining high acousto-optical methods [3, 4, 13, 20-24], etc. Most
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proof-of-concept implementations thus far have
dealt with thin scattering media, such as ground
glass diffusers, painting power layers, and thin
biological tissue slices, which can hardly be
extended to thick scattering media. A possible
reason behind the dilemma is that all these methods
treat a scattering medium as a black box, where only
the input(s) and output(s) of the medium are
considered but the medium itself is not. Yet, the
essence of imaging is to transmit information. In
information theory, the concept of channel is widely
explored to transmit information faster and farther
after the popularity of data compression and source
coding [25]. However, as the thickness of scattering
media increases, the imaging quality deteriorates
rapidly. To understand and furtherly tackle the poor
information transmission efficiency, the concept of
channel for information delivery in scattering media
needs to be amended.

Among all the solutions to imaging through
scattering media, speckle autocorrelation imaging
[26-34] is attractive due to its plain experiment
implementation. Its principle is also quite straight
forward. Under incoherent illumination, the resultant
speckle pattern on the detection plane is a
convolution of a hidden object and a speckle point
spread function (sPSF) of the medium, if the object
is smaller than the memory effect range [35-39].
Under

autocorrelation  of

ensemble average approximation, the

speckles equals to the
autocorrelation of the object itself, thus the image
can be reconstructed based on algorithms [25,
40-43]. With further scrutinization, we find that a
scattering medium can be conceptually treated as an
array of randomly distributed fictitious pinholes and
the corresponding speckle pattern as a superposition
of randomly shifted pinhole images. It is hence
hypothesized that pinholes constitute major channels
to transmit information through scattering media,
which is demonstrated via both simulation and

experiments in this work. In the following, we first
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simulate amplitude pinholes on a screen, then build
a phase pinhole model considering that most light is
scattered rather than blocked or absorbed in
scattering media, and finally extend the simulation
to three dimensions with phase pinholes being
positioned on several sequential planes. Experimental
results confirm that randomly packed phase pinholes
provide open channels to transmit information
through thick
single-pinhole channels are more efficient than

scattering media, and furtherly

dual-pinhole channels for information transmission.

2. Methods

In speckle autocorrelation imaging, the speckle
pattern on the image plane can be denoted by [25]

I(x', y')=0(x", y')®sPSF (1)

within the memory effect range, where ® is the

convolution operator, and sPSF denotes the speckle

PSF of the scattering medium. O is an intensity

object, and x and y denote the coordinates on the image

plane. The autocorrelation of the speckle pattern can
be

I(x', y') * I(x’, y') = [O(x', y') * O(x', y’)] ®
[sPSF *sPSF]
= O(X’, y') * O(x', y') (2)

where * is the autocorrelation operator.
sPSF #sPSF can be considered as a pink function.

After Fourier transform, (2) turns to be
‘ﬁ[l(x', y’)]‘ = ‘F[O(x', y')j”. 3)
In other words, the Fourier transforms of the
intensity object and its corresponding speckle
pattern share the same amplitude distribution in the
frequency domain.

In the pinhole image, the intensity distribution
on the image plane is

I(x', y') = IIO(x, y)é‘(erx', y+y')dxdy
=0(-x", —)') 4)
where O(x, y) is the intensity distribution of the
object on the object plane, and 5(x+x', y+y’) is
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the ideal response function of the pinhole camera.
The case of equal object and image distances is
selected to simplify the derivation following.
Equation (4) has another form:

I(x’, y')z[O@&](x',y') %)
where & (x', y') is the point spread function.
Under geometric assumption, the diameter of the
pinhole is zero. If the center of the pinhole is shifted
to (x,, y,) , the corresponding PSF is
&(x'=2x,,y'=2y,), and (5) turns to be

I(x,y)=0(x", ") ®5(x’—2xp, y'—2yp) . (6)
Then, the autocorrelation of the pinhole image is
I(x, ) 1(x', ')
:[O(x' y’)®5(x'—2xp, y'—2yp)]*

[ x' y ®5x—2x , V' = Zy)]

[ x y *O x y ]@

[ '=2x,,y =2y, )

5(x'—2xp, y’—2yp)]

= [O(x’, y’) * O(x', y')} ® 5(x', y')
= O(x', y') * O(x', y'). (7
No matter where the center is, the
autocorrelation of each pinhole image is the same
and can be added directly. Considering a screen with
many randomly distributed pinholes, the intensity on
the image plane is

I(x',y')= ZO(x', V)® 5()6'
=0(x', y")® Zé'(x' -

where (xpi, yp,.)(izintegers) is the center of ith

_2xpi’ y,_zypi)

2x,. V' =2,) ()

pinhole. Because of the zero width of an ideal
pinhole, the autocorrelation of
Zé'(x'— 2x,, y'= 2yp,.) equals &(x',»'), and the
intensity  autocorrelation  still  equals  the
autocorrelation of the object itself. As the number
density of pinholes increases, the intensity on the
image plane evolves from sparsely distributed
images into a speckle pattern.

Apparently, (1) and (8) have similar forms. In
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both cases, the autocorrelation of intensity
distribution on the image plane equals the

autocorrelation of the object itself. Thus, we assume
that a scattering medium can be conceptualized as
many randomly packed pinholes and the
corresponding speckle pattern as a superposition of
randomly shifted pinhole images.

To demonstrate the assumption above, based on
wave optics we first simulate the detected intensity
patterns and reconstruct images using an amplitude
pinhole screen, when the number of pinholes is
gradually changed. The system setup is shown in
Fig. 1. A thermal source at a wavelength of 532nm
illuminates a transmissive object, such as a letter “F”,
a Greek letter “o”, an icon and a digit number “4”.
The transmitted light propagates to the screen, and
finally reaches the camera. The object distance
u=8cm and the image distance v=4 cm. The pinhole
diameter is selected as 180 um. Considering most
turbid media of interest (e.g., biological tissue) are
scattering dominant, i.e., the scattering coefficient is
an order of magnitude larger than the absorption
coefficient, we build a model of the phase pinhole,
which has higher energy efficiency than the
amplitude pinhole. For a thin scattering layer, the
decomposed phase pinholes are randomly
distributed on a plane; while for a thick scattering
medium, it is sliced into many thin layers and each
layer is treated as lots of phase pinholes. In this way,
we can extend the idea into 3 dimensions. Physically,
we cannot decompose a real scattering medium into
phase pinholes. Hence, simulation is also applied to
demonstrate the hypothesis, as shown in Figs.3 and
5, since the pinhole decomposition process can be

easily implemented conceptually.

Thermal light Pinholes/
samples Camera
®<— S —
v
Object

Fig. 1 Configuration of the system in both simulation and
experiment. #=8 cm, v=4 cm. In experiment, a light emitting
diode (LED) (Thorlabs MS530L3) coupled with a
I-nm-linewidth filter is used as the illumination source. The
charge-coupled device (CCD) camera (AVT Stinggray F-504B)
has a pixel pitch of 3.45 um.
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After the demonstration, it is reasonable to treat
pinhole as a kind of channel to transmit information
through scattering media, and a scattering medium
can be decomposed into numerous pinholes with
different diameters, shapes (circular, hexagon, etc.),
and clusters. How do these factors influence the
channel efficiency/capacity? Many remain to be
explored. Here, we only consider a very simple case,
comparing the channels constituted by a single
pinhole and by two pinholes in sequence. In
experiment, we prepare 4 scattering samples, i.e., a
single ground glass diffuser (Thorlabs DG20-600-
MD), two diffusers with their rough surfaces in
direct contact with each other, two diffusers with
one A4 paper circle of a thickness around 100 um as
the spacer between the rough surfaces, and two
diffusers with two A4 paper circles as the spacer. u
and v are the same as the simulation. The measured
memory effect range for the latter three cases are
7 089.1 um, 728.3 pm, and 493.1 um, respectively.
Legends 0A4, 1A4, and 2A4 denote samples with
different numbers of A4 spacers. The object digit
“4” has a height of 320 um, smaller than memory
effect ranges of all samples. Note that a ground glass
diffuser is usually considered to generate one
scattering event at its rough surface, and when the
two rough surfaces of two ground glass diffusers are
in direct contact, the single scattering approximation
is still valid. For a single diffuser, all decomposed
phase pinholes are located on its rough surface. In
this case, the input of all pinholes is the object. Any
two pinholes are independent to transmit
information with known channel efficiency/capacity
unless they have overlaps. The overlap causes
crosstalk that brings distortion of the corresponding
pinhole images and hence noise to deteriorate the
quality of reconstructed images. While in the
two-diffuser sample with large intervals, each
diffuser is decomposed into many phase pinholes.
Two pinholes located respectively on the two
diffusers constitute the dual-pinhole channel, whose
capacity/efficiency to
determined by pinhole diameters, interval distance
and central shift.

transmit information is

The overlap between two
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dual-pinhole channels also brings noise. To
scrutinize the efficiency of the two channels, we also
do simulations based on dual-phasemask samples

with different intervals.
3. Results

Figure2 shows the simulation results of a screen
with an increased number of amplitude pinholes. As
seen, with sparse pinholes (e.g., N=20), the images
on the CCD plane are clearly distinguishable
[Fig.2(b)], and the digit image can be reconstructed.
When the number of pinholes increases [Figs.2(d),
2(g), and 2(j)], more and more images are
superposed, resulting in more and more speckles
like patterns [Figs. 2(e), 2(h), and 2(k)]. But with
retrieval algorithms [25, 34], the digit can still be
reconstructed [Figs. 2(f), 2(i), and 2(1)], albeit with
increased noise caused by the truncations of four
edges of the speckle patterns and the crosstalk
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Fig. 2 Simulation of pinhole camera imaging through
different amplitude pinhole screens. The first row is the
simulated distributions of the pinholes on the screen, the second
and thirds rows show the corresponding light patterns on the
camera and reconstructed images, respectively. The number of
pinholes gradually increases from column to column (N=20, 100,
400, and 900). The scale bars of the three rows are 1 mm, 1 mm,
and 0.5 mm, respectively. The inset in (c) is the photograph of
the object, i.e., a hollowed letter F. The colored arrows in the
first and second rows attract attentions to particular pinholes and
their corresponding pinhole images.

The azure arrow in Fig.2(a) shows a half pinhole
of a semi-circle, and its pinhole image in Fig.2(b) is
dimmer than the regular pinhole images. The three
green arrows in Figs. 2(a) and 2(d) denote two
with  different
center-to-center distances, and their corresponding

pinholes have overlap, but
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images have different profiles. The magenta arrows
show two different clusters of three pinholes, and
the corresponding images also have different shapes.

Figure 3 is the simulation result of the phase
pinhole camera concept. First, a phase pinhole is
designed by positioning a small phase disk on a
transparent plate. A reversed image of the Greek
letter « can be obtained (shown in the second row),
as long as the phase value of the disk is not the same
as or 2nz (n is an integer) different from that of the
background. The result demonstrates that under
incoherent illumination, phase pinholes can be used
albeit
the background of the light pattern

for imaging, counter-intuitive.
Notably,

reaching the detection plane is bright, which is

seeming

different from amplitude pinholes. As the number
density increases, more and more phase pinholes
overlap. In other words, a point can be the
component of many decomposed pinholes
simultaneously. Thus, the diffraction light of a point
is decomposed into different pinhole cameras. An
example of a phasemask generated from plenty of
packed phase pinholes and the corresponding
speckle pattern are shown in Figs. 3(f) and 3(g).
Nevertheless, an image of the object can still be
extracted [Fig.3(h)]. The results demonstrate that a

thin scattering medium can be decomposed as

randomly distributed phase pinholes.

(a) (b) (c) ) (e) 2z
4()0& : I 0
1

Fig.3 Simulation results of randomly packed phase pinhole
cameras: (a)—(e) the upper row illustrates phase screens with
only one circular bump of uniform phase (0, 72, 7, 32/2, and
27, respectively) at the center; the lower row is the
corresponding intensity patterns on the detection plane; (f) an
example of phase screen with 10* randomly distributed phase
bumps within a field of view of 5x5mm?. The phase step height
of each pinhole is 7/8; (g) the corresponding light pattern after
normalization; (h) the reconstructed image.
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In addition to circles, the phase pinhole can have
other distributions, such as Gaussian profiles. As
shown in Fig. 4, enough randomly distributed
Gaussian phase pinholes within an area share the
same statistical distribution as a ground glass model,
a typical thin scattering medium. One more evidence
to show that a
decomposed into randomly shifted phase pinholes.

scattering medium can be

Now, the concept has been well demonstrated with
the thin scattering medium. For a thick scattering
medium, such as a 1-mm-thick layer of chicken
breast tissue, it can be sliced into 10 100-pm-thick
layers, and each layer is replaced by many Gaussian
phase pinholes. The icon is selected as the target,
with simulation result shown in Fig.5. Due to the
increased noise, and maybe also the decreased
capacity/efficiency of the integrated channels, the
reconstructed image is poor. Nevertheless, we can
still see the profile of the target. It demonstrates that
the pinhole camera concept can be applied to thick
scattering media as well.

Figure 6 shows the imaging results of channels
constituted by single-pinhole and dual-pinhole in
comparison. As the distance between the rough
surfaces  increases, the

single  scattering

approximation gradually fails, and more edge
information in the speckle autocorrelation is lost
[Fig. 6(b) to 6(e)]. We can barely reconstruct the
image for the fourth scattering medium although the
object is still within the memory effect range. To
avoid the influence of noise in detection and further
confirm the efficiency of the two channels to
transmit information, we design a simulation
accordingly, where the weight of zero frequency
component is adjustable [39, 44-46]. We record the
speckle patterns of a single phasemask and two
phasemasks separated by 10 um, 100 um, and
1 000 um, respectively. Their autocorrelations are
shown in Figs. 6(f) to 6(i). Compared with the
autocorrelation of the object in Fig. 6(a), the speckle
autocorrelation, especially in the edge, deteriorates
with increased intervals [Figs. 6(g) to 6(i)]. It
suggests that even within the memory effect range,
the single-pinhole channel has higher capacity/

efficiency to transmit information. By adding a little
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bit ballistic photons (0.18%, counted by
power/energy) to the optical field of the first
phasemask of the two-phasemask sample,

accordingly 0.18% increment of single-pinhole
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channels to the sample, speckle autocorrelation can
be significantly improved as shown in Fig. 6(j),
which can also be seen in Fig. 6(k) from the
structural similarity (SSIM).

- a2 LT ) 70
200
60

100
50

40
30 -100

20 =200

05 «

. ; 0
20 40 60 —200 0 200

Fig. 4 Evolution of phasemasks with the number of Gaussian bumps with a height of 7 and a radius x =60 um. Within a 2x2 mm?
square area, 10°, 5x103, and 2x10* Gaussian phase pinholes are randomly distributed in the upper row of (a—c), respectively. The
colorbars denote phase value range of generated phasemasks accordingly. (d) A conventional phasemask generated under the constraint
G(x,y) = o’exp[—(x* + y*)/k’] at o =10 um and x =60 pm, corresponding to a Gaussian filter in frequency domain. As the
phasemask grows maturely with a nearly symmetric histogram, it has the same appearance and statistical distribution as the
conventional one except for the particular phase amplitude, which can be adjusted by adding 2n7x, n is an integer. By changing the
height and/or number density of the phase pinholes, the phase amplitude and distribution of the generated phasemask can be altered.
The vertical axis of the histogram denotes the number of pixels at each phase value.

N

Fig. 5 Simulation result of imaging an icon through a
1-mm-thick layer of chicken breast tissue: (a) a photograph of
the icon composed by three geometry structures, (b) and (c)
speckle pattern and the amplitude of its Fourier transform, and
(d) reconstructed image of the icon.

4. Discussion and conclusions

In this paper, for simplification we assume that
pinholes have the same shape and diameter in each
decomposition. In fact, both the shapes and the
diameters of pinholes can be different, as well as the
heights. In other words, the decomposition of a
scattering medium is not unique. However, the
image result, which is an ensemble average, is the
same. In different compositions, the quality of a
particular pinhole image is different, but not the
ensemble average.

Comparing to fog and clouds, the pinhole
concept is more applicable in dense scattering media,
such as biological tissue, turbid solution, and epoxy

(d) 1A4 (e)

S(iﬂ 1000
d (um)

Fig. 6 Experimental and simulated results of single- and
dual-pinhole channels to transmit information: (a) the
autocorrelation of the target; (b)—(e) the speckle autocorrelation
of the prepared scattering media, i.e., a single diffuser, dual
diffusers with 0, 1 and 2 A4 paper circles as the spacer,
respectively; (f)—(i) the normalized speckle autocorrelation of a
single phasemask, dual phasemasks with intervals of 10 um,
100 um, and 1 000 um, respectively. As the interval increases,
the distortion of the edge increases; (j) the speckle
autocorrelation with 100 um interval when 0.18% ballistic, i.e.,
zero frequency component is added to the spatial power
spectrum density of the first phasemask; (k) the structural
similarity (SSIM) of simulated autocorrelations with the
autocorrelation of object itself. With increased single channels
to transmit information, the SSIM value increases at the same
interval of =100 um, as denoted by the green diamond marker;
(1) the photograph of the target with a scale bar of 100 um; (m)
the reconstructed image from the speckle pattern obtained in
experiment at d=100 um; (n) the reconstructed image from
corresponding simulation pattern.
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resin plates. For much larger scale media, like dense
fog, although they can also be considered as stacks
of random phase masks with intervals as well, the
memory effect range is almost zero due to tens of
hundreds of meters or even larger scales. In these
cases, images cannot be retrieved even when speckle
patterns are obtained.

For a long time, the community has been striving
to overcome the barrier of multiple scattering to see
and manipulate light through/within thick scattering
media. Although many techniques have been
developed to advance the frontier, the imaging
depth/thickness is still limited, usually within one
transport mean free path beneath surface. The
ceiling is there; it seems that technique
improvements in devices like cameras, spatial light
modulators will not change the situation
fundamentally. So, instead of treating a scattering
medium as a black box and only probing the inputs
and outputs, looking into scattering media from the
perspective of field and information propagation
may potentially pave a new avenue to the ultimate
solution.

In this work, a new concept is proposed and
demonstrated to treat the scattering medium as an
assembly of randomly packed pinhole cameras in
3D space and the speckle pattern as a superposition
of numerous pinhole images with randomly shifted
centers. Moreover, an interpretation of information
delivery through a scattering medium is shown that
singly scattered photons are the major carriers for
effective image information and pinholes provide
open channels for information transmission, or
equivalently, the single-pinhole channel has higher
efficiency/capacity to transmit information. That
said, for now merely a peek of the channel to
transmit information in scattering media and only
the ensemble average of single-pinhole and
dual-pinholes channels, not each particular form,
have been investigated. With further research, we
may find many more sophisticated channels, which

have a comprehensive understanding of the channels
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in scattering media, manipulate the channel to
increase information transmission efficiency, and
pave a new avenue to image through thick scattering
media. The study may find immediate and future
benefits to a variety of applications in complex
environment, such as quantitative biological
fluorescence imaging, precise treatment planning,

and navigation in fog.
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