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Super-resolution sensing with a randomly scattering analyzer
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A randomly scattering analyzer located in the far field and with a fixed aperture, in front of a multielement
detector, is introduced as a means to access enhanced sensing information associated with far-subwavelength
spatial features. This sensing method allows improved spatial resolution with coherent fields scattered from a
moving object, or some other relative change that causes a modified field incident on the detector aperture.
Experimental optical speckle correlation data with a translated diffusing structure show the salient features, and
understanding in relation to the experimental variables is supported by numerical simulations. The conclusion
is that more heavily scattering analyzers provide better spatial resolution because the measurements are more
sensitive to changes in the incident field. Such randomly scattering analyzers offer a dimension for sensitive
coherent optical metrology related to various sensing and motion application domains requiring large offset
distances.
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The physics of disordered media is of profound importance
in quantum transport and statistical optics [1], with broad
ramifications that include the modeling of small-scale elec-
tronic devices [2], imaging through scattering media [3], and
studies of localization [4]. Associated applications of random
matrix theory have been insightful and have found lasting
relevance because of their broad significance [2,5], includ-
ing for controlling or accessing information through random
channels [1,6]. Notably, wave-front regulation for imaging
purposes is possible with measurement and application of the
field transmission matrix [7,8]. However, despite the informa-
tion that in principle exists in coherent waves that have passed
through a randomly scattering medium, extraction or control
remains challenging. Separately, the enormous practical con-
sequences of exceeding Abbe’s resolution limit, notably in
the biosciences, have led to the substantial impact of various
forms of super-resolution imaging utilizing either the point
spread function of a microscope [9–11] or higher-order pho-
ton correlations using quantum information [12–15].

We introduce the concept of a randomly scattering ana-
lyzer, which enables super-resolution sensitivity to changes
in the field incident upon it that could be associated with
a variety of imaging or sensing contexts. Here, we focus
on experiments involving the motion of a remote diffusely
scattering object illuminated by a coherent incident field.
However, the changes could be due to motion of a scatterer or
set of scatterers, and could be the result of small deformations
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in a solid-state material. The random analyzer is shown to
provide access to far-subwavelength spatial information with
far-field measurement and a fixed aperture, thereby breaking
the (far-field, wavelength-scale) diffraction limit on spatial
resolution by a substantial margin. This enables a paradigm
in sensing and broadens physical insight into wave transport
in disordered media.

Our experimental arrangement is shown in Fig. 1, where
a fixed randomly scattering analyzer slab is placed between
the moving diffusing object of interest and the camera, all
of which are arranged in the path of a fixed incident laser
beam. A 59-mW, 850-nm laser diode with a linewidth less
than 10 MHz was used for illumination, producing a 0.4-
mm-diameter laser beam spot incident upon the translated
diffusing object. A linear computer-controlled stage was used
to move the slab in subwavelength steps of 476 nm. The
scattering analyzers used were a single ground-glass slide of
1500 grit (10 cm × 10 cm × 0.2 cm), a 3-mm-thick acrylic
slab, and a 6-mm-thick acrylic slab. Both acrylic analyzer
slabs (14 cm × 14 cm) had a reduced scattering coefficient
of 4 cm−1, with mean distance between the 50-nm TiO2

scattering centers being large relative to the wavelength [16].
An area of approximately 1.8 mm × 1.8 mm on the back
of the second scattering layer (the analyzer) was imaged by
a Photometrics Prime sCMOS camera (2048 × 2048 pixels)
using magnifying optics. The 4F system with an aperture in
the Fourier plane in Fig. 1 was used to regulate the size of
the speckle at the camera, so that there is an adequate number
of pixels within the correlation area and a sufficient number
of correlation domains for averaging (possible because the
statistics are stationary over the camera image). The speckle
size at the camera is estimated to be consistent throughout
our experiments: around 15 pixels within the full width at
half maximum of the autocorrelation of the speckle patterns.
Measurement through a linear (copolarized) polarizer yielded
zero-mean circular Gaussian and the measured negative expo-
nential intensity statistics.
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FIG. 1. Experimental arrangement, where a coherent laser illu-
minates a randomly scattering slab and speckle images are captured
through a random analyzer. An area of approximately 1.8 mm ×
1.8 mm on the back of the random analyzer (the second scattering
layer) was imaged (using a magnifying lens that is not shown) with
a Photometrics Prime sCMOS (2048 × 2048 pixels) camera. The 4F
system was used to regulate the speckle size and hence the number
of speckle spots on the camera (for adequate resolution and useful
statistical averaging). The diffusing slab was translated in small
steps, and a speckle pattern was captured at each position through
a linear polarizer (with the same same polarization as the incident
laser beam). The measured data is presented as intensity correlations
of these speckle patterns as a function of the translated slab position.

Figure 2 shows the measured normalized average speckle
intensity correlation as a function of translated diffuser posi-
tion, 〈Ĩ (x)Ĩ (x + �x)〉, with Ĩ = (I − 〈I〉)/〈I〉 and 〈I〉 the mean
intensity in the image, for varying degrees of scatter in the
random analyzer, while otherwise keeping the experimental
configuration the same. The translated diffuser was a 3-mm-
thick acrylic slab containing 50-nm TiO2 scatterers having a
reduced scattering coefficient of 4 cm−1 and negligible ab-
sorption [16]. The translated slab and the scattering analyzer
were separated by a distance of about 5 cm. This is our key and
motivating result, because it shows that an increasing amount
of scatter in the analyzer results in a more rapid decorrelation
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FIG. 2. The averaged normalized intensity correlation as a func-
tion of translation of the diffusing object (3-mm-thick acrylic slab
containing 50-nm TiO2 scattering having a reduced scattering co-
efficient of 4 cm−1), showing a varying decorrelation rate for the
different analyzers. The more scattering the analyzer is, the faster
the decorrelation becomes. With a thicker analyzer, we are able to
sense subwavelength (<850 nm) translation of the diffusing object.
For �x = 952 nm, the measured intensity correlations were 0.9550
(no analyzer), 0.8134 (one ground-glass slide), 0.4431 (3-mm acrylic
slab), and 0.2978 (6-mm acrylic slab). Both types of acrylic random
analyzer (with 50-nm TiO2 scatterers) have a reduced scattering
coefficient of 4 cm−1.
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FIG. 3. Experimental speckle correlation data with additional
variables. (a) The more-scattering 3-mm-thick acrylic slab produced
faster decorrelation when compared to one moving ground-glass
slide (1 GG), because the larger spread of speckle intensity exiting
the acrylic slab results in smaller speckle spots incident on the an-
alyzer. (b) The rate of speckle decorrelation increased for smaller
separation between the diffusing moving object (one ground-glass
slide) and the analyzer (3-mm-thick acrylic slab), because of the
reducing speckle size.

and hence greater sensitivity to the changing incident field
associated with the moving diffuser. Notice that, despite the
large distance between the moving slab and the analyzer, far-
subwavelength translation can be sensed. A subtle pattern in
the experimental results displayed in Fig. 2 is the seemingly
diminishing returns on the increase in the decorrelation rate
that one sees by increasing the amount of scatter in the ana-
lyzer.

With reference to the arrangement in Fig. 1, we con-
sider now our experimental results involving the influence of
variations in the scattering strength of the moving diffuser
[Fig. 3(a)] and the separation distance between the analyzer
and the moving object [Fig. 3(b)]. Referring to Fig. 3(a),
more scatter in the translated diffusing slab resulted in a
faster intensity decorrelation. Also, Fig. 3(b) shows that the
rate of speckle decorrelation increased for smaller separation
between the diffusing moving object (1 ground-glass slide in
this case) and the analyzer (3-mm-thick acrylic slab). Both
phenomena can be understood as diffractive effects, based on
light passing through the moving scattering slab, where the
field at the analyzer is dictated (in the far field) by the Fourier
transform of that on the detector side of the translated diffuser.
With more scatter in the translated slab, the effective spatial
support of the light transmitted through that slab (with a fixed
and small laser spot on the source side, referring to Fig. 1)
increases (as measured on the detector side of that slab).
Through the Fourier transform, this spatial support regulates
the speckle size at the analyzer, and increasing the spatial
support (scatter) in the diffusing slab reduces the speckle size.
This reduction of the speckle size at the analyzer results in
more rapid decorrelation for the more heavily scattering trans-
lated diffuser in Fig. 3(a). Likewise, there is a geometrical
scaling of speckle size with separation distance between the
translated diffuser and the analyzer, with reduced separation
producing smaller speckle at the analyzer and hence the more
rapid decorrelation observed in Fig. 3(b). In the limit of a
translated normally incident uniform plane wave, there would
be no decorrelation (the infinite-speckle-size limit). Thus, our
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FIG. 4. The numerical simulation arrangement showing a section
of one of the 6-μm-thick random analyzer slabs (the full breadth of
the slab is wider than the displayed section). The randomly populated
blue squares have side lengths of 200 nm and consist of dielectric
material, with a fill fraction of 50%, while the gray regions are free
space. The bottom and top rectangular sections are perfectly matched
layers in a scattered field solution. A randomly generated speckle
field (brown) was translated along the slab and in the x direction.
The speckle field had Ez, Hx, Hy polarization, and the free-space
wavelength was λ = 850 nm. The y component of the time-average
Poynting vector was measured at the detector plane (red), a distance
of λ/4 from the top boundary of the scattering slab.

conclusion is that more scatter in the moving diffuser or
smaller distance to the analyzer both result in smaller speckle
size at the analyzer and hence more rapid decorrelation. Fig-
ure 3(b) again shows that increasing the amount of scatter in
the analyzer increases sensitivity to motion or changes in the
field incident on the analyzer.

While the experimental results in Figs. 2 and 3 have a com-
pelling set of trends with regard to enhanced subwavelength
spatial sensitivity, seeking deeper understanding leads us to
numerical simulations. We present two-dimensional finite el-
ement method simulations involving translation of the random
field incident on a scattering analyzer. These simulations cap-
ture the essence of the experiment (where the field incident on
the analyzer was changed with a fixed laser beam illuminating
a translated scattering slab) while providing a tractable com-
putational problem. As visualized in Fig. 4, an analyzer slab
region that has a thickness and breadth of Ly and Lx, respec-
tively, was pixelated and randomly populated (squares 200 nm
on each side, fill fraction of 0.5 for all simulations) with a
lossless dielectric material (relative permittivity εr) to repre-
sent an appropriate level of analyzer scatter. All simulations
used Lx = 60 μm, though Ly varied between 3 or 6 μm. Trans-
verse periodic boundary conditions were applied, with the
width (�) just slightly larger than Lx (� = Lx + 2λ/50, with
λ = 850 nm the free-space wavelength), creating a discrete
set of modes (plane waves) defining the incident field (in free
space). Spatially random incident fields (TE with Ez, Hx, Hy,
λ = 850 nm) were generated in the (spatial) spectral domain
from a zero-mean circular Gaussian density function, and the
spatial correlation length (speckle size in the space domain)
was regulated by the number of modes (with the maximum
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FIG. 5. Numerical simulations of the transmitted intensity cor-
relation as a function of translated random incident fields, with λ =
850 nm, showing the influence of (a) random analyzer scatter level
and (b) speckle size. The fields are zero-mean circular Gaussian.
The error bars correspond to ±σe, where σe is the standard error in
estimating the mean from the samples. Increasing the analyzer scatter
and decreasing the speckle size both lead to more rapid decorrelation
and hence greater sensitivity to spatial translation of the field.

number of modes yielding a speckle size of about half a
wavelength, measured as the full width at half maximum of
the speckle intensity autocorrelation). Transmitted field inten-
sities (defined by the time-average Poynting vector magnitude
in the y direction) were determined at a distance of λ/4 away
from the back of the scattering analyzer slab (red line in
Fig. 4), and these were used to form intensity correlations
as a function of translated incident field. These calculations
were done for multiple randomly generated instances of the
scattering analyzer and the incident field, allowing meaningful
averages to be formed. In all cases, the fields conform well to
zero-mean circular Gaussian statistics.

First, we simulated an analyzer with varying levels of
scatter. Four types of analyzer scatter were considered: weak
scatter type (Ly = 3 μm, εr = 3), medium scatter type 1
(Ly = 3 μm, εr = 5), medium scatter type 2 (Ly = 6 μm,
εr = 3), and heavy scatter type (Ly = 6 μm, εr = 5). For
each of these types, 2 slabs were randomly generated, and
10 random incident fields were simulated for each such slab.
Figure 5(a) shows the influence of the analyzer’s scatter level
on intensity correlation, where more scatter resulted in more
rapid decorrelation, as in the experimental data of Figs. 2
and 3. The error bars are ±σe, where σe is the standard error
in estimating the mean resulting from the number of randomly
generated incident fields (10), the number of randomly gener-
ated analyzer slabs (2), and the number of pairs of speckle
intensity patterns for each field-analyzer pair (1–25, varies by
shift distance).

Second, we considered varying the incident field’s corre-
lation length (speckle size), and the calculated decorrelation
curves are plotted in Fig. 5(b) for a single slab type (Ly =
3 μm, εr = 5) and three different incident field correlation
lengths. The correlation length was controlled by applying an
ideal low-pass filter in the spectral domain to the (periodic)
incident speckle field with different cutoffs, thereby regulat-
ing the amount of high-frequency content: large speckle size,
40π/� (where mπ/� with m = 1 is the fundamental peri-
odic wave number in the x direction); medium speckle size,
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70π/�; and small speckle, with 140π/�. Figure 5(b) shows
that the calculated speckle intensity correlation as a function
of the translated incident speckle field changed more slowly
as the speckle size increased, which is consistent with the
experimental result in Fig. 3. Simulations have thus confirmed
our understanding of the influence of varying the amount of
scattering in the analyzer and the incident speckle size on the
spatial sensitivity to subwavelength motion.

While random scatter of light is limiting in some situ-
ations, it has been exploited in the concept of a random
spectrometer, where the frequency-dependent transmission of
a multimode optical fiber provides sensitivity in measured
speckle to changes in frequency [17]. We provide a dimension
for randomly scattering material by treating it as an analyzer
for spatial changes in the incident field. One example appli-
cation of the analyzer concept is as a lensless imager [18],
which can utilize a thin layer of diffractive or diffusive mate-
rial and a compressed-sensing-based computational inversion
process to create a miniaturized, lens-free microscope. While
increasing the thickness of the scattering analyzer layer would
likely require a reconsideration of the image reconstruction
processes involved [18,19], the potential exists for a substan-
tial increase in the achievable spatial resolution. This work
raises the prospect of regulating the statistical properties of a
random medium to achieve high spatial sensitivity to changes
in the incident field. For instance, aperiodic structures have
field-control properties that are dependent on the specific
features of the structure [20]. We now find a relationship
between design rules that may be applied to create devices
for a specific task and the general statistical character of a
random medium acting as an analyzer for super-resolution
spatial sensing. Finally, the analyzer is acting in a compressed
sensing framework [21], where, in our case, spatial field
information is encoded in speckle from multiply scattered
light.

We have shown that the averaged speckle intensity cor-
relation over subject movement decorrelates faster in the
presence of a scattering analyzer, and that the more strongly
scattering the analyzer, the faster the decorrelation. Conse-
quently, with coherent light, it becomes possible to achieve
far-subwavelength far-field spatial resolution, as dictated by
the associated noise processes. This super-resolution remote
sensing approach with a randomly scattering analyzer and a
fixed detector aperture is applicable to all wave types, and

hence offers substantial scope for impact in the physical
sciences. If multiple dimensions of movement were to be
incorporated (e.g., both �x and �y), prior information would
be required in order to determine this directional informa-
tion, since any change in the field can impact the measured
intensity. Even without knowing the direction in which the
system has changed, however, we can still infer useful infor-
mation, such as the extent of the translation or the frequency
of vibration. The speckle field could change due to motion
of a small number of scatterers [22], and insight beyond a
statistical theory related to intensity correlations over object
position [23] could be provided by an eigenmode (or similar)
analysis of the transmission matrix [2] (T, such as with a
plane-wave decomposition) of the resolution-enhancing an-
alyzer presented in this work, along the lines of a previous
waveguide treatment [6]. The theoretical underpinnings of
access to subwavelength far-field spatial information with mo-
tion and an analyzer can be obtained from the distributions of
the singular values (the eigenvalues) of TH T, with TH the Her-
mitian (complex conjugate) transpose, which transition from
quarter-circle-like (Wigner [5]) to being increasingly concen-
trated around zero (and more like the bimodal distribution that
has been previously described [2,24–26]), as the level of scat-
ter increases in the analyzer. Using multiple wavelengths may
unlock additional information, and therefore increased sensi-
tivity [27]. While we have treated the informational aspects of
the analyzer, achieving identification of an object of interest
is possible with calibration [28]. Under a constraint set, it
may also be possible to image at this subwavelength length
scale, as proposed using the concept of motion in structured
illumination [23,29], but now with relative motion of a field
(perhaps scattered from an object) on the other side of a ran-
dom analyzer with the specific purpose of enhancing spatial
information. The analyzer concept also aligns well with that
of optical physical unclonable functions [30], and the analyzer
slab properties explored in this work could help to increase
security in the quantum photonics domain. Opportunities with
partially coherent light [31] and speckle-based astronomical
imaging [32] may also be enabled.
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