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Far-field speckle correlations as a function of object
position for microscopically distinguishing objects
hidden in a randomly scattering medium
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Super-resolution optical sensing is of critical importance in science and technology and has required
prior information about an imaging system or obtrusive near-field probing. Additionally, coherent imag-
ing and sensing in heavily scattering media such as biological tissue has been challenging, and practical
approaches have either been restricted to measuring the field transmission of a single point source, or
to where the medium is thin. We present the concept of far-subwavelength spatial sensing with rela-
tive object motion in speckle as a means to coherently sense through heavy scatter. Experimental results
demonstrate the ability to distinguish macroscopically identical objects with nanometer-scale translation
while hidden in randomly scattering media, without the need for precise or known location and with
imprecise replacement. The theory and supportive illustrations presented provide the basis for super-
resolution sensing and the possibility of virtually unlimited spatial resolution, including through thick,
heavily scattering media with relative motion of an object in a structured field. This work provides en-
abling opportunities for material inspection, security, and biological sensing.

http://dx.doi.org/10.1364/20.XX. XXXXXX

1. INTRODUCTION 2« measurement of speckle intensity correlations as a function of
s translated object position. Figure 1(a) illustrates this concept of
The motivation for obtaining coherent optical information decorrelating far-field speckle patterns due to the motion of the
through randomly scattering media at high resolution is driven  ,,  hidden object. It was thus shown that, with utilization of a the-
by applications as broad as sensing through biological tissue, ory [17], complex objects could be imaged through thick and
terrestrial imaging, and condensed matter physics. This hasled .,  very heavily scattering media without the need for character-
to investigation of wavefront control [1, 2] and measurement of izing the background properties [18, 19], but with the require-
the field transmission matrix [3] to compensate for the deleteri- 5 ment to estimate or know positional information. Note the min-
ous impact of scatter. There have also been substantial theoreti- ., jmum in Fig. 1(a) is a measure of the object dimension. Using
cal and numerical investigations of transmission eigenchannels ., his general approach, objects were imaged when obscured by
[4, 5], notably drawing upon random matrix theory and related .,  corridors of scattering media, including around corners [20]. A
to the eigenvalue density functions [6, 7], motivated in partby . detailed theory provides a basis to interpret both macroscopic
studies of Anderson localization [8]. s and microscopic features of the translated hidden object [17].
Speckle occurs because of the coherent interaction of waves 37 However, experimental data illustrating sensitivity to the mi-
with random media, and temporal correlations have led to the 3 crostructure of an object has been lacking.
development of diffuse wave spectroscopy [9] and studies of
flow with Brownian motion [10, 11]. Speckle correlations over
(as a function of) frequency have allowed studies of interfer-
ence phenomena [12] and characterization of random media
[13]. Spatial and spectral correlations of broadband speckle
have also been studied, allowing for applications in non-line-of-
sight imaging and imaging of broadband thermal objects [14].

39 The scientific and technological rewards for breaking the
s link between wavelength and resolution are enormous [21].
41 Near-field scanning techniques (such as scanning tip mi-
a2 croscopy [22]) access the evanescent scattered fields that con-
s vey subwavelength spatial information. Near-field speckle has
4 been studied in relation to the microscopic medium elements
45 [23]. Another method makes use of structured illumination

Imaging of an object hidden behind [15] or within [16] aran- 4 and Moiré fringes and grants an increase in resolution by a
domly scattering medium has been shown to be possible with 47 factor of 2 by extending the range of spatial frequencies that
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Fig. 1. (a) The concept of relative motion in a speckle field,
where a hidden object is translated to a set of positions while
intensity speckle pattern are measured by a camera. The
speckle pattern decorrelates as the object is scanned. The
shape of this curve provides information about the object and,
coupled with a theory, a means to image macroscopic objects
through heavily scattering media. (b) When an object of inter-
est with small features is translated in a speckle field, these
features cause an additional decorrelation in the measured
speckle over small length scales. There is no inherent limit to
the measurable length scale, implying opportunities for super-
resolution sensing. An example is shown of a macroscopic ob-
ject of width d, with microscopic features represented by s.

can be accessed [24, 25], and this improvement in resolution
has been shown to be possible with unknown speckle illumina-
tion [26]. While inverting measured data to achieve a resolu-
tion far beyond the Abbe limit in the far field generally requires
prior information presented as constraints, these have been ef-
fectively incorporated. Fluorescence-based techniques such as
STED (stimulated emission depletion microscopy), PALM (pho-
toactivated localization microscopy), and STORM (stochastic
optical reconstruction microscopy) realize subwavelength res-
olution [27-29] with use of the point spread function of the
microscope as a constraint, and assume a point emitter. These
approaches require labeling and provide information about the
point location of a fluorophore, but not directly about the under-
lying geometrical parameters of the sample. The two-fold de
Broglie wavelength reduction of entangled photon pairs [30],
relative to that for the individual photons, can be, in princi-
ple, extended to a larger number of photons. However, the
spatial resolution remains that associated with the total energy
and hence the parent photon, i.e., again the Abbe resolution.
Higher-order photon-counting correlations, in a configuration
that extends the Hanbury Brown and Twiss interferometer mea-
surement from two detectors, provide opportunities for higher
spatial resolution with statistically independent light sources
[31]. Photon correlations to order m have been presented as
a means to reduce the width of the point spread function of
a microscope by \/m, offering an avenue for improved spatial
resolution [32, 33]. By combining structured illumination with
higher-order correlations, further resolution enhancement has
been shown for quantum emitters [34]. Finally, accessing spa-
tial mode information has received substantial attention, and
axial super-resolution sensitivity using a radial mode sorter has
been proposed [35]. While providing important steps, all of
these approaches face scaling challenges.

We present experimental results for speckle correlations over
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translated object position that demonstrate access to geometri-
cal information that in principle can be far-subwavelength. Our
understanding is that this is possible because measurements are
made at multiple positions with known displacement in a struc-
tured illumination (speckle), and the general concept is illus-
trated in Fig. 1(b). We thus provide an opportunity space, based
on relative motion in structured illumination [36] in which far-
field intensity measurements facilitate, in principle, resolution
of arbitrarily small length scales. This implies sensitivity to far-
subwavelength (much smaller than one wavelength) features
of objects and distinguishability of objects.

The primary contributions of this work are the experimen-
tal results in Sect. 2 that show microstructure information is
available that distinguishes objects with speckle correlations
over subwavelength distances. An earlier theory that has been
used to image translated objects hidden behind thick, heavily
scattering media is reviewed in Sect. 3 and projected to pro-
vide insight into the experimental results through access to the
square of the object function autocorrelation. Using simple ex-
amples, Sect. 4 explores how both macroscopic and microscopic
features appear in the square of the object function autocorre-
lation. Some discussion ensues in Sect. 5 and conclusions are
drawn in Sect. 6.

2. EXPERIMENTS

We conducted three experiments in which an object of interest
was placed between two randomly scattering layers, each com-
posed of three ground-glass slides, and translated over a total
distance of approximately two wavelengths. The experimen-
tal setup is depicted in Fig. 2 and conforms with that used for
imaging hidden macroscopic objects based on speckle correla-
tions over translated object position [18, 19] and the concept of
Fig. 1(a). Our goal here is to investigate the degree to which
the microstructure of an object can be accessed, as illustrated in
Fig. 1(b).

Referring to Fig. 2, the first scattering layer (on the laser side)
consisted of two 1500-grit ground glass slides and one 120-grit
ground glass slide. The second scattering layer (on the detec-
tor side) had three 1500-grit ground glass slides. While the
exact scattering properties of these layers are not particularly
important, we ensured that each scattering layer had sufficient
scatter to produce suitable illumination of the object and fully
developed speckle at the detector, as described in Sect. 3. The
scattering layers were placed 4 cm apart, with the object of in-
terest located roughly halfway between them. An 850 nm ex-
ternal cavity laser diode (Newport Vortex TLB-6900, 59 mW,
10 MHz linewidth) was used for illumination. The laser beam
incident on the first scattering layer was expanded by a lens
with a 25 mm focal length to approximately 3.5 cm (vertical) by
1 ecm (horizontal) for suitably uniform illumination across the
translated object. The object was mounted in a holder attached
to a computer-controlled linear stage (Zaber T-LSM150A-S) to
move it vertically (with translation step increments that are
known). On the camera side, a 4f spatial filter was used, with
two lenses with 50 mm focal lengths, and an adjustable iris be-
tween them. The 4f spatial filter regulated the speckle size at
the camera to span multiple pixels, allowing adequate resolu-
tion of speckle while still allowing approximately ten thousand
speckle spots to be imaged [determined from the number of
pixels represented by the full width at half maximum of the
speckle intensity autocorrelation (257), the camera array size
(1040 x 1392), and accounting for an equal dark region]. A mag-
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Fig. 2. Diagram of the experimental setup for all the experiments consisting of an 850 nm laser diode (Newport Vortex TLB-6900,

59 mW, 10 MHz linewidth), a magnifying lens (f; = 25 mm), a ground glass scattering layer, the object of interest, a second ground
glass scattering layer, a 4f spatial filter containing two lenses (f, = 50 mm) and an adjustable iris, a second magnifying lens (f3 =
75 mm), a linear polarizer, and a CCD camera (Photometrics Coolsnap HQ). The two scattering slabs are spaced 4 cm apart between
their inside faces. The object motion is facilitated by a translational stage (Zaber T-LSM150A-S, 47.6 nm steps).

nifying lens with focal length 75 mm was used to image a small
spot on the back of the scattering layer closest to the camera
with approximately constant mean intensity, yielding station-
ary statistics. The camera used was a Photometrics Coolsnap
HQ CCD (250 ms integration time). Finally, a linear polarizer
was used to ensure zero-mean circular Gaussian field statistics,
and hence negative exponential intensity statistics. Speckle im-
ages were collected over a known set of translated object posi-
tions with vertical displacement, referring to Fig. 2. The images
were normalized to yield a mean of zero and a standard devia-
tion of one, with the normalization given by I = (I — (I)) /07,
where (I) is the mean intensity formed as an average over a
given camera image and o7y is the standard deviation over the
camera image. All experiments yielded a contrast ratio close to
unity (o7/(I) = 1).

L —

Fig. 3. Photograph of one of the scattering rods in the exper-
imental setup. The rod is completely obscured from view by
the stack of three ground glass slides, and the sample holder is
kept out of the beam path.

A motivation behind the setup in Fig. 2 is that the initial ran-
domly scattering layer generates background speckle in which
the object of interest is translated. The variable interaction of
the translated object with this structured speckle field (where
the intensity varies spatially), resulting in changes in the scat-
tered field, presents information about the object’s geometry
that is encoded in the multiply-scattered field on the camera
side (and through the second randomly scattering medium, on
the right in Fig. 2) that can be recovered using intensity corre-
lations over object position [17]. From an information theory
perspective, information is added by taking multiple measure-
ments at different, known displacements.

Figure 3 shows the obscuring effect of the scattering layers
in the experiments described. Interestingly, the character of the
random scattering slab on the detector side has an influence
on the spatial resolution, and in this way acts as an analyzer,
with increased scatter enhancing sensitivity, as previously pro-
posed [37] and investigated using random matrix theory [7]
(and as may occur naturally). Specifically, detected information
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through a scattering analyzer has been shown to result in en-
hanced spatial sensitivity with motion of an object in a struc-
tured field, and that this is accompanied by changes in the rel-
ative distribution of significant eigenvalues of the transmission
matrix modeling the analyzer [7]. Also, while we present re-
sults from the transmission arrangement of Fig. 2, a reflection
arrangement is possible.

In the first experiment, the objects of interest were a pair of
6-mm-square scattering rods (clear acrylic with embedded TiO,
scatterers, 50 nm in diameter, with a reduced scattering coeffi-
cient of y;, = 4 cm™1), as shown in Fig. 4(a). The experimental
arrangement in Fig. 2 was used and the results are shown in
Fig. 4(b) and, with an expanded distance scale, in Fig. 4(c). Re-
ferring to Fig. 1(b), of interest here and shown in Fig. 4(c) are
sample-dependent differences over subwavelength distances
and the potential relationship to features on this length scale
(s in Fig. 1(b)). It should be noted that a minimum at the object
size (d = 6 mm, referring to Fig. 1) will only be visible if the
scan distance is greater than the size of the object.

Individually, each rod was suspended horizontally and
translated vertically (perpendicular to the rod axis) in 47.6 nm
steps. Speckle patterns were captured at each rod position, and
these were used to form statistical averages for the spatial cor-
relation (I(xg)I(xo + Ax)), where xq is the object’s reference
vertical position (and with normalized intensities, this becomes
unimportant) and Ax is the variable scan distance, which in the
experiments totaled just under 2 ym. The spatial correlation at
each positional offset, Ax, was formed using all pairs of speckle
images sharing this separation [18], resulting in more data sam-
ples and hence improved accuracy for the smaller (subwave-
length) distances. The experiment was repeated 20 times to pro-
vide the average and error bars shown in Fig. 4 (£ one standard
deviation from Gaussian fitting at each Ax). After scanning Rod
1 and then Rod 2 20 times, Rod 1 was placed back into the ex-
periment (with a placement precision better than about 1 mm)
and scanned an additional 20 times. The repeatability of the
correlation curve corresponding to Rod 1 shows that the sig-
nificant differences in the curves are due to differences in the
rods themselves, rather than experimental error (measurement
or placement accuracy). The results in Fig. 4(c) for the two rods
show that the curves are distinguishable on a length scale much
less than the wavelength, and this indicates subwavelength-
scale sensitivity to differences in features of the objects. Both
rods were fabricated from the same material and with the same
dimensions, making them nominally identical (but of course,
they were not). These results, therefore, imply sensitivity to
the roughness associated with the rod surfaces and possibly the
specific arrangement of the TiO; scatterers. Importantly, the
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Fig. 4. (a) Photograph of the scattering rods used in the ex-
periments, which were formed from the same slab of acrylic
plastic with embedded TiO; scatterers, and have the same di-
mensions of 6 mm X 6 mm X 127 mm. (b) Speckle correlations
over object position for the two rods, with error bars from 20
data sets. The dotted line shows the measured temporal corre-
lation (over a time similar to that for total number of scans for
each rod and hence the duration of the experiment) while the
object is held at a single position in the center of the scan. We
find this to be negligible, indicating that the decorrelation in
the experiment is primarily due to object motion. (c) A mag-
nified plot of the speckle correlations for the rods showing
separation (relative to the error bars) at a subwavelength scan
distance.

two rods are distinguishable.

In the second experiment, a single rod was scanned 10 times
in Orientation 1, then rotated 90 degrees about its long axis and
scanned an additional 10 times in Orientation 2, as shown in
Fig 5(a). Finally, it was returned to Orientation 1 and scanned
10 times again. The results, presented in Fig. 5(b) and, with an
expanded scale over subwavelength distance, in Fig. 5(c), show
both sensitivity to the rod orientation and repeatability (with re-
moval and replacement) in the intensity correlation curve with
the rod in Orientation 1. These results indicate that if the orien-
tation of the rod is changed, the corresponding intensity correla-
tion curve is different on a subwavelength scale. Consequently,
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our understanding is that the rotation provides object informa-
tion along an orthogonal direction, or at least different informa-
tion about the same object, including microscopic information,
consistent with the relevant theory [17].
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Fig. 5. (a) Diagram showing the 90° rotation of a single scatter-
ing acrylic rod, resulting in two orientations. (b) Speckle corre-
lations over object position for the rod in the two orientations,
with error bars from 10 data sets. The data indicates that orien-
tation information in relation to the scan direction is available,
and also that there is repeatability with removal and imprecise
replacement. (c) Rescaled intensity correlation curves show
separation of the curves at a subwavelength distance.

In the third experiment, a 1500-grit, 101.6-mm-square
ground-glass slide, shown in Fig. 6(a), was translated vertically
in 47.6 nm steps while suspended parallel to the scattering lay-
ers. After scanning 15 times at Position 1, to form statistical
averages, the object was vertically re-positioned by 2 mm to Po-
sition 2 and scanned another 15 times. Finally, the slide was
placed back at Position 1 and scanned an additional 15 times.
The results of this experiment are shown in Fig. 6. Due to differ-
ences in surface profile in the two scanned regions of the slide,
the intensity correlation curves are distinguishable on a length
scale far less than the incident wavelength. With the slide repo-
sitioned by 2 mm, the scattered laser light predominantly inter-
acted with features in a different region of the slide, leading to
the observed changes in intensity correlation. This experiment
indicates that specific local microscopic features of the surface
of the ground-glass slide were captured.

Additional experiments were also conducted to measure the
effects of temporal decorrelation during the time needed for the
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Fig. 6. (a) Photograph of the ground-glass slide used in the ex-
periments. Measured data shows sensitivity to the microscopic
surface variations in different regions. (b) Speckle correlations
over object position for the ground-glass slide for two different
initial positions and error bars from 15 data sets. The separa-
tion of the intensity correlation curves at the subwavelength
scale is due to differences in surface roughness between the
two scanned regions and is indicative of sensitivity to micro-
scopic features. The temporal decorrelation shown, which was
obtained over the time taken for the spatially scanned dura-
tion of the experiment, is negligible. (c) A magnified plot of
the speckle correlations for the slide showing separation at a
subwavelength scan distance.

spatial scans for both types of objects. These measurements
were carried out by collecting speckle images while keeping the
object stationary in the experimental setup. Temporal decorre-
lation results are shown for the rod experiment in Fig. 4(b) and
the ground-glass object case in Fig. 6(b). We found this effect to
be negligible compared to the spatial decorrelation, confirming
that the behavior of the speckle intensity correlation curves is
primarily due to motion of the object relative to the structured
field and not temporal instability of the experiment.

3. THEORY

The measured short-range correlations described in Sect. 2 indi-
cate sensitivity to microscopic spatial information from motion

in a structured speckled field. This can be understood based
on a second-order intensity correlation theory [17], which is re-
viewed here for completeness and projected in the context of
the experimental results of Sect. 2. In this way, an interpretation
of the measurements can be made. This theory also forms the
basis of some illustrations of the microscopic features available
from motion in a structured field that are presented in Sect. 4.

Zero-mean circular Gaussian fields are assumed, consistent
with the measurement arrangement in Fig. 2 with a coherent
laser and through a linear polarizer. Consequently, we draw
upon a moment theorem presented by Reed [38]. The spatial
variables are defined in Fig. 7, where the object reference posi-
tion is rp, the translation vector is Ar, and the single detector
point is located at r. In the presentation of the experimental re-
sults in Sect. 2, a 1D scan was used, so ryg = xp X and Ar = Ax X.
Mathematically, (-) is considered as a configurational average
over the background scatterer positions [13, 16] with a single
detector point r;, but in the experiment this is formed from sta-
tionary speckle patterns captured at each object position [17],
with the intensity normalized as in Sect. 2.

Moving Object

Laser [] camera

Scattering Environment

Fig. 7. Geometrical variables for the theory of speckle corre-
lations over the position of a hidden moving object. rg and

1o + Ar are two spatial positions of the moving object, and rq
is the position of the small spot on the scattering medium onto
which the detector is focused.

The vector electric field is sampled through a polarizer, and
we describe the resulting scalar field. A decomposition of the to-
tal electric field is written as E(r) = E,(r) + Es(r), where Ej(r)
is the field without the translated object of interest, but with
all the randomly located scatterers. The additional field result-
ing from introduction of the scatterer of interest that is trans-
lated is given by E;(r). Such a decomposition is exact [17]. The
Helmbholtz wave equation can be written with source term cor-
responding to the dielectric contrast, and this leads to

E(r) = Eb(r)+/0(r/)&-[G(r,r’)E(r’)]drc )

where O(r') = —k3es(r'), ko is the free space wave number
(ko = w/c, with w the circular frequency and c the speed of
light in vacuum), €5 (1) is the spatially dependent dielectric con-
stant contrast of the moving object of interest (total minus the
background), d selects the scalar measured field, and the ten-
sor Green’s function G(r,t’) (the point source response in the
temporal frequency domain) is unknown.

At the (equivalent) detector point, r;, the fourth order field
moment can be written in terms of second order moments [38]
as

(Li(x0)La(xo + Ar)) = (14(10)) (Ls(ro + Ar))

+ [(Ej(x0)Eqlro + Ar)) . (@)
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Using normalized intensities, [ = (I — (I))/{(I) = (I — (I)) /oy,
where (I) = o7 for negative exponential statistics, Eq. (2) be-
comes

(LO)(ar)) = [(E5(0)Eq(ar)]*. ®

Equation (3) has a consistent field normalization (allowing for
non-stationary statistics) that is given by £ = E/(I)1/2, and this
renders the absolute reference position rj irrelevant (assuming
sensitivity requirements are met), leading to the use of ry = 0.

The second order field moment at r; can be expanded using
E; = Eg + Ejs, as defined in Eq. (1), where Ej, and Ej4 are
the electric fields at the detector due to the background (all scat-
terers with the object of interest removed) and the scatterer of
interest (the scattered field resulting from insertion of the ob-
ject), respectively. As detailed in earlier work [17], Eq. (3) can
be written as

(14(0)14(Ar)) = Co(ar) +2Re {C (Ar)gy (ar) }
+Cy(an)|gl (An2, @

where Re{-} is the real part and the coefficients Cy, Cy, and C
are built from rather complicated expressions and depend on
translation position in general. The normalized second order

field moment in Eq. (4), gs(sl ), is given by [17]

(Es(0)Egs(Ar))
/dr/()*(r/)@(r/ + Ar),

gPar) =
®)

where the normalized object function, O(r’ ), is found to sur-
vive the averaging process. Equation Eq. (4) with Eq. (5) indi-
cates that speckle correlations over the translated position of a
hidden object in randomly scattering media retain information
about the object. However, the degrees of freedom in Eq. (4) are
not conducive to inversion, where measured data are used to
image an object.

Experimental studies with various objects [18, 19] have indi-
cated that Cy and C; could be approximated as constants and
that C; could be neglected. With these assumptions, Eq. (4) can
be simplified as

(I;0)[;(Ar)) = Co+ Calgl¥ (Ar) 2. ©

Equation Eq. (6) allows experimental data from speckle corre-
lations over translated object position to be used to determine
Cp and Cy. The speckle decorrelation has been found to have a
minimum at the object’s macroscopic dimension, and this pro-
vides C [18]. Subtracting Cy and then rescaling, we have

(L 0)Ty(Ar)se = g (Ar) - @)

A Gerchberg-Saxton-type phase retrieval process can be used to
image the object and hence obtain O(r), and there are numerous
examples of successful macroscopic object imaging [18]. How-
ever, our interest here is in the microscopic and potentially sub-
wavelength object information, such as that presented in Sect. 2.

4. MODEL-BASED ILLUSTRATIONS

We now consider some example object functions to explore the
relation between a theory that is summarized in Sect. 3 [17]
and experimental evidence [16, 18], where the speckle intensity
correlation measured as a function of the position of a hidden
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moving object is predicted to be proportional to the square of
the normalized autocorrelation function of the object through
Eq. (7) with Eq. (5). Previous experimental work used motion
commensurate with the macroscopic (mm-scale) hidden objects
that were imaged. Our interest here is in the subwavelength
speckle decorrelation in relation to microscopic features on that
length scale. Section 2 describes results showing that nominally
identical objects with different microscopic features can be dis-
tinguished based on intensity correlations over small distances.
By considering a macroscopic object with microscopic features,
we can understand how speckle intensity correlations can pro-
vide access to these two different length scales. To illustrate
the possible relationship between the object and the measured
speckle, we present some simple examples of how information
about small features can be encoded in speckle intensity cor-
relations of larger objects. These examples use the square of
the magnitude of the normalized object function autocorrela-
tion (i.e., the predicted result for the speckle intensity correla-
tion from Sect. 3, Eq. (7) with Eq. (5)) for simple macroscopic
objects that have differing small-scale features. As the features
approach subwavelength size (and hence the speckle size at the
object), sensitivity to to small features might reduce, resulting in
a practical deviation from this description. However, the exper-
imental results presented in Sect. 2 indicate that distinguishing
and characterizing objects from data on that length scale is still
possible.

Figure 8 shows a comparison of the expected speckle inten-
sity correlation result for a simple circle having a diameter of 2
arbitrary units (a.u.) with no smaller features, that for a circle
of the same diameter with a single weakly scattering smaller
feature of diameter 0.05 a.u., and an identical circle with a more
heavily scattering small feature. The scattering strength, in this
case, refers to the dielectric contrast (e;), as defined in the object
function in Sect. 3. The specific object function values were cho-
sen to illustrate the general trend of the effect on the slope of the
correlation curve with relation to the object parameters. The re-
sults for the cases with the smaller features show a rapid initial
decorrelation from Ax = 0 until Ax reaches the diameter of the
small features. However, all three curves reach a minimum at
the diameter of the large circle, showing that both small features
and larger features, such as the shape and size of the object, can
be seen in the object’s autocorrelation function. Additionally,
the curve for the circle with the more heavily scattering feature
decorrelates more over small Ax, showing sensitivity to scatter-
ing strength. Finally, in the autocorrelation curves for the two
circles with scattering features, the distances of the edges of the
small features to the edges of the circle are seen as changes in
the slope of the curves, showing sensitivity to the position of
the feature within the circle. This geometrical information is
what allows image reconstruction through phase retrieval [18].

Figure 9 shows the expected speckle intensity correlation
result for a circle with three small square features, each with
the same width of 0.05 a.u., as well as the expected result for
an identical structure that has been rotated 90 degrees (i.e., a
nominally identical macroscopic object). Again, the diameter
of the circle is seen in the minimum of the function, and the
size and relative spacing between the various small features are
also seen. For instance, both curves experience a rapid initial
decorrelation from Ax = 0 until Ax reaches the diameter of the
features, but the two curves begin to separate at Ax = 0.01 a.u.,
the smallest edge-to-edge spacing, before the curve for Orienta-
tion 1 peaks again slightly at Ax = 0.33 a.u., the center-to-center
spacing in the x-direction of the features. Likewise, the curve
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Fig. 8. Effect of a small feature on the modelled speckle inten-
sity correlation result. The values of the circles and smaller
features represent differences in dielectric contrast compared
to the background: (a) Simple circle of diameter 2 with a uni-
form value of 1. (b) Circle of diameter 2 (value 1) with a single
weakly scattering square scattering feature of diameter 0.05
and value 5. (c) Circle of diameter 2 (value 1) with a single
square strongly scattering feature of diameter 0.05 and value
12. (d) Square of the autocorrelation functions as a function of
vertical distance, rescaled from 0 to 1, of the three geometries.
The curves for the cases with the scattering features show an
initial rapid decorrelation from Ax = 0 to Ax = 0.05, but be-
have almost identically to the geometry without the features
at larger distances, reaching a minimum at the circle’s diam-
eter. Distances between the edges of the feature and the edge
of the circle are also seen. (s1) Change in slope at Ax = 0.05,
the diameter of the small feature. (s2) Change in slope at Ax =
0.97. (s3) Change in slope at Ax = 1.02. The latter two changes
in slope are due to the two edges of the feature being 0.97 and
1.02 away from each edge of the circle.

for Orientation 2 shows a small peak at Ax =0.15 a.u., the center-
to-center spacing between features in the x-direction for that
orientation. Small changes in the slope of the curves at Ax val-
ues corresponding to distances from the edges of the circles to
the edges of the features can also be seen.

Figure 10 compares the expected speckle intensity correla-
tion result of a circle with small rectangular features to that for
an identical object which has been rotated 90 degrees. Again,
the overall shape and size of the circle is apparent, and the sizes
and spacings of the various features are seen in the curves. For
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Fig. 9. Geometrical information about small features in mod-
elled speckle intensity correlations. The circles shown have
values of 1 and the smaller features have values of 5, repre-
senting differences in dielectric contrast. (a) Simple circle with
square scattering features of width 0.05, with spacing 0.33
(vertical) and 0.15 (horizontal), center-to-center. (b) An iden-
tical object, rotated 90 degrees. (c) Square of the autocorrela-
tion functions of the two circles rescaled from 0 to 1. The two
curves separate at Ax = 0.1, the smallest separation distance
between features. (s4) Change in slope at Ax = 0.05. (s5) Peak
at Ax = 0.15. (s6) Peak at Ax = 0.33. Distances between the
edges of the various features and the edges of the circles are
seen as varying changes in slope throughout the curves.

example, both curves initially decorrelate rapidly from Ax =0
until Ax reaches the diameter of the features in the x-direction.
Small peaks are also visible at the center-to-center spacing in the
x-direction for each orientation. Small changes in slope are seen
at Ax values corresponding to distances from the edges of the
circles to the edges of the features. Because the features’ orienta-
tions change when rotated, the slope of the initial decorrelation
changes as well.

The square of an object’s autocorrelation function, which is
the expected result from Eq. (7) for our speckle intensity corre-
lation experiments for a hidden moving object, contains infor-
mation about object features of all length scales up to the di-
ameter of the object, including small and potentially subwave-
length features. Relevant geometrical features, such as the size
and spacing of various small features, are clearly seen in this
function for simple objects. For more complex objects, such in-
formation is still available, but may be less obvious. However,
even for complex objects, distinguishability between macro-
scopically identical objects could be achievable on an arbitrarily
small scale, given sufficient signal-to-noise ratio.

5. DISCUSSION

We can easily see that the object function from motion in struc-
tured illumination becomes available for the 1D case and a film
(thickness and dielectric constant) [39]. Importantly, now and
for the first time, we have insight into the short-range 3D ef-
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Fig. 10. Separation at small distances in modelled speckle in-
tensity correlation curves caused by small differences in larger
scattering features. The circles shown have values of 1 and
the smaller features have values of 5, representing differences
in dielectric contrast. (a) Simple circle with rectangular scat-
tering features of dimensions 0.05 by 0.07, with spacing 0.33
(vertical) and 0.17 (horizontal), center-to-center. (b) An identi-
cal object, rotated 90 degrees. (c) Square of the autocorrelation
functions of the two circles (1-dimensional, in the vertical di-
rection), rescaled from 0 to 1. (s7) Changes in slope at Ax =
0.05 and Ax = 0.07, the widths of the features in each orienta-
tion. (s8) Peak at Ax = 0.17. (s9) Peak at Ax = 0.33.

fects (small translations relative to the wavelength) in relation
to the object geometry from the experimental results in Figs. 4,
5, and 6. Yet to be determined is under what conditions and
constraints such data can be inverted to form an image, as was
done for macroscopic object functions [18].

Our understanding is that the subwavelength-scale speckle
decorrelation has information about object features on this
length scale, and that separate macroscopic object information
(should this be relevant) results in a decorrelation over a dis-
tance corresponding to the spatial support of the object. As an
example, if a homogenized object (having a uniform dielectric
constant) is scanned, then the minimum of the speckle correla-
tion over position will occur at a distance equal to the object size
in that dimension. If we insert small scattering centers (like the
50 nm scatters in the rod experiments of Fig. 4), then there can
be an additional subwavelength decorrelation associated with
these nanostructures. The propagating plane wave spectrum
is influenced by the microstructure; the complete Fourier rep-
resentation requires the evanescent field portion. With motion
in the speckle background, this microstructure information is
variably excited in the propagating spectrum, and this can pro-
vide a basis for subwavelength information being accessible in
the far-field speckle patterns. Earlier theory proposed a joint
spatial support argument for deterministic translated object in-
formation being available [17]. Here, we show experimental
evidence that this can be extended to the microstructure. Illus-
trations of this concept are shown in Figs. 8 — 10. Earlier, we
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found that there was an initial decorrelation measured over one
wavelength or so that varied for rods of differing material [16].
Now we have results implying that microscopic features can
be sensed and characterized with repeatability through speckle
correlations in a variety of material systems. Separately, simu-
lations with far-field detection and motion in structured illumi-
nation show access to feature separation changes of A/100 or
smaller [36]. Hence, we know that data conveying geometrical
information on nanometer length scales is, in principle, acces-
sible in our experiments. It is through the experimental results
described here that we statistically quantify and demonstrate
practical utility, implying a new opportunity space for sensing.

An obvious application domain is security labels, motivated
by our results showing that two rods can be distinguished
(Fig. 4), where we can conceive of constructing unique identi-
fier tags with subwavelength features that cannot be replicated.
It also becomes possible to consider inverting such data (at least
for simple structures) to form an image on the nanometer length
scale using visible light, possibly along the lines of what was
done for macroscopic objects [18]. A new material inspection
approach based on relative motion, notably of subwavelength
defects, becomes feasible along this line. Natural or induced
motion could be incorporated into label-free microscopy, offer-
ing opportunities in biophysics. We can now conceive of capil-
lary imaging prospects that take diffusing wave spectroscopy
(with speckle decorrelation) to a means to image blood con-
stituents rather than simply estimating Brownian motion [9]
or flow rate [10]. In a sense, this would be an extension of
our previous work involving imaging through several millime-
ters of tissue [18]. Another opportunity space is the imaging
of satellites through a scattering atmosphere, where the scaling
of speckle relevant to object features is of interest. Finally, the
amount of scatter involved in the experiments suggests addi-
tional applications related to sensing of far-subwavelength (or
at least higher resolution) features of hidden objects, such as
would relate to in vivo applications. In this regard, informa-
tion theoretic studies of scattering matrices would be relevant
[40]. There could be opportunities for super-resolution sensing
with reduced coherence, and the possibility of resolving two in-
coherent sources using speckle with a precision not limited by
diffraction has been considered theoretically [41]. While there
remain some questions about, for instance, the influence of the
signal-to-noise ratio in certain scenarios, the results presented
here imply sensitivity to microstructure through heavy scatter,
fundamental to all of these applications.

6. CONCLUSIONS

The experimental results presented indicate that the specific mi-
croscopic features of objects composed of large random arrays
of small scatterers can be distinguished in a statistically mean-
ingful sense from average speckle pattern correlations over
translated position. This means that information on each or a
number of unique scatterer geometries and locations is in prin-
ciple available in the intensity data from nanometer-scale mo-
tion in a speckled field, subject to noise constraints. Earlier
work presented a statistical basis for imaging through random
media [17] and this was demonstrated for a variety of macro-
scopic (millimeter-sized) objects [16, 18, 19]. Now we have
learned that microstructure information is accessible in a use-
ful manner. Whether inversion of such data to form an image
on this length scale is possible remains an open question and
will involve suitable measurement diversity and inversion con-
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straints. However, the super-resolution potential for this sens-
ing concept alone provides many application opportunities.
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