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Imaging through dynamic scattering media, such as biological tissue, presents a fundamental chal-

lenge due to light scattering and the formation of speckle patterns. These patterns not only degrade

image quality but also decorrelate rapidly, limiting the effectiveness of conventional approaches,

such as those based on transmission matrix measurements. Here, we introduce an imaging approach

based on second-order correlations and synthetic wavelength holography to enable robust image

reconstruction through thick and dynamic scattering media. By exploiting intensity speckle corre-

lations and using short-exposure intensity images, our method computationally reconstructs images

from a hologram without requiring phase stability or static speckles, making it inherently resilient

to phase noise. Experimental results demonstrate high-resolution imaging in both static and dy-

namic scattering scenarios, offering a promising solution for biomedical imaging, remote sensing,

and real-time imaging in complex environments.

Introduction. Imaging through scattering media—such
as fog, biological tissue, or smoke—is essential for ap-
plications including medical diagnostics, autonomous
vehicle navigation, and remote sensing in low-visibility
or turbulent environments. [1–4].
However, multiple scattering in these media leads to
chaotic speckle patterns, rendering traditional imaging
methods (based e.g. on just a camera) ineffective in
reconstructing the object. Various techniques have
been developed to tackle the challenge of imaging in
static complex media, including wavefront shaping
[5–9], transmission matrix (TM) methods [10–13], and
speckle-correlation techniques [14–16]. While these
approaches have shown significant success, they provide
limited performance through thick scatterers. More
importantly, their effectiveness is often compromised in
dynamic environments where the slightest movements
lead to a complete decorrelation of the speckle patterns.
To counteract these affects, speckle deblurring tech-
niques have been explored, but they remain limited by
speckle coherence and typically work only for simple
objects [17]. Machine learning (ML)-based approaches
have also been investigated, leveraging data-driven
models to reconstruct images [18–21]. However, these
methods often require extensive labelled datasets and
lack physical priors, limiting their adaptability to
highly dynamic scenarios where e.g. both microscopic
and macroscopic properties change in time. Quantum
imaging techniques utilizing entangled photon pairs offer
potential solutions for imaging through scattering [22],
yet their reliance on polarization entanglement makes
them unsuitable for strongly scattering media where the
polarization is changed.

∗ daniele.faccio@glasgow.ac.uk; fwillomitzer@arizona.edu

In this context, synthetic wavelength holography (SWH)53

[23, 24] has emerged as a relatively recent technique for54

imaging through scattering media that exploits speckle55

correlations to mitigate the effect of scattering. Here,56

synthetic waves resulting from the beating between57

two coherent light waves at closely placed wavelengths58

traverse through the scattering media. The synthetic59

field assembled at the far end of the scattering medium60

has been shown to be the holographic representation of61

the hidden object placed in the media. These holograms62

preserve the phase information at scales exceeding the63

synthetic wavelengths, hence overcoming the deleterious64

effects of scattering.65

However, this approach requires capturing complex-66

valued fields at closely spaced optical wavelengths for67

hologram generation, necessitating the use of holographic68

acquisition methods. Although it has been shown that69

this process can be performed in single-shot [25, 26],70

optical phase stability during the camera exposure is71

still required, which imposes space-time-bandwidth72

restrictions on current acquisition systems.73

74

In this work, we introduce a paradigm that relaxes
these constraints by exploiting the second-order correla-76

tion i.e., the g
(2) correlations. As these g

(2) correlations77

can be evaluated from intensity only measurements at78

different time instances, the need for holographic acqui-79

sition apparatus is no longer needed and the robustness80

of the system to phase fluctuations is significantly im-81

proved.82

In general, the g
(2) correlations have been studied

for high-resolution, phase-robust microscopy in both84

quantum applications [27] and classical approaches85

inspired by quantum sensing techniques, such as86

Hong-Ou-Mandel (HOM) interference with two beating87

wavelengths [28, 29]. While intensity correlations88

based interferometers are known to be immune to89
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measured intensity then at the output port, can be de-
fined as

I(t1, t2) = ⟨E∗(t1, t2, t)E(t1, t2, t)⟩t. (3)

Here, ⟨·⟩t represents averaging over time. For the case
when the electric fields in the arms of the interferometer
have same frequency (ω1 = ω2 = ω) and the spatial phase
difference between the two is ∆φ (where ∆φ = φ1 − φ2)
this intensity expression can be evaluated using Eq. 1 and
Eq. 2 in Eq. 3 to give the following (see Supplementary
Material)

I(∆t) = |E0|
2
(

1 + |g
(1)
(∆t)| sin (ω∆t−∆φ)

)

, (4)

where ∆t = t2 − t1 and the modulation amplitude g(1) is
the first-order correlation function, also called the field
correlation function, and is defined as [34]

g(1)(τ = 0,∆t) =
⟨E∗

1 (t,∆t)E2(t,∆t)⟩t
√

⟨|E1(t,∆t)|2⟩t⟨|E2(t,∆t)|2⟩t
. (5)

Here, τ denotes the relative time difference between the
two electric fields after both fields have arrived at the out-
put port (and therefore different from ∆t, which has been
accounted for before arriving at the port). We only con-
sider the case when τ is zero. Since we assume monochro-
matic light, this implies that g(1) remains constant for all
∆t. The absolute value of g(1) can be interpreted as the
visibility of the interference fringes, varying between 0
(uncorrelated) and 1 (fully correlated) [34].
In this framework, the field for a wavelength λm can be
expressed as

E(λm) =
∣

∣

∣
g
(1)
λm

∣

∣

∣
ejφ(λm). (6)

We leverage these formulations in the field of synthetic
wavelength imaging (SWI). Willomitzer et al. [23] de-
fined the computational construction of the synthetic
field as the product of the electric field at wavelength λ1

and the complex conjugate of the electric field at wave-
length λ2. Reformulating this definition in terms of the
field correlation function using Eq. 6, we have (valid up
to a proportionality constant)

E(Λ) =
∣

∣

∣
g
(1)
λ1

∣

∣

∣

∣

∣

∣
g
(1)
λ2

∣

∣

∣
ejΦ(Λ), (7)

where we have introduced the beat wavelength,
known henceforth as the synthetic wavelength (SWL),
Λ = λ1λ2

λ1−λ2

, and the phase Φ(Λ) = ϕ1(λ1)− ϕ2(λ2).
This expression relates the synthetic field to the first-
order coherence function, which, in turn, is related to
the electric field at the optical wavelengths. This implies
that, in this framework, constructing the synthetic field
requires measuring the amplitude of each of the optical
electric fields, which can be cumbersome. To this end,
previous work based on holographic methods, such as a
lock-in camera approach, off-axis holography, or conven-
tional digital holography [23, 25, 26, 35], have typically

been employed to generate the synthetic field. These176

methods generally involve separately measuring the holo-177

gram for each wavelength and subsequently generating178

the synthetic wavelength hologram computationally as179

mentioned above. Although single-shot variants of this180

procedure have been demonstrated that provide robust-181

ness to dynamics to a certain extent [25, 26], holographic182

methods still depend on the local phase φ of the opti-183

cal wave, which makes them highly susceptible to phase184

noise.185

In the following, we show that this dependence can be re-186

duced by utilizing the second-order correlations instead187

that can be robust to such phase noise. The second-order188

correlation function is defined as189

g(2)(τ,∆t) =
⟨I(t,∆t)I(t+ τ,∆t)⟩t

⟨I(t,∆t)⟩2t
. (8)

For experimental instances, we translate the time average190

denoted by ⟨·⟩t as averaging over many statistically in-191

dependent realizations of the system. Given this, hence-192

forth, ⟨·⟩t represents the ensemble averaging, where the193

different copies of the ensemble are envisaged as having194

different random phase. The g(2) defined above can be195

evaluated by using the intensity expression of Eq. 4.196

So far the analysis presented here deals with the case197

when the electric fields entering the interferometer have a198

single wavelength band of non-zero bandwidth, resulting199

in matched frequencies in the two arms of the interferom-200

eter. We can extend this analysis for the case where two201

distinct fields with different frequencies enter the interfer-202

ometer. The g(2) can be calculated as a cross-correlation203

of the intensity measured for one wavelength with the in-204

tensity measured for another wavelength. This would205

require to separate the intensity of both wavelengths,206

e.g., by spectrally filtering at the two output ports of207

a Mach-Zehnder interferometer. It can be shown that208

the second-order cross-correlation obtained in this case209

is given by210

g(2)x (∆t) = ⟨1− 0.5|g
(1)
(∆t,I)||g

(1)
(∆t,II)|

[cos (∆ω∆t)− cos ((ω1 + ω2)∆t− 2∆φ)]⟩t.
(9)

Here, the subscript x denotes cross-correlation. The211

quantities ω1 and ω2 are the frequencies of the electric212

field entering the interferometer. The first order coher-213

ence function g
(1)
(∆t,I) and g

(1)
(∆t,II) are evaluated at the in-

terferometric delay ∆t and corresponds to the frequency215

ω1 and ω2, respectively, with the labels I and II used216

to distinguish between them (see Supplementary Mate-217

rial for details). A key point here is that to properly ob-218

tain the time-averaged quantities such that the statistical219

properties of the fields are correctly modeled, phase ran-220

domization over different ensembles is required. Thus,221

the ensemble average in Eq. 8 can be considered as a222

phase-randomized time average. This forms the crux of223

our proposed method as it implies that we must actively224
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vary the phase during the ensemble averaging to accu-
rately measure g(2). As discussed later, we show that
this requirement can be leveraged to image through dy-
namic scattering media. Now, the second cosine term
in Eq. 9 contains the random phase term (∆φ) and will
therefore average to zero due to the ensemble averaging.
So far, we have discussed the case where no object is
placed in the arms of the interferometer. In the case
where there is an object, both fields with different wave-
lengths entering the interferometer will accumulate their
own phases (ϕ(λ1) and ϕ(λ2), respectively). This intro-
duces an added phase difference term Φ(Λ) based on the
two accrued phases (due to the object) in the argument
of the cosine term of Eq. 9. With all of the above ar-
guments, the second-order correlation of Eq. 9 modifies
to

g(2)
x

(0,∆t) = 1−

∣∣∣g(1)
λ1

∣∣∣
∣∣∣g(1)

λ2

∣∣∣
2

· cos(∆ω∆t+Φ(Λ)). (10)

Comparing this to the intensity in Eq. 4, we observe that
it has the same form as standard electric field phase in-
terference, but with ∆ω instead of ω representing the
frequency of a synthetic (beat) wave. Stated differently,
the g(2) interferometer for the SWL is analogous to a
conventional interferometer for an optical physical wave,
with the only difference being a reduced amplitude of 0.5
in the interference term. This therefore represents the
direct interferometric detection of the synthetic fields us-
ing an intensity interferometer.
For wavelengths that are very close spectrally i.e. for
small ∆ω, it is not necessary to measure the intensity
at each wavelength separately (which can be technically
challenging) but we can instead measure them simulta-
neously at single output port of an interferometer with
a single camera. The g(2) auto-correlation equation then
becomes (see Supplementary Material for details)

g(2)
a

(0,∆t) = 1 +

∣∣∣g(1)
λ1

∣∣∣
2

8
+

∣∣∣g(1)
λ2

∣∣∣
2

8

+

∣∣∣g(1)
λ1

∣∣∣
∣∣∣g(1)

λ2

∣∣∣
4

· cos(∆ω∆t+Φ(Λ)).

(11)

This shows that measurement at one single output results
in additional (constant) background terms (the auto-
correlation of the two wavelengths) and a further reduc-
tion in the beating amplitude to 1/4 compared to stan-
dard holography.
The full synthetic field can then be extracted from the
measured intensity correlations with the same phase re-
trieval techniques used for conventional holography. For
our study, we employ the standard phase stepping tech-
nique [36] that allows to extract the synthetic hologram.
For the phase stepping, we measure the time-averaged
second-order correlations thrice, each time with a dif-
ferent value of ∆t, such that the time delay introduces
a phase difference of 0, π/2 and π, respectively. The
synthetic hologram after subjecting the measurements to

phase stepping analysis can be expressed as (see Meth-273

ods):274

Ẽ(Λ) =

∣∣∣g(1)
λ1

∣∣∣
∣∣∣g(1)

λ2

∣∣∣
4

eiΦ(Λ). (12)

This is formally similar to Eq. 7 obtained from standard275

phase holographic methods, but now measured using276

g(2) correlations. We point out that the phase stepping277

phase difference is not to be confused with the ran-278

domized phase ∆φ discussed earlier. They operate on279

separate temporal and length scales and have different280

implications. The former is due to the relatively larger281

optical delay (on the order of the SWL Λ) introduced in282

one of the arms of the interferometer. It evolves over a283

longer timescale and is considered constant over all the284

elements of the ensemble. As such, it doesn’t average out285

to zero for the operation defined as ⟨·⟩t while calculating286

g(2) correlations. On the other hand, the phase φ is287

random phase ascribed to each of the elements of the288

ensemble. These are generated by introducing a very289

small delay in one of the interferometer arm, on the290

order of the optical wavelength, and therefore, are on291

sub micron-scale. They change over the timescale corre-292

sponding to each acquisition of the ensemble. Hence, it293

varies in the range of (0, 2π) over all the copies of the294

ensemble (and so averages out to zero, as discussed for295

Eq. 9).296

Each acquisition in the ensemble must be captured with297

a camera exposure time shorter than the interferometer’s298

decorrelation time. This is essential to minimize noise,299

path length jitter, and scatterer movement. However,300

this requirement in no way limits our proposed method301

because performing the ensemble average over hundreds302

of frames compensates for these short acquisition times303

and effectively enhances the SNR. By increasing the304

number of acquired frames, we can mitigate the trade-off305

between exposure time and signal recovery, ensuring306

robust measurements. This is in stark contrast to307

traditional holography methods, which often require308

exposure times of milliseconds to seconds, which can be309

a limiting factor therein.310

311

As discussed above, this technique is robust against312

phase noise owing to the time averaging requirement.313

This lends itself well to the case of imaging through dy-314

namic scattering media. This is because as explained315

above phase randomization is necessary for the measure-316

ment of g(2) correlations. We can exploit the naturally317

induced phase noise from dynamic scattering to achieve318

the required random phases over different copies of the319

ensemble to carry out the averaging denoted by ⟨·⟩t of320

Eq. 8 which further simplifies the setup. One may ask321

whether the signal corresponds to a real-time intensity322

beat that could be directly resolved using a fast detec-323

tor such as an indirect time-of-flight (iToF) camera. In324

the present implementation, the camera integrates the325

intensity over timescales much longer than the optical326
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beat period. Consequently, the beat note is not directly
resolved in real time. Instead, the relevant phase infor-
mation is encoded in the interferometric delay variable.
In principle, time-resolved imaging sensors could provide
access to intensity modulations. However, in practice this
is not feasible because corresponding beat frequencies for
our used SWL span the range from tens of gigahertz up
to the terahertz regime, which is far beyond the time re-
solving capabilities of existing iToF sensors. In regimes
where very large synthetic wavelengths (e.g., hundreds
of MHz) are sufficient, a direct detection with iToF sen-
sors can be an option. The presented approach however
avoids this requirement by transferring the beat resolu-
tion to the delay domain.
We point out that although the method is robust against
phase noise, some degree of sensitivity to phase noise can
still be present depending on the maximum path length
variation induced by the scatterer and can affect the op-
timal choice of the SWL [23, 24]. We discuss this in later
sections.

Results: 2-Plane Scattering. We begin by examin-
ing the simplest case of scattering at two distinct planes,
implemented using optical diffusers in the experimental
setup as shown in Fig. 1. Here, Scatterer A and Scatterer
B are 220-grit and 120-grit optical diffusers, respectively.
We investigate two measurement configurations: trans-
mission, where the object is embedded between the two
diffusers, and reflection, where the object is positioned
behind a diffuser, with both illumination and imaging
occurring from the same side, as illustrated in Fig. 1.
In both configurations, the incident light undergoes an
initial scattering at the first diffuser before interacting
with the object. The light is subsequently scattered again
by the second diffuser, leading to approximately two dis-
tinct planes of scattering. The scattered light is subse-
quently imaged with a camera, where it interferes with a
reference beam.
A 3D-printed letter “A” was used as the object, as shown

in Fig. 1(c). The g(2) holograms Ẽ(Λ) were generated
using Eq. 11 by capturing 1000 frames at three optical
delay phase steps. The resulting holograms were then
computationally backpropagated using the angular spec-
trum method (ASM) (see Methods) which reveals the
object information.

As discussed previously, phase randomization is nec-
essary. Here, we investigate how the reconstruction
changes when we apply phase randomization in two ways:
first, by controlled phase randomization in the reference
arm, as in standard g(2), achieved by randomly moving
the piezo shown in Fig. 1. The second one, by utiliz-
ing the phase randomization from a dynamic scatterer.
Fig. 2(a)-(c) presents the results for the reflection config-
uration for different modes of static and dynamic scat-
tering:
Static scatterer with reference phase randomiza-
tion (Reflection): In Fig. 2(a), a static diffuser is used
while applying phase randomisation (PR) to the refer-
ence arm, yielding a clear reconstruction of the letter

“A”.386

Dynamic scatterer without reference phase ran-387

domization (Reflection): In Fig. 2(b), phase random-388

ization is induced solely by the dynamic scatterer, with-389

out additional phase randomization in the reference arm.390

Dynamic scatterer with reference phase random-391

ization (Reflection): Figure 2(c) demonstrates that392

even when the scatterer is changing dynamically during393

measurement, the reconstruction remains intact, high-394

lighting the method’s robustness to dynamic scattering.395

Dynamic scatterer with reference phase random-396

ization (Transmission): Additionally, we validated the397

method’s effectiveness in the transmission configuration.398

The results, shown in Fig. 2(d), present the case with399

a dynamic scatterer and reference phase randomization,400

yielding a clear reconstruction of the letter “A”. This401

confirms the robustness of the technique in both reflec-402

tion and transmission geometries.403

The SWL Λ used for these results was 0.68 mm which
was generated using optical wavelengths of 854.31 nm405

and 853.24 nm. Comparing the different reconstructions,406

we not only confirm the ability to measure through407

dynamic scattering, but also observe a reduction in408

noise in the dynamic case compared to the static case.409

This improvement arises from the continuous variation410

of the speckle pattern in the dynamic case, effectively411

improving the sampling of the hologram. This can also412

be understood by noticing that in contrast, a static413

speckle pattern would lead to regions with zero intensity,414

providing no useful information at this point, whereas a415

dynamic change of this pattern leads to changes in the416

intensity at every pixel.417

418

Volume Scattering. We then demonstrate more419

challenging cases, specifically for volume scatterers for420

both transmission and reflection configurations. For the421

reflection configuration, we employed a scatterer with a422

thickness of 2.7 cm and a reduced scattering coefficient,423

µ∗

s
= 0.22mm−1, corresponding to an average of 12

scattering events (see Supplementary for details). For425

the transmission configuration, we used two thinner yet426

stronger scattering elements to embed the object. The427

volume scatterer on the camera side was 1.5 cm thick428

with a reduced scattering coefficient of µ∗

s
= 1.1mm−1,

which is comparable to the human tissue. The scatterer430

on the laser side was 0.8 cm thick with a reduced431

scattering coefficient of µ∗

s
= 1.1mm−1, leading to an

average of 25 scattering events. Reflection measurements433

are demonstrated using the weaker scattering sample,434

as this configuration is inherently more challenging due435

to geometric constraints, strong surface backscattering,436

and the additional scattering occurring at the object437

upon backreflection.438

Given the increased scattering in these cases, the choice439

of Λ becomes crucial. There is an inherent trade-off440

between resolution and SNR or reconstruction quality441

[23]. Stronger scattering requires a larger Λ in order to442

allow imaging at deeper depths (i.e. larger Λ are less443
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FIG. 2. Recovering an object hidden by two scattering planes (ground glass diffusers): The columns show (as
indicated in the figure) the measured intensity, synthetic wave (SW) amplitude and phase, and object reconstruction. (a), (b)
and (c) are all performed in reflection: (a) Static object with phase randomization (PR) applied in the reference path. (b) Same
scene as (a), with random motion of one scatterer and no PR in the reference arm. (c) Dynamic scatterer with PR applied in
the reference arm. (d) is performed in transmission for a dynamic scatterer with PR applied in the reference arm. Scale bar:
5 mm. The SWL used for this was Λ = 0.68 mm

affected by scattering), which however, compromises
resolution (i.e. the standard Rayleigh criterion applies
and the smallest resolvable features scale with Λ).
However, image quality is then improved by deploying
iterative optimization algorithms and TV denoising
techniques to converge to improved reconstructions of
the object and also implement the fusion of images
acquired at different wavelengths Λ thus merging
low-resolution but higher SNR images from longer
synthetic wavelengths with higher-resolution but lower
SNR images from shorter synthetic wavelengths (see
Supplementary Material for details).
In our experimental setup, we first investigated a
static scatterer with a 3D-printed letter “G” object,
in reflection. We performed measurements with two
synthetic wavelengths, Λ = 3.08mm and Λ = 5.33mm.
To generate these synthetic wavelengths the first optical
wavelength was kept constant at λ1 = 854.31 nm,
while the second was changed to λ2 = 854.07 nm
and λ2 = 854.17 nm, respectively. The corresponding
reconstruction results are shown in Fig. 3(a), where we
present the back-propagated fields for each wavelength

and the computationally fused result. As expected, the466

smaller Λ provides more details but exhibits more noise.467

The iterative algorithm aims to balance these effects,468

optimizing both SNR and resolution.469

Next, we tested the robustness of our method to dynamic470

changes by randomly moving the volume scatterer. The471

result, shown in Fig. 3(b), demonstrates a good re-472

construction that preserves the key structural features473

of the object. Notably, there is a slight gain in SNR,474

which, as mentioned, is attributed to the fact that the475

speckle pattern is constantly changing thus removing476

noise artefacts that might appear with static or slowly477

moving speckle.478

Finally, we repeated the experiment in transmission with479

the object placed between two different volume scatter-480

ers, as described earlier. The results, shown in Fig. 3(c),481

further highlight the robustness and effectiveness of the482

approach.483

We note that SWH inherently supports depth-resolved484

and multi-plane imaging, as demonstrated in previous485

work [23]. In the present study, we intentionally restrict486

the experiments to single-depth scenes in order to isolate487
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FIG. 3. Recovering an object hidden by volume scatterers: The columns display intensity, reconstruction for each
wavelength, and object reconstruction by fusing information from both, as indicated at the top of each column. Reflection(Λ1 =
2;Λ2 = 3 mm): (a) Static object with phase randomization (PR) applied in the reference path. (b) Dynamic scatterer with
PR applied in the reference arm. Transmission(Λ1 = 3,Λ2 = 5 mm): (c) Dynamic scatterer with PR applied in the reference
arm. Scale bar: 5 mm.

and analyze the robustness of the method under dynamic
scattering and phase fluctuations. The extension to
multi-depth objects follows directly from established
SWL reconstruction principles and is therefore orthogo-
nal to the focus of this work.

Image quality and diffraction limit. As outlined in
Ref. [23, 24], the Rayleigh quarter-wavelength criterion
for wavefront aberrations [37] remains applicable to mea-
surements conducted at the synthetic wavelength. Ac-
cording to this criterion, a clear synthetic wavelength
hologram can be formed when the maximum path length
variation Ψ induced by the scatterer, in conjunction with
geometric factors, is less than one-quarter of the wave-
length Λ. Hence, if we wish to minimise image degrada-
tion, the SWL Λ has to be:

Λ > 4Ψ. (13)

Stated otherwise, there is an implicit sensitivity to scat-
tering that depends on the SWL in the sense that the
SWL needs to become larger for stronger scattering in

order to still recover a SWH (assuming that light is still507

reaching the detector). Importantly, this means that508

a synthetic wavelength hologram can still be assembled509

from scattered photons (as long as they are correlated),510

and the signal does not solely consist of ballistic photons;511

scattered photons contribute to the signal.512

For a given scattering problem, Eq. 13 provides a soft513

lower limit for the required SWL. However, the SWL also514

adheres to Abbe’s diffraction limit [23, 24, 38]:515

Λ = 2NA δx,y, (14)

where δx,y is the resolution and NA is the numerical516

aperture. Hence, the selection of Λ requires a compro-517

mise between signal quality and resolution. In practice,518

this means there is a trade-off between maximizing SNR519

and maintaining sufficient resolution based on the object520

to be imaged.521

Figure 4(a) shows measurements of the waists of522

a back-propagated diffraction spot at the synthetic523

wavelength Λ, along with a comparison to theory (see524

Supplementary Material for details). The diffraction525
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FIG. 4. Diffraction-limited resolution: (a) Measured
diffraction beam waist size (dots) for a a point-source (op-
tical fiber tip) and the theoretical Abbe limit (solid line) as
a function of the numerical back-propagation distance. The
dashed line and plateau arises due to the limited NA of the
fiber tip, which constrains the system’s numerical aperture
(NA) from short distances up to approximately 150 mm. (b)
An x−z cutout of the back-propagated synthetic field for the
fiber tip at 200 mm from the diffuser with Λ = 1.28 mm. The
corresponding measurement point in (a) is highlighted with a
red border.

spots were generated by a point source (fiber-tip) hidden
behind a 120-grit ground glass diffuser. These results
clearly demonstrate that the synthetic wavelength is
unaffected by the scatterer, achieving diffraction-limited
resolution as if the scatterer were not present. This
allows for selecting an optimal wavelength for the best
SNR or fusing multiple wavelengths to balance SNR and
resolution.

Discussion. In this work, we introduced a novel method
for generating synthetic wavelength holograms for imag-
ing through scattering using g

(2) correlations, circum-
venting the need for phase stability and effectively, lever-
aging the phase randomisation that is intrinsic to dy-
namically changing complex media. Our approach was
demonstrated to effectively operate in challenging sce-
narios, including imaging through dynamic and thick dif-
fusers. We highlighted the underlying technique by pro-

gressing through steps of increasing image-reconstruction544

difficulty, starting from thin diffusers in transmission or545

reflection mode, to a thick static diffuser, and finally to546

the dynamic thick diffuser.547

Our findings highlight the importance of selecting548

an optimal synthetic wavelength to balance SNR and549

resolution, as well as the benefits of incorporating550

multiple synthetic wavelengths and computational551

techniques for improved image reconstruction. The552

intensity-correlation approach performs best when the553

scatterers are dynamically changing. This is particularly554

relevant in medical bioimaging settings.555

In the following, we further discuss our approach by con-556

trasting it to established approaches to image through557

scattering media.558

Gated and confocal Imaging: We point out that gated559

imaging and confocal approaches when employed to solve560

the same problem, rely on temporal or spatial filtering561

to suppress multiply scattered light and primarily detect562

directly scattered (ballistic or quasi-ballistic) photons.563

These techniques are well established and can perform564

very effectively under appropriate conditions, but they565

typically require fast time-resolved detectors, scanning566

mechanisms, or precise spatial filtering, which increases567

hardware complexity and may introduce acquisition con-568

straints. In contrast, the proposed synthetic wavelength569

intensity-correlation approach follows a conceptually570

different strategy. It does not rely on time-gating or571

spatial filtering. Instead, it reconstructs a synthetic572

wave using second-order intensity correlations acquired573

with a conventional CMOS camera. Importantly, since574

we perform full-field imaging, the method utilizes all575

detected photons, including multiply scattered ones,576

rather than rejecting them through filtering. This can577

result in SNR benefits for certain regimes. Moreover,578

our approach allows the use of comparatively simple579

hardware and avoids the need for ultrafast electronics or580

scanning architectures. We therefore view the proposed581

method as complementary to existing gated and confocal582

imaging approaches. It offers an alternative operating583

regime that prioritizes simplicity of implementation and584

compatibility with standard imaging sensors and may be585

particularly attractive in scenarios where conventional586

filtering-based approaches become impractical or overly587

complex.588

Optical Coherence Tomography (OCT): At a conceptual589

level, our approach acquires each synthetic field inde-590

pendently and eventually combines all fields digitally.591

This is different from OCT where the signal is generated592

through a continuous or rapidly swept optical spectrum.593

In this sense, we share the coherence-gating principle594

of OCT, while differing substantially in implementa-595

tion. In particular, unlike many OCT architectures,596

we operate in a full-field configuration. This full-field597

acquisition captures the complex field over the entire598

aperture simultaneously, enabling digital propagation599

and post-processing without raster scanning, A-scans, or600

B-scans. Secondly, the imaging depth is usually limited601
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to millimetres range for OCT. For the proposed method
of intensity correlated synthetic wavelength imaging,
the depth in principle can be extended to centimetres
to meters, by increasing the synthetic wavelength. This
is due to the fact that unlike OCT, synthetic fields can
be assembled from completely scattered photons and
do not rely on gating out ballistic photons, like the
most common OCT approaches do. While the above
points can be seen as advantages of SWI over OCT,
there are also limitations: OCT has fewer restrictions on
phase stability as it doesn’t require separate capturing
of optical fields. Moreover, as OCT filters out ballistic
photons, it can achieve correlated measurements at a
much higher spectral bandwidth, which results in much
better depth resolution.
Diffuse Optical Tomography (DOT): Among other tech-
niques, Diffuse Optical Tomography (DOT) is a common
modality for imaging through scattering media; however,
it involves solving a highly ill-posed inverse problem
that relies on a specific forward model. To formulate
this forward model, knowledge of the scatterer’s optical
properties is required, which is often done by a pre-
calibration process. In the scenarios considered in this
work, we recover object information by backpropagating
the field at the SWL recorded en face. Therefore, for
the experiments shown in this paper, we do not need
a pre-calibration process (as we would in DOT), which
is a significant simplification and advantage and of our
approach. However, we would like to emphasize that
DOT literature demonstrates measurements at depths
much greater than shown in our current work. For
SWI measurements at these large depths, it is possible
that similar calibration procedures might be required.
Examining this effect will be part of our future work, as
this is not within the scope of this paper.

In summary, we have demonstrated an imaging ap-
proach based on second-order correlations that enables
image reconstruction through dynamic scattering media.
Although this may have potential applications in the pre-
viously mentioned domains, such as medical diagnostics,
autonomous vehicle navigation, and remote sensing, fur-
ther development will be required before it can be imple-
mented in practical systems. In future work, we aim to
test this method for applications such as imaging through
skin and other biological tissues.

METHODS

Experimental Setup. The experimental setup is based
on a fiber-based Mach-Zehnder interferometer, as shown
in Fig. 1. A Toptica DFB Pro 855 nm laser with two
separate laser heads are directly coupled into a fiber
beamsplitter (Thorlabs TW850R5A2) serving as the in-
put beamsplitter. One output is collimated in free-space
(Thorlabs F810APC collimator), forming the reference
arm. The collimator is mounted on a piezo stage (Thor-

labs NF15AP25/M) for phase randomization and is in657

turn mounted on a courser but longer tuning range mo-658

torized translation stage for Λ phase stepping. The ref-659

erence mirror displacement is limited to 25 µm, cor-660

responding to phase modulation over multiple 2π cy-661

cles. This modulation introduces phase diversity across662

frames, which is essential for correlation-based recon-663

struction. The other beamsplitter output is also colli-664

mated and directed onto the scattering samples. The665

object position depends on the measurement geometry:666

for a diffuser, the object is placed approximately 10cm667

behind the imaged diffuser and an additional 10cm from668

the other illuminated diffuser; for bulk scattering, the ob-669

ject is placed as close as possible for transmission mea-670

surements (sandwich configuration) or 1-2 cm from the671

imaged bulk scatterer for reflection measurements.672

The interferometer outputs are combined using a 50:50673

free-space beamsplitter (Thorlabs BS033). A single674

50 mm lens images the scattering surface onto the camera675

in a finite-conjugate configuration, such that the scatterer676

plane and the sensor plane are conjugate. The lens-to-677

scatterer distance is roughly 80 cm. An iris is placed in678

front of the lens to ensure that the speckle size matches679

the camera pixel size when necessary. Measurements are680

recorded using a Basler acA720-520um CMOS camera681

operating at 500 Hz with a resolution of 720 × 540 pixels.682

The effective image size is 40 × 30 mm, corresponding683

to an effective pixel size of 55 µm (physical pixel size:684

6.9 µm). Each camera frame captures an intensity-only685

image of the scatterer surface.686

The exposure time is chosen to be shorter than687

the characteristic decorrelation time of the speckle688

pattern, typically on the order of tens to hundreds689

of microseconds. During experiments with active690

phase randomization, the reference mirror is driven691

at a frequency comparable to the camera frame rate,692

introducing phase variations between successive frames.693

In experiments with dynamic scattering, a vibration694

motor operating at 60 Hz induces random motion of the695

scattering medium. The exposure time is empirically696

adjusted to ensure that the speckle pattern remains697

quasi-static within each frame while decorrelating across698

successive frames.699

700

g(2) Synthetic Wavelength Hologram. For the syn-701

thetic wavelength hologram generation at a single mea-702

surement point, we acquire 1000 frames to compute703

g(2), as defined in Eq. 11. Since our equation contains704

three unknowns—
∣

∣

∣
g
(1)

λ1

∣

∣

∣
,

∣

∣

∣
g
(1)
λ2

∣

∣

∣
, and Φ(Λ)—only three705

phase steps are required for full field recovery via phase-706

stepping.707

We can express g
(2)
0 (∆t) in the simplified form708

g
(2)
0 (∆t) = a+ b cos(∆ω∆t+ c), (15)

where phase steps of 0, π/2, π correspond to optical de-709

lays of 0,Λ/4,Λ/2, enabling field retrieval. The parame-710
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ters a, b, and c are obtained as

a =
g
(2)
0 (0) + g

(2)
0 (π)

2
,

b =

√
g
(2)
0 (0)

2
+ g

(2)
0 (π/2)

2
,

c = arctan

(
g
(2)
0 (0)− a

g
(2)
0 (π/2)− a

)
.

(16)

Finally, the recovered field is given by

Ẽ(Λ) = bejc, (17)

which is equivalent to Eq. 12.

Computational reconstruction. The SWH is com-
putationally backpropagated to retrieve the optical field
in the plane of the object using the angular spectrum
method. In this method, the synthetic field measured on
the surface of the scatterer (Em(x, y, z)) is modeled as
the propagated field of the object plane field (E(x, y, 0)),
and the latter is numerically evaluated using the integral
relationship

Em(x, y, z) =

∫ ∫
dfxdfy[Ê(fx, fy, 0)exp(jzα)]

exp[j2π(fxx+ fyy)].

(18)

Here, x, y are the transverse coordinates and z the prop-
agation distance. Ê(fx, fy, 0) is the Fourier transform of
the source optical field E0(x, y, 0). fx and fy are the spa-
tial frequencies corresponding to the x and y axes and α
is given by

α =

√(
2π

λ

)2

− 4π2(f2
x + f2

y ). (19)

However, in challenging cases such as volume scattering,
backpropagation alone may result in noisy images with
speckle artifacts, reducing image quality. To mitigate
this, we apply TV regularized minimization to enhance
reconstruction quality. Eq. 15 can be written in a com-
pressed operator notation (see Supplementary Material)
as

Em = ÂE + ϵ. (20)

The operator Â represents the integral transformation of
Eq. 15 and ϵ represents measurement noise.The goal is to
retrieve E(x, y, 0) by solving the optimization problem

Eo = argmin
Ẽ

C(Ẽ),

C(Ẽ) =
1

2
||ÂẼ − Em||2 + αTV (Ẽ, Ẽ∗).

(21)

Eo represents the optimal solution given by the algo-
rithm which best approximates the field E(x, y, 0).The

first term in the cost function enforces data fidelity, en-740

suring consistency with the measurements, while the TV741

regularizer, weighted by α, suppresses noise and enhances742

reconstruction. The cost function can be generalized to743

incorporate multiple measurements at different synthetic744

wavelengths745

C(Ẽ) =
N∑

n=1

1

2
||Âλn

Ẽ − Emn
||2 + αTV (Ẽ, Ẽ∗), (22)

where λn represents the synthetic wavelengths for the746

N measurements. The value of the weight α was chosen747

empirically that gives the best reconstruction as done in748

standard optimization techniques.749

750

Data availability751

Data and code relevant to this work are deposited at752

http://dx.doi.org/10.5525/gla.researchdata.2314.753
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