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1 Shared distortion in scattered fields

Equation (2) of the main text shows that scattered fields from two neighboring sources are maximally correlated at
a specific plane after adjusting wavefront tilt. This allows one field to be expressed in terms of the other:

En (r) ∝ Em (r) e−i∆kopt·r +Mn, (S1)

where Mn is a small term uncorrelated with Em. The scattered field can be written as the product of the field in the
absence of scattering, hn (r), and a distortion, Sn (r), such that En (r) = hn (r)Sn(r). Substituting into the relation
above gives:

hn (r)Sn (r) ∝ hm (r) e−i∆kopt·rSm (r) +Mn. (S2)

Using hn (r) = hm (r) e−i∆kopt·r and dividing by hn, we obtain

Sn (r) ∝ Sm (r) +
Mn

hn
. (S3)

This shows the existence of a shared distortion in all wavefronts. We can express the average distortion across all
sources as

So (r) =
∑
n

Sn (r). (S4)

When a scattered field is backpropagated through So, the scattering-free wavefront is recovered:

E∗
n (r)So (r) = |So(r)|2h∗

n (r) +M ′, (S5)

where M ′ is a noise term arising from the uncorrelated terms. Propagating this to the source plane produces a sharp
focus at the source location with background noise. This result shows that the object image can be reconstructed by
back-propagating all the wavefronts through a virtual medium that reflects the effect of So.

2 Impact of virtual medium expression on image formation

An ideal virtual scattering layer should cancel out the scattering effect in each fields, such that

E∗
n(r)S(r) ≈ h∗

n(r). (S6)

Since the scattering effect is completely compensated, the fields propagating through the layer converges to the position
of their corresponding sources. However, we can obtain similar results with the expression in Eq. (3), where the effect
of the virtual layer is equivalent to:

E∗
n(r)S(r) ≈ h∗

n(r)hm(r). (S7)

Thus, the propagation in Eq. (4) introduces a shift in the image due to h∗
m(r), compared to the ideal scattering layer.

To be specific, the corrected field in Eq. (S2) can be rewritten using Fresnel diffraction theory as

E∗
n(r)S(r) ∝ exp

[
πi

λ

{(
1

zm
− 1

zn

)
|r|2 + 2

(
rn
zn

− rm
zm

)
· r+ Cn

}]
, (S8)

where rn = (xn, yn) represents the transverse coordinates, zn is the axial coordinate of the n-th source, and Cn is a
constant phase. If the sources are placed at the same depth, zn = zm, the expression simplifies to

E∗
n(r)S(r) ∝ exp

[
2πi

λzm
(rn − rm) · r+ Cn

]
, (S9)

whose propagation according to Eq. (4) forms a focus at r = (rn − rm)/λzm and z = 0. This result shows that the
expression in Eq. (3) shifts the image, placing m-th source always at the origin. For general 3D objects, the image
of n-th source appears at r = rn/λzn − rm/λzm and at z = 4π2/λ2(z−1

n − z−1
m ). This corresponds to a scaling and

translation of images at varying depths, similar to single-lens imaging.
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3 Image correction for 3D objects

The image formation based on Eq. (S8) and Eq. (4) positions m-th source on the optic axis at an infinite distance
from the virtual layer. This is analogous to single-lens imaging formation, where the magnification and position of
an image varies depending on the position of an object. To comensate these effects, we need to know the position
of the m-th source, specifically rm and zm, as shown in Eq. (S3). We can estimate these values by analyzing the
m-th scattered field Em(r). The axial position of m-th source is determined by numerically propagating Em(r) and
identifying the depth z at which the envelope of the speckle pattern is narrowest. The transverse position rm is
estimated as the center of this envelope. With the estimated rm and zm, the image I(r, z) in Eq. (4) can be adjusted
to I(radj , zadj) , where

zadj =

(
1

zm
+

λ2z

4π2

)−1

, (S10)

and

radj = zadj

(
λr+

rm
zm

)
. (S11)

We note that while estimating the source position based solely on scattered fields may not be perfect, it is sufficient
for the image correction. This is because the error in depth estimation, δzm, has a negligible effect on the final image
when δzm ≪ z2m. Similarly, the error in transverse position estimation, δrm, remains insignificant if |δrm| ≪ zm.
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Figure S1. Positional accuracy in 3D reconstruction: The expected source positions are marked with red plus signs
overlaid on the MIP images in Fig. 4d. The source positions are rotated by 7 degrees relative to the x-axis to account for the
viewing angle mismatch between the illumination and detection setups.
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Figure S2. Numerical simulation of imaging 3D incoherent objects: a, Speckle images measured at the camera (leftmost
column) and the reconstructed images at various depths. The simulated incoherent sources were arranged in the shape of three
orthogonal lines and the outline of a cube. Scale bars represent 5 µm. b, Phase profile of the simulated scattering layer. c, 3D
images (rendered) obtained using the proposed method.
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Figure S3. Field correlation before and after unitary transformation: a, Retrieved scattered fields (first three shown),
representing mutually incoherent modes of fluorescence. b, Pairwise comparison of wavefronts of (a) at to correlation plane,
using Eret

1 as a reference. No evident correlation is observed between different fields. c, Scattered fields following the unitary
transformation (first three shown). d, Pairwise comparison of (c) using E1 as a reference. Here, relative wavefronts exhibit
clear correlation, characterized by linear phase ramps.

Figure S4. Local field correlation: a, Scattered fields from a 3D fluorescent object (shown in Fig. 3) at the correlation
plane. b-c, The wavefront correlation Γ(r, z) of (a) using the entire field of view (b) and using a smaller region of interest
(c), indicated by the dashed circle in (a). As the local relative wavefronts are approximated as linear ramps, the 2D wavefront
correlation reveals additional peaks corresponding to sources at different depths, highlighted by white arrows).
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Figure S5. Change in field-correlation with axial position: a, Representative numerically propagated retrieved fluores-
cence fields. b, The wavefront correlation Γ(r, z) (Eq. 6) at different depths. c, Maximum values of Γ(r, z), used to determine
the position of the correlation plane; ẑ = 100µm.

Figure S6. Experimental setup: L, lens; BS, beam splitter; BP, bandpass filter.
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