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Abstract. Accurate measurement of the spatial coherence function is critical
for applications ranging from imaging to communication. However, accurate
measurement of arbitrary complex spatial coherence function still remains a
significant challenge. In this work, we present a phase-shifting wavefront-
inversion and shearing interferometric technique which enables direct, noise-
insensitive measurement of the complex cross-spectral density function for a
very broad class of fields, which includes all spatially stationary fields and
the physically most relevant class of spatially non-stationary fields. By
integrating the phase-shifting technique with wavefront inversion interferometry,
we implement an intensity difference protocol that eliminates all phase-insensitive
noise, significantly enhancing measurement fidelity. Experimental results validate
the method’s robustness and accuracy, demonstrating its applicability to both
stationary and non-stationary fields, and extending its utility to single-photon-
level measurements. This technique represents a promising tool for all coherence-
driven applications.
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1. Introduction

Characterizing the spatial coherence of optical fields
is a fundamental pursuit in optics, with implications
ranging from imaging to communication. The spatial
coherence, quantified by the cross-spectral density
function, is a key descriptor of correlations between
two spatial locations in an optical field. In the quantum
picture, it corresponds to the density matrix elements
in the position basis. Spatially partially coherent fields
find various applications such as optical coherence
tomography (OCT) [1], imaging through turbulence
[2, 3], coherence holography [4], photon correlation
holography [5], optical communication [6], and particle
trapping [7].

While many spatially partially coherent light
sources utilized in practical applications are spatially
stationary, the spatially non-stationary sources are
often encountered in real-world situations and are
equally important for applications. For instance, the
simplest optical system, a thin lens, introduces a
quadratic phase in an optical field passing through it
and is thus spatially non-stationary. The coherence
function for free space propagation of a spatially
incoherent source is of quadratic nature (see Section
5.7 of [8]). In non-line-of-sight imaging, the coherence
function exhibits a quadratic nature, holding crucial
information about the object’s distance from the
detector [9]. Recent research has seen a surge of
interest in non-uniform coherence function, specifically
those dependent on the difference of square of
spatial coordinates, due to their unique propagation
characteristics. These beams find applications in
coherence-based optical encryption [10], simultaneous
optical trapping of two types of Rayleigh particles with
different refractive indices [11], and the generation of
self-focusing [12] and multi-focusing beams [13].

Young’s double-slit interferometer [14] is the clas-
sic technique for measuring the spatial coherence func-
tion. Despite advancements in its implementation, this
method and its variants [15, 16] suffer from drawbacks
such as low light efficiency, long measurement times,
and stability requirements. To address these limita-
tions, alternative methods have been introduced, in-
cluding shearing interferometers [17], Sagnac interfer-
ometers [18], phase-space tomography [19], and tech-
niques based on shadows [20], gratings [21], masks
[22], obstacles [23], and fiber optics [24]. However,
these methods often work well only for the coherence

function of a specific form or reliably measure only
its amplitude. Other explored methods include, the
free-space propagation methods [25, 26] and general-
ized Hanbury Brown-Twiss method [27]. The free-
space propagation methods require prior knowledge
of the coherence properties, and their iterative phase
retrieval can fail to converge correctly. The general-
ized Hanbury Brown-Twiss method can measure the
complex coherence function but needs a pair of co-
herent reference fields. Despite these advancements,
the wavefront-inversion interferometer remains one of
the most important tools for coherence characteriza-
tion. Its conventional implementation [28, 29], how-
ever, has significant limitations. Primarily, it can only
measure the amplitude of the coherence function, miss-
ing crucial phase information. Additionally, due to the
finite edge width of the prism used, the scheme [28]
misses out on some information. Recent advancements
have sought to address these issues. Accurate coher-
ence function measurement was demonstrated in [30]
but was limited to real and spatially stationary coher-
ence functions. [31] extended this to arbitrary coher-
ence functions, but the Fourier transform method used
is highly sensitive to noise, which can distort phase
and amplitude extraction and the edge effects due to
non-periodic fringe patterns lead to spectral leakage.
As discussed in [32], while windowing techniques like
the Hanning window can mitigate these edge artifacts,
they degrade resolution and reduce the effective anal-
ysis area. The method also cannot be easily extended
to broadband fields, as the interfering wavefronts are
tilted with respect to one another, requiring path-
length compensation for each measurement point. Ad-
ditionally, the placement of mirrors outside the inter-
ferometer’s plane for wavefront rotation, reduces the
mechanical stability of the interferometer in [31] and
makes it less compact. [33] addressed compactness by
using two lenses for wavefront inversion but retained
the limitations of the Fourier method in [31].

In summary, while accurate techniques exist for
measuring real-valued spatially stationary coherence
functions, no current method can accurately measure
the complex spatial coherence function of both
stationary and non-stationary fields in a reference-
free and noise-insensitive manner. In contrast, in
this article, we report experimental demonstration
of an accurate, noise-insensitive and reference-free
technique for directly measuring the complex cross-
spectral density functions of a broad class of cross-
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Figure 1. (a), (b) and (c) are the three light sources used. (d) Schematic diagram of the experimental setup. There is one dove
prism in each arm, at 90o to one another, and one arm contains a geometric phase module which consists of two quarter waveplates
at 45o and a half waveplate in between. The length of each interferometric arm is about 41 cm, and the CCD camera is kept at
about 7 cm from the beam splitter (BS2). An interference filter (IF) centered at 632nm having a wavelength bandwidth of 10 nm
is used before the CCD camera. (e) The two interfering wavefronts at the CCD camera plane. The wavefront coming through one
interferometric arm is inverted in the y direction and the wavefront coming through the other arm is inverted in the x direction with
respect to the input wavefront. BS stands for beam splitter, M for mirror, IF for interference filter, QWP for quarter waveplate,
HWP for half waveplate and DP for dove prism, x0 is the shear in x-direction.

spectral density functions, which depend either on
the difference of spatial coordinates, or squares of
spatial coordinates, or both. This class of fields
include all spatially stationary fields and the physically
most relevant class of spatially non-stationary fields.
Furthermore, if the optical field is temporally
stationary, our technique also works with broadband
fields.

2. Theory

Fig. 1(d) shows the schematic diagram of our proposed
experimental technique, which involves a modified
Mach-Zehnder type interferometer. The cross-spectral
density function of the field at two space points ρ1

and ρ2, is defined as W (ρ1,ρ2) = 〈E∗in(ρ1)Ein(ρ2)〉,
where 〈· · · 〉 denotes ensemble average over various
realizations of the field, and Ein(ρ1), and Ein(ρ2) are
the electric fields at the two spatial locations. One
of the dove prisms inverts the incoming wavefront
about the x-axis and the other one about the y-axis.
Dove prisms ensure mechanical stability and keeps the
interferometer compact but it can introduce corner
obstructions and front surface reflections. To mitigate
these drawbacks, an image rotator, constructed as
described in [34], can be used in its place. As we work
with linearly polarized light, the chosen configurations
of the dove prisms does not alter the polarization state
[34]. Arm-1 of the interferometer contains a geometric
phase unit comprising two quarter-wave plates oriented
at 45o with respect to the polarization of light and
a half-wave plate (HWP) in between. Rotating
the HWP by an angle θ introduces a geometric

phase of 2θ [35]. Translating the source in the x-
direction by x0, we introduce a shear of 2x0 between
the two interfering wavefronts. Fig. 1(e) illustrates
the resulting wavefronts at the output port of the
interferometer, which can be expressed as

Eout(ρ) ≡ Eout(x, y) = k1Ein(−x+ x0, y)ei(ω0t1+β1)

+ k2Ein(x+ x0,−y)ei(ω0t2+β2) (1)

where the time taken by the field to travel through
the two arms is t1 and t2; ω0 is the central frequency
of the field; β1 and β2 are phases other than the
dynamical phase acquired by the field; and k1 and
k2 are the constants. We assume that t2 − t1 is less
than the coherence time of the field. The intensity
Iout(x, y) ≡ 〈E∗out(x, y)Eout(x, y)〉 at the output of the
interferometer is given by

Iout(x, y) = |k1|2I1(−x+ x0, y) + |k2|2I2(x+ x0,−y)

+ 2k1k2Re[W (−x+ x0, y;x+ x0,−y)] cos δ

− 2k1k2Im[W (−x+ x0, y;x+ x0,−y)] sin δ

+ Ib(x, y), (2)

where δ = ω0(t2 − t1) + (β2 − β1). We express
〈E∗in(−x + x0, y)Ein(−x + x0, y)〉 = I1(−x + x0, y),
〈E∗in(x+x0,−y)Ein(x+x0,−y)〉 = I2(x+x0,−y) and
W (−x+ x0, y;x+ x0,−y) = 〈E∗in(−x+ x0, y)Ein(x+
x0,−y)〉. Re[· · · ] and Im[· · · ] denote the real and
imaginary parts. The contribution Iδb(x, y) is the

background noise. If Iδcout(x, y) and Iδdout(x, y) are the
output intensities measured at δ = δc and δ = δd, the
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difference intensity is

∆I
(δc,δd)
out (x, y) = Iδcout(x, y)− Iδdout(x, y)

= Iδcb (x, y)− Iδdb (x, y)

+ 2k1k2{Re[W (−x+x0, y;x+x0,−y)](cos δc− cos δd)

− Im[W (−x+ x0, y;x+ x0,−y)](sin δc − sin δd)}.
(3)

Since the background noise does not depend on δ, we
get Iδcb (x, y)− Iδdb (x, y) ≈ 0. Therefore, setting δc = 0
and δd = π, we get

Re[W (−x+ x0, y;x+ x0,−y)] = ∆I
(0,π)
out (x, y)/4k1k2

(4)
and setting δc = 3π/2 and δd = π/2, we get

Im[W (−x+x0, y;x+x0,−y)] = ∆I
(3π/2,π/2)
out (x, y)/4k1k2

(5)

Thus, by measuring the difference intensities ∆I
(0,π)
out (x, y)

and ∆I
(3π/2,π/2)
out (x, y), we obtain the real and imag-

inary parts to within the same scaling factor 4k1k2.
This way, we obtain the complex cross-spectral den-
sity function W (−x + x0, y;x + x0,−y) in a four-
shot manner, which not only obviates the necessity for
the precise knowledge of k1, k2, I1 and I2 but also
becomes completely insensitive to background noise
Fig.3. Knowing the real and imaginary parts, one can
find the amplitude and phase as:

|W (−x+x0, y;x+x0,−y)|2 =
(∆I

(0,π)
out )2 + (∆I

(3π/2,π/2)
out )2

4k1k2
(6)

arg[W (−x+x0, y;x+x0,−y)] = tan−1

[
∆I

(3π/2,π/2)
out

∆I
(0,π)
out

]
(7)

The amplitude of the cross-spectral density function
determines the visibility of interference fringes and,
when the two spatial locations are the same, reduces
to the spectral density (i.e., the local intensity).
The phase represents the relative phase difference
between the fields at two points, governing whether
the interference is constructive or destructive, and also
encodes information about the wavefront shape and
propagation characteristics.

Our aim is to measure a class of spatially non-
stationary field for which the complex cross-spectral
density function factorizes as W (x1, x2; y1, y2) =
Wx(x1, x2)Wy(y1, y2), with the cross-spectral density
in x- and y-directions being of the form W (x1, x2) =
W1(x2 − x1)W2(x2

2 − x2
1). This is the most commonly-

encountered class of fields [9–13]. It becomes spatially
stationary in situations in which W2(x2

2 − x2
1) = 1. In

what follows, for conceptual clarity, we only consider
the x-coordinate, noting that the same principles can
be extended to the y-coordinate. Setting x2 = x + x0

and x1 = −x + x0 with the shear x0 = 0 and thus

taking W2(0) = 1, we obtain

W (−x, x) = W1(2x)W2(0) = W1(2x) = A1(2x)eiφ1(2x)

(8)

By employing the above four-shot technique, one
can measure W (−x, x) = W1(2x) and thereby the
amplitude A1(2x) and phase φ1(2x). The phase
φ1(2x), which is indeterminate up to 2π, is unwrapped
following the algorithm described in [32] and we obtain
the phase φu1 , which ranges from −∞ to ∞. The
function W1(x2 − x1) is reconstructed by mapping
W1(2x) to W1(x2 − x1) with x = (x2 − x1)/2. Next,
setting x2 = x+x0 and x1 = −x+x0, with x0 6= 0, we
obtain

W (−x+ x0, x+ x0) = W1(2x)W2(4xx0)

= A1(2x)A2(4xx0)ei[φ1(2x)+φ2(4xx0)] (9)

Again, by employing the above four-shot technique,
one can measure W (−x+ x0, x+ x0) and thereby the
amplitude A2(4xx0) as

A2(4xx0) = |W (−x+ x0, x+ x0)|/|W (−x, x)| (10)

We note that to deal with the small values of
|W (−x, x)| in the denominator, we set an appropriate
threshold or floor value below which all the values are
set to the floor value. We define φu as the unwrapped
version of φ1(2x) + φ2(4xx0). The unwrapped phase
φu2 = φu − φu1 then yields φ2(4xx0). The function
W2(x2

2 − x2
1) is reconstructed by mapping W2(4xx0)

to W2(x2
2 − x2

1) with x = (x2
2 − x2

1)/4x0. This way
the function W (x1, x2) is reconstructed with 8-shot
intensity measurement. We note that the shear size
x0 should be smaller than one-third of the difference
between the diameter of the beam and the spatial
coherence length, such that the overlap length of the
sheared beams at the output exceeds the coherence
length of the optical field, and it should be large enough
for the imaging system to be able to spatially resolve
it. We further note that, although for measuring a
spatially non-stationary W (x1, x2) one requires 8-shot
intensity measurements, a spatially stationary function
can be measured using only four intensity shots.

To test our measurement scheme, we have
prepared sources that generate both non-stationary
and stationary fields, as illustrated in Fig. 1(a-c).
Source I Fig. 1(a) consist of an LED, which serves
as a spatially incoherent source. The cross-spectral
density of this source is given by the Van Cittert-
Zernike theorem [8], expressed as:

W (x1, y1;x2, y2) =
κeιψ

(λz)2

∫∫ ∞
−∞

I(x′, y′)

exp

[
ι
2π

λz
(∆xx′ + ∆yy′)

]
dx′dy′ (11)
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measurement of the cross-spectral density function. (a) The theoretical Re[W(x,y)]. (b-c) J0

out(x, y) and Jπout(x, y) The individual
interferograms with the individual intensities from the two arms subtracted, Jδout(x, y) = Iδout(x, y) − I1(x, y) − I2(x, y), (d) The

difference intensity ∆I
(0,π)
out (x, y). (e-h) The normalized 1d-cuts of the respective 2d functions along the dotted red line.

where the phase factor ψ is given by

ψ =
π

λz
[(x2

2 + y2
2)− (x2

1 + y2
1)] (12)

where I(x′, y′) is the intensity distribution at the source
and z is the distance between the source and the
observation plane. This non-stationary field is of the
form W (x1, y1;x2, y2) = W1(x2 − x1, y2 − y1)W2(x2

2 −
x2

1, y
2
2 − y2

1) (for details, see Appendix A, section 1).
Source II, III and IV are depicted in Figs. 1(b), 1(c)
and 6(a) respectively consist of LEDs positioned at the
back focal plane of a converging lens. The composite
system of a planar spatially incoherent source with a
converging lens forms the spatially partially coherent

source [36]. The cross-spectral density function of this
system at any propagation distance z after the lens is
given by:

W (x1, y1;x2, y2, z) =

∫ ∞
−∞

Is(x
′, y′)e−i

2π
λf (∆xx′+∆yy′)dx′dy′,

(13)
where Is(x

′, y′) is the intensity distribution at the LED
plane and f is the focal length of the lens. This
cross-spectral density is the Fourier transform of the
LED intensity distribution, and the field is spatially
stationary, W (x1, y1;x2, y2) = W1(x2−x1, y2−y1) (for
details, see Appendix A, Section 2). Since the LED
intensity distributions vary for sources II, III, and IV,
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Figure 4. Source II: (a) and (b) The measured Re[W (2x,−2y)] and Im[W (2x,−2y)]. (c) and (d) The theoretical Re[W (2x,−2y)]
and Im[W (2x,−2y)]. (e) and (f) The experimentally reconstructed |W (x1, x2)| and arg[W (x1, x2)]. (g) and (h) The theoretical
|W (x1, x2)| and arg[W (x1, x2)]. (i) and (j) The 1d-cut of |W (x1, x2)| and arg[W (x1, x2)] along the dotted red line.

the corresponding cross-spectral density functions have
different structures, which are shown in Figs. 4, 5, and
6. The LEDs in Figs. 1(b) and 1(c) are high-intensity,
while the LED in Fig. 6(a) has very low intensity.

3. Experiment

In our experiments, we use a planar light-emitting
diode (LED) unit consisting of 9 separate LEDs
arranged in a 3 × 3 square grid. Each LED has
dimension 0.8 mm × 0.8 mm, with a separation of 1.9
mm (see Fig. 1). An interference filter (IF) centred
at 633 nm having a wavelength bandwidth of 10 nm
before the CCD camera ensures the field is quasi-
monochromatic. The phase δ is changed using the
geometric phase unit in arm-1 so that t2 − t1 and,
thereby, the degree of temporal coherence remains
unaffected. To find δ = 0, we send a known field
through the interferometer and adjust the geometric
phase such that the output intensity at the camera
is maximum. Once the δ = 0 configuration is
known, we switch on the field of interest and obtain
different δ values by rotating the HWP. Source I is
just a single LED unit as shown in Fig. 1 (a). As
LED is a spatially incoherent source, its cross-spectral
density is calculated using the van Cittert-Zernike
theorem and is of the form W (x1, y1;x2, y2) = W1(x2−
x1, y2 − y1)W2(x2

2 − x2
1, y

2
2 − y2

1) [8]. Two four-shot
measurements are taken, one with x0 = 0; y0 = 0 and
another with shear x0 = 2.5 mm; y0 = 0 mm. Shear is
introduced using the translations stage-1 solely along
the x-axis. However, simultaneous shear along both
the x and y-directions can be achieved using an xy-
translation stage and thus the cross-spectral density
as a function of both x and y can be measured. To
calculate A2(4xx0) as defined in Eq.10, we used a
threshold value equal to 0.07 times the maximum value,

as the signal-to-noise ratio was observed to be poor in
this region and the signal fluctuated significantly near
these low values. Source II shown in Figs. 1(b) and
source III shown in Figs. 1(c) consist of one off-axis
LED and a group of four off-axis LEDs, respectively,
kept at the back focal plane of a plano-convex lens
of focal length 45 cm. Both sources are spatially
stationary and have the cross spectral density function
of the form W (x1, x2) = W (x2 − x1) and is calculated
by taking the Fourier transform of the spectral density
of the LED [30,36].

The experimental results and analysis correspond-
ing to source I, source II and source III have been pre-
sented in Fig. 2, Fig. 4, and 5, respectively. Fig.3 il-
lustrates the two individual intensities and the differ-
ence intensity for the Re[W(2x,−2y)] in Fig. 2(a). It
illustrates that our difference intensity protocol signifi-
cantly enhances the measurement accuracy, increasing
it from 80% to 95% (See Appendix D for further details
on the effective suppression of background noise). In
Figs. 2-5, the theory has been obtained by taking the
actual image of the three LED sources and then calcu-
lating the far-field cross-spectral density function using
the formulation given in Refs. [30, 36] for source I and
in Ref. [8] for Source II and III (see Appendix A). In
Figs. 2-5, both theory and experimental plots for the
real and imaginary parts as well as for the amplitude
of the cross spectral density function have been scaled
such that the maximum value of the plot is equal 1.
For plotting the phase, no scaling is done. The fidelity
of our experimental results, calculated using the coeffi-
cient of determination R2 (see Ref. [37], chapter 6) and
indicated in Figs. 2-5 are greater than 96%, showing
excellent match between theory and experiment. The
interferometer was operated on a standard vibration-
isolated optical table, and the entire setup was enclosed
in a protective box to minimize external disturbances
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Figure 5. Source III: (a) and (b) The measured Re[W (2x,−2y)] and Im[W (2x,−2y)]. (c) and (d) The theoretical Re[W (2x,−2y)]
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Figure 6. (a) The single-photon level source used. (b) Interferogram after accumulating 100 frames, (c) Interferogram after
accumulating 350 frames, (d) Interferogram after accumulating 1000 frames, (e) Interferogram after accumulating 5000 frames. The
gain of the EMCCD camera was set at 100 for all the measurements. (f) and (g) The measured Re[W (2x,−2y)] and Im[W (2x,−2y)]
at gain = 100 and frames accumulated = 10000. (h) and (i) The theoretical Re[W (2x,−2y)] and Im[W (2x,−2y)]. (j) and (k) The
experimentally reconstructed |W (x1, x2)| and arg[W (x1, x2)]. (l) and (m) The theoretical |W (x1, x2)| and arg[W (x1, x2)]. (n) and
(o) The 1d-cut of |W (x1, x2)| and arg[W (x1, x2)] along the dotted red line.

such as air currents or acoustic noise. We note that the
accurate experimental realization of δ through our ge-
ometric phase setup is very important for the accurate

reconstruction of the coherence function. Nonetheless,
we find that an error of θ in the geometric phase has
no effect on the reconstructed amplitude of the cross-
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spectral density function while the reconstructed phase
acquires an additional global phase of θ (see the Ap-
pendix B).

In our experiment, we used a quasi-monochromatic
field; however, the current method also works for
broadband fields (see Appendix C). This extension
could broaden the method’s applicability to areas such
as colour holography, where accurate spatial coherence
measurements can help mitigate errors [38].

4. Single-Photon Level Measurement

Source IV, shown in Fig. 6(a), is a spatially stationary
source consisting of one off-axis LED placed at the
back focal plane of a 20 cm focal length plano-convex
lens. The LED has a size of 0.12 mm x 0.12 mm.
An EMCCD camera was used for the measurements
instead of a CCD that was employed for the first three
sources. The photon flux at the EMCCD camera
was calculated to be approximately 0.7 photons per
frame per pixel. Fig. 6 (b), (c), (d) and (e) show the
results at gain 100 after accumulating 100, 350, 1000
and 5000 frames, respectively. A faint interference
pattern starts to become visible after 1000 frame
accumulations. This clearly demonstrates that our
system operates effectively at the single-photon level.
The measurements in Fig. 6 (f) and (g) were taken after
accumulating 10,000 frames. The results, presented in
Fig. 6, demonstrate a fidelity of 97% for amplitude and
88% for phase, indicating an excellent match between
theoretical predictions and experimental data. This
high degree of agreement highlights the robustness
and accuracy of our method, even under low-light
conditions.

5. Conclusion

In this article, we introduced and experimentally vali-
dated an interferometric method based on wavefront
inversion and shearing to measure the full complex
cross-spectral density function of spatially stationary
and non-stationary partially coherent optical fields.
The method directly retrieves the amplitude and phase
profiles in eight interferogram images without requiring
intensive reconstruction algorithms, significantly out-
performing existing approaches [25,26,31,33].

The integration of wavefront inversion interferom-
etry with the phase-shifting technique enables the im-
plementation of the difference intensity protocol, sig-
nificantly enhancing measurement accuracy, with ro-
bustness extending to the single-photon level. This ca-
pability makes it a powerful tool for characterizing the
complex cross-spectral density function of single pho-
tons generated through spontaneous parametric down-
conversion (SPDC) process. As the cross-spectral den-

sity function corresponds to the density matrix ele-
ments in the quantum picture, its measurement can in-
fer the spatial purity, an essential parameter for quan-
tum information protocols [39–41].

This method is poised to have applications in
a wide range of fields that require accurate spatial
coherence characterization, including astronomical
imaging to overcome the effects of atmospheric
turbulence [42], microscopy for high depth-of-field
imaging [43, 44], non-line-of-sight imaging to obtain
information about the object’s distance [9], optical
encryption [10] and optical communication [45].
By providing precise measurements of the spatial
coherence function, our technique is expected to
significantly improve performance in each of these
applications. Additionally, the method’s adaptability
to both high and low-light conditions further enhances
its utility, making it a versatile solution for next-
generation optical systems.
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Appendix A. Cross-spectral density of
employed light sources

Appendix A.1. Source I

The subsequent analysis is adapted from section 5.7
of Ref. [8]. For Source I we use just a LED which
can reasonably be modelled as an extended collection
of independent radiators. So it can be considered
as a spatially incoherent source. The Van Cittert-
Zernike theorem answers how exactly the cross-spectral
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Figure A1. Geometry for derivation of Van Cittert-Zernike
theorem.

density propagates away from the source. For a quasi-
monochromatic light, the spatial cross-spectral density
function propagates according to the law,

W (Q1, Q2) =

∫∫∫∫
Σ

W (P1, P2)exp

[
−ι2π

λ
(r2 − r1)

]
χ(θ1)

λr1

χ(θ2)

λr2
dS1dS2 (A1)

where W (Q1, Q2) and W (P1, P2) are the cross-spectral
densities at the source and detection plane respectively.
χ(θ) is the obliquity factor where θ is the angle between
the line joining Q1 and P1 and the normal to the
surface Σ at P1.

For a spatially incoherent source, we have

W (P1, P2) = κI(P1)δ(|P1 − P2|) (A2)

Substituting this in Eq.(A1) gives,

W (Q1, Q2) =
κ

λ2

∫∫
Σ

I(P1)exp

[
−ι2π(r2 − r1)

λ

]
χ(θ1)

r1

χ(θ2)

r2
dS (A3)

where the geometry of the setting is illustrated in
Fig. A1. To simplify our expression, we employ the
following assumptions and approximations:

1. Far-Field Approximation - The dimensions of
both the source and detection area are significantly
smaller than the separation distance z between them.

1

r1r2
≈ 1

z2
(A4)

2. Small angle approximation,

χ(θ1) ≈ χ(θ2) ≈ 1 (A5)

Following this, the cross-spectral density in the
detection region takes the form

W (Q1, Q2) =
κ

(λz)2

∫∫
Σ

I(P1)exp

[
−ι2π(r2 − r1)

λ

]
dS

(A6)

In our further analysis, we make the assumption that
the source and detection planes are parallel to each
other, separated by a distance z. Additionally, we also
employ the paraxial approximation. So,

r1 =
√
z2 + (x1 − x′

1)2 + (y1 − y′1)2 ≈ z+
(x1 − x′

1)2 + (y1 − y′1)2

2z

r2 =
√
z2 + (x2 − x′

2)2 + (y2 − y′2)2 ≈ z+
(x2 − x′

2)2 + (y2 − y′2)2

2z
(A7)

Finally, we introduce the definitions ∆x = x2−x1 and
∆y = y2− y1, alongside the convention that I(x′, y′) is
zero for points (x′, y′) outside the finite source region
Σ. This leads us to the final expression of the Van
Cittert-Zernike theorem:

W (x1, y1;x2, y2) =
κeιψ

(λz)2

∫∫ ∞
−∞

I(x′, y′)

exp

[
ι
2π

λz
(∆xx′ + ∆yy′)

]
dx′dy′ (A8)

where the phase factor ψ is given by

ψ =
π

λz
[(x2

2 + y2
2)− (x2

1 + y2
1)] (A9)

From Eq.(A8) and (A9) it is clear that the cross-
spectral density of LED source is of the form
W (x1, y1;x2, y2) = W1(x2−x1, y2−y1)W2(x2

2−x2
1, y

2
2−

y2
1).

Appendix A.2. Source II, III & IV

The discussion that follows is sourced from Ref. [36].
For Sources II and III, a monochromatic, planar,

y

x

z =0z  =-f z =z

k
1
=(q

1
, k

1z
)

½
1

½
2

½
1
'

z

y

x

½
2
' k

2
=(q

2
, k

2z
)

Source

Figure A2. Schematic illustration of generation of propagation-
invariant spatially-stationary field using a spatially completely-
uncorrelated primary source.
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spatially completely incoherent primary source is
positioned at the back focal plane, z = −f , of
a lens located at z = 0. Our spatially partially
coherent field source consists of this composite system
of the planar primary source and the lens. The field
emanating from a spatial location ρ′ at a distance z
is denoted as Vs(ρ

′, z). Given the complete spatial
incoherence of our primary source, the fields Vs(ρ

′
1,−f)

and Vs(ρ
′
2,−f) emerging from ρ′1 and ρ′2 at z = −f ,

respectively, are entirely uncorrelated. This lack of
correlation is expressed as,

〈V ∗s (ρ′1,−f)Vs(ρ
′
2,−f)〉e = Is(ρ

′
1,−f)δ(ρ′1 − ρ′2).

(A10)

Here Is(ρ
′
1,−f) is the intensity of the primary source

at z = −f . In our experiments, we use LEDs as
our primary incoherent sources. Here, Is(ρ

′
1,−f)

denotes the intensity of the primary source at z =
−f . LED serve as our primary incoherent source as
their positional correlations are modelled by the form
outlined in Eq. (A10) [46,47].

For our primary source characterized by Eq. (A10),
each point on the source behaves as an independent
point source. As each of these points is positioned
at the back focal plane of a converging lens, the field
Vs(ρ

′
1,−f) originating from ρ′1 undergoes transforma-

tion into a plane wave with amplitude a(q1), where
q1 denotes the transverse wave-vector associated with
the plane wave [48, 49]. The lens effectively converts
the non-correlation of the planar source in the posi-
tion basis into non-correlation in the transverse wave-
vector basis. The correlations between distinct trans-
verse wave-vectors are quantified through the angular
correlation function A(q1, q2), defined as A(q1, q2) ≡
〈a∗(q1)a(q2)〉e, where 〈· · · 〉e denotes the ensemble av-
erage. The angular correlation function for such a par-
tially coherent source corresponds to the angular cor-
relation function A(q1, q2) at the exit face of the lens,
i.e., at z = 0, and is expressed as,

A(q1, q2) ≡ 〈a∗(q1)a(q2)〉e = Is(q1)δ(q1 − q2).
(A11)

Here, Is(q1) represents the spectral density of the
field, exhibiting the same functional form as the source
intensity. As demonstrated below, this specific form
of the angular correlation function is a prerequisite
for the spatially-stationary and propagation-invariant
characteristics of the partially-coherent field emerging
from a source.

We proceed to derive the cross-spectral density
function at z = z generated by such a source. As
detailed in Section 5.6 of Ref. [14], assuming the plane-
wave amplitude at z = 0 is a(q1), the field V (ρ1, z) at

z = z within the paraxial approximation is given by,

V (ρ1, z) = eik0z
∫∫ ∞
−∞

a(q1)eiq1.ρ1e
−i
q21z
2k0 dq1. (A12)

Here, r1 ≡ (ρ1, z), k1 ≡ (q1, k1z), and k1z ≈
k1 − q2

1/(2k1) with q1 = |q1| and k1 = |k1| =
k0 = ω0/c, where ω0 is the frequency of the field.
So the cross-spectral density function W (ρ1,ρ2, z) ≡
〈V ∗(ρ1, z)V (ρ2, z)〉e at z = z is

W (ρ1,ρ2, z) =

∫∫ ∞
−∞
A(q1, q2)

×e−iq1.ρ1+iq2.ρ2e
−i

(q21−q
2
2)z

2k0 dq1dq2.
(A13)

Equation (A13) dictates the evolution of spatial
correlations in the field, as denoted by the cross-
spectral density function, during propagation in the
region z > 0 after passing through the lens.
Substituting the expression for the angular correlation
function from Eq. (A11) into Eq. (A13), we acquire,

W (ρ1,ρ2, z) = W (∆ρ, z) =

∫ ∞
−∞

Is(q)e−iq.∆ρdq,

(A14)

where ∆ρ = ρ1 − ρ2. We see that the cross-spectral
density function W (∆ρ, z) in Eq. (A14) follows
coherent mode representation, where the coherent
modes correspond to plane waves. The generated field
exhibits the following characteristics: (1) Propagation
invariance—The cross-spectral density function and
intensity remain constant regardless of changes in
z. (2) Spatial stationarity at a given z, at least
in a broad sense—This is evident from the fact
that the intensity I(ρ, z) does not depend on ρ,
while the cross-spectral density function depends only
on ∆ρ. (3) The cross-spectral density function
W (∆ρ, z) of the field is the Fourier transform of
its spectral density Is(q). Furthermore, as the
spectral density mirrors the intensity pattern of the
primary source, the cross-spectral density function
of the field seamlessly transforms into the Fourier
representation of the primary source’s intensity profile.
It’s noteworthy that this methodology liberates the
intensity function Is(q1) of the primary incoherent
source from constraints — whether continuous, of finite
dimensions, or structured as an ensemble of discrete
points.
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Appendix B. Error analysis for geometric
phase

From Eq. (3) in the main text we see that the difference
in the intensities of the two interferograms is,

∆Iout(x, y) = Iδcout(x, y)− Iδdout(x, y)

= 2k1k2{Re[W(−x+x0, y;x+x0,−y)](cos(δc)−cos(δd))

− Im[W(−x+ x0, y;x+ x0,−y)](sin(δc)− sin(δd))}.
(A15)

The geometric phase setup, depicted in arm 1 of
Figure 1(d) in the main text, involves two quarter-
waveplates (QWP1) oriented at 45° with respect to
the polarization of light, with a half-waveplate (HWP)
placed in between. Rotating the HWP by an angle
φ with respect to the polarization direction of the
incoming linearly polarized light introduces a relative
phase difference of 2φ between the two arms, denoted
as δ = 2φ. We obtain measurements at different δ
values by rotating the HWP. The precision of rotation
relies on the accuracy of the HWP rotation. In our
setup, the HWP was affixed to an automated rotation
stage, ensuring uniform error across all measurements.
Let θ be the error in setting the phase difference
between the two arms, δc,d. Then,

∆Iout(x, y) = 2k1k2[WR{cosδccosθ − sinδcsinθ

− cosδdcosθ + sinδdsinθ}
−WIm{sinδccosθ + cosδcsinθ − sinδdcosθ

− cosδdsinθ}]. (A16)

where WR = Re[W (−x+x0, y;x+x0,−y)] and WIm =
Im[W (−x+ x0, y;x+ x0,−y)]. From here onwards we
adopt this renaming for brevity.

Putting δc = 0 and δd = π we get,

∆Iout(x, y)|1 = 4k1k2{(cosθ)WR−(sinθ)WIm}. (A17)

Putting δc = 3π/2 and δd = π/2 we get,

∆Iout(x, y)|2 = 4k1k2{(sinθ)WR +(cosθ)WIm}. (A18)

Squaring and adding Eqs. (A17) and (A18) we get,

∆I2
out(x, y)|1 + ∆I2

out(x, y)|2 = (4k1k2)2(W 2
R +W 2

Im)

= 16k2
1k

2
2|W |2

(A19)

where |W | is the amplitude of the cross-spectral density
function. So we can write,

|W | =
√

∆I2
out(x, y)|1 + ∆I2

out(x, y)|2
4k1k2

(A20)

We see that amplitude of the cross-spectral density
function is unaffected by the error in δ.

From Eqs. (A17) and (A18) we see that the phase
profile of the cross-spectral function is given by,

arg[W] = tan−1

[
∆Iout(ρ)|2
∆Iout(ρ)|1

]
= tan−1

[
WIm + (tanθ)WR

WR − (tanθ)WIm

]
(A21)

Therefore the error in the phase profile of the cross-
spectral density function is,

Error(arg[W]) = tan−1

[
WIm + (tanθ)WR

WR − (tanθ)WIm

]
−tan−1

[
WIm

WR

]
= θ

(A22)

We find that an error of θ in the geometric phase
has no effect on the reconstructed amplitude of the
cross-spectral density function while the error in the
reconstructed phase increases only linearly with θ.

Another way to interpret the linear phase
deviation described in Eq. (A22) is to view it as
a constant global phase offset. As seen from Eqs.
(A17) and (A18), the measured cross-spectral density
function takes the form,

Wmeasured = Wincominge
iθ (A23)

where θ is a spatially constant phase shift that arises if
the HWP is not initially aligned with the polarization
of the input light. This global phase offset corresponds
precisely to the linear phase deviation introduced in
Eq. (A22). Since it is uniform across space, it
does not affect spatial coherence structure and can be
eliminated by proper alignment.

Appendix C. Space-time correlation

Section II detailed the space-frequency correlation,
which is used to measure the spatial coherence
of a monochromatic field. In this section, we
demonstrate how our proposed technique extends to
the measurement of space-time correlation, thereby
broadening the spatial coherence analysis to broadband
fields.

The field from the source enters the interferometer
and reaches the camera after travelling for times t1 and
t2 through the two arms of the interferometer. The
electric field at V(x,y;t) at the camera plane at time t
is given by

V (x, y; t) = k1V (x1, y1; t− t1) + k2V (x2, y2; t− t2)

= k1

∫ ∞
−∞

E(x1, y1;ω)e−iω(t−t1)dω

+ k2

∫ ∞
−∞

E(x2, y2;ω)e−iω(t−t2)dω (A24)

where V (x1, y1; t − t1) and V (x2, y2; t − t2) are the
electric field vibrations at the source points (x1, y1)
and (x2, y2) at time t − t1 and t − t2 respectively.
We consider the optical field to be temporally
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stationary, meaning that its frequency components are
uncorrelated,

〈E∗(x1, y1;ω1)E(x2, y2;ω2)〉e = W (x1, y1;x2, y2;ω1)

δ(ω1 − ω2) (A25)

where W (x1, y1;x2, y2;ω) is the cross-spectral density
function. The intensity at the detector can now be
written as,

Iout(x, y; t) = |k1|2I1(x1, y1; t− t1) + |k2|2I2(x2, y2; t− t2)

+ 2k1k2Re[Γ(x1, y1;x2, y2; τ)] cos δ

− 2k1k2Im[Γ(x1, y1;x2, y2; τ)] sin δ, (A26)

where τ = t2 − t1, δ = β2 − β1,
Ii(xi, yi; t − ti) =

∫∞
−∞ |Ein(xi, yi;ω)|2e−iω(t−ti)dω for

i = 1, 2 are the intensities from the two arms and
Γ(x1, y1;x2, y2; τ) =

∫∞
−∞W (x1, y1;x2, y2;ω)e−iωτdω

is the cross-correlation function which is the Fourier
transform of the cross-spectral density function.

For a temporally stationary field, the cross-
correlation function depends only on the time
difference τ , which corresponds to the path difference,
∆z, between the two arms. Therefore, for a broadband
field, the temporal correlations also come into the
picture. The spatial coherence of a broadband field
is obtained when τ = 0 (i.e., ∆z = 0), which
can be achieved by adjusting the translation stage
in arm 2 of the interferometer. As described in
Section II, we control the phase between the arms of
the interferometer using waveplates, and the real and
imaginary parts of the cross-correlation function are
measured via the intensity difference method. So, our
method, in principle, can be used for measuring the
spatial coherence of broadband fields.

In practice, translation stages have finite precision,
introducing errors in the measurement. The temporal
coherence length is inversely proportional to the
field’s spectral width, meaning a larger spectral width
requires greater measurement precision. The absolute
error depends upon the functional form of the cross-
correlation function. In our setup, we use a translation
stage with ∆z = 0.5µm, yielding τ = 1.67 ×
10−15 s. For a multi-wavelength regime where the
field is quasi-monochromatic around multiple central
wavelengths, precise spatial coherence measurements
can be achieved using a coloured CCD camera, even
with a finite-precision translation stage. In this case,
each frequency component would experience a different
phase difference between the two interferometric arms
because of the term ωτ in the phase factor δ in Eq. 2
of the manuscript. To accurately measure the real and
imaginary components of the cross-spectral density
function for each wavelength, the orientation of the
half-waveplate (inducing the geometric phase) would
need to be adjusted individually for each wavelength.

Appendix D. Noise measurement

To quantitatively validate the noise-insensitive nature
of our protocol, we conducted a background noise
analysis by recording intensity maps with the light
source turned off. Measurements were performed
at four phase shifts (δ = 0, π, π/2, 3π/2), each
averaged over 100 frames, to isolate phase-insensitive
background noise from any signal contributions.

The intensity values before subtraction were as
follows: at δ = 0, the mean was 526.6747, the standard
deviation was 9.0512, and the maximum value was
547.3400; at δ = π, the mean was 526.4349, the
standard deviation was 9.0498, and the maximum
value was 546.5900; at δ = π/2, the mean was
526.3869, the standard deviation was 9.0547, and the
maximum value was 547.0800; and at δ = 3π/2, the
mean was 525.9892, the standard deviation was 9.0399,
and the maximum value was 545.9700.

After applying the difference-intensity protocol,
the residual maps showed significant suppression of
the background signal. For the real part (from the
difference between δ = 0 and π), the mean was 2.7730,
the standard deviation was 2.0961, and the maximum
value was 17.4100. For the imaginary part (from the
difference between δ = π/2 and 3π/2), the mean was
2.7893, the standard deviation was 2.1077, and the
maximum value was 20.6200.

These results demonstrate that the protocol
effectively cancels phase-insensitive background noise,
reducing both the average background level and its
fluctuations under realistic experimental conditions.
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