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Quantum Ghost Imaging by Sparse Spatial Mode
Reconstruction

Fazilah Nothlawala, Chané Moodley, Neelan Gounden, Isaac Nape, and Andrew Forbes*

In a conventional quantum imaging experiment, the image of the object is
retrieved directly with single photon camera technology, or computationally
with a single-pixel detector and pixelated projective masks. In all these
approaches, the resolution of the image is dictated by the pixel resolution of
the detection devices. In this paper, the traditional spatial basis of pixels is
replaced with spatial modes, exploiting their unique features to enhance
image fidelity and resolution and improve reconstruction accuracy through
modal sparsity. This approach can be used even when the modes are not
orthogonal, demonstrating the principle with highly efficient phase-only
approximations to the modal basis. By numerical simulation and experimental
analysis, the advantages of this approach are illustrated, which include faster
convergence to the object, with higher signals and fidelity, which are
demonstrated with an order of magnitude less masks than conventional
approaches for the same fidelity in outcome. Unlike the basis of pixels, the
resolution of the image is not dictated by the resolution of the detectors,
opening a path to high-resolution quantum imaging of complex objects.

1. Introduction

Quantum ghost imaging[1–5] is a specific realization of quan-
tum imaging,[6–8] where correlated photon pairs form an image
of an object despite neither having any object information. Be-
yond the traditional bi-photon entangled pair as a resource, it has
been used with entanglement-swapped photons,[9] with Hong–
Ou–Mandel interference[10] and recently allowed for 3D imag-
ing by direct time of flight (ToF) methods.[11] An advantage of
quantum ghost imaging is the low photon intensities inherent to
quantum optics experiments, enabling the reconstruction of im-
ages with a higher signal-to-noise ratio (SNR) and better visibil-
ity compared to classical ghost imaging.[12,13] In particular, quan-
tum ghost imaging has proven valuable in biological imaging
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applications where minimizing photo-
damage to light-sensitive matter is
beneficial,[14] and was recently shown to
produce high-quality images of biological
organisms through spatial and polarization
entanglement,[15] achieving higher reso-
lution and SNR than classical techniques.
Moreover, a unique variation of quantum
ghost imaging demonstrates exceptional
capabilities by generating non-degenerate
signals and idler photons. This approach
enables imaging at specific wavelengths
without requiring a camera sensitive to that
wavelength, instead utilizing a more sensi-
tive, less noisy, or cost-effective camera for
detection.[16]

Initially, ghost imaging experiments ac-
complished spatially resolved detection by
a physically moving single-pixel detector,
which scanned a transverse plane.[17] Later
advancements replaced mechanical scan-
ning to form an image of the object with a

series of pixelated, projective masks, e.g., Hadamard masks.[18]

Consequently, the resolution of the produced image was di-
rectly determined by the resolution of the detectors or masks
employed[19] via their pixel size and number of pixels, N. Achiev-
ing high-resolution images with projective masks require using
high-resolution mask sets, where the number of pixel masks
in the set scales quadratically with the resolution, i.e., as N2

for a mask resolution of N × N.[20] Since imaging techniques
using a bucket detector rely on a single value per measure-
ment, a large number of measurements (N2) are required for
a complete image reconstruction. Thus, efforts to enhance the
resolution of the reconstructed image inherently demand a
greater number of measurements, leading to longer image ac-
quisition times[5,21–23] and techniques such as smart photon-
number-resolving detection[24] and super-resolving neural net-
works have been developed to achieve high-resolution images
in less time.[23] An alternative to projective masks is the use of
detector arrays with single-photon sensitivity, such as intensi-
fied CCDs (ICCDs), which enable high-speed quantum imag-
ing with few photons.[25,26] In this approach, the camera is trig-
gered by the imaging photon which has to incur an image-
preserving delay to fit within the camera’s measurement time
frame.[25,27] This is one of themain disadvantages of this scheme,
as maintaining the spatial correlations of the photon pairs de-
mands precise imaging of the idler photons onto the object in
the same plane as the photons at the camera. Moreover, in all
these approaches, the image resolution is limited by the pixel
resolution of the detection devices, and in the former case,
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requires an increased number of measurements to achieve high-
resolution imaging.
Rather than using the position basis of pixels, “space,” one can

instead consider using “spatial modes,” e.g., the exotic forms of
structured light.[28–33] This would form a modal basis and has
been used extensively in classically structured light to unravel the
properties of light,[34–39] as well as in probing high-dimensional
structured quantum states.[40–44] Of key relevance to this discus-
sion is that the modal basis is usually a continuous function
rather than a pixellated function, and thus has the ability to recon-
struct at any desired spatial resolution, as has been demonstrated
in the classical wavefront, phase and intensity reconstructions.[45]

It has been shown to achieve high resolution images in optical
image reconstruction on a modal basis tailored to the symme-
tries of the object[46] and to infer step heights with nanometer
resolution.[47] It has recently found its way into resolving dis-
tances beyond the diffraction limit,[48] applied to classical[49] and
quantum[50] sources, but not yet in quantum ghost imaging of
complex objects.
Here we replace the traditional spatial basis of pixels with spa-

tial modes and demonstrate quantum ghost imaging of complex
objects with high spatial resolution (less pixelation) and good fi-
delity (close to the object in key properties). Unlike the basis of
pixels, the basis modes are continuous functions with a spatial
resolution that resides computationally in the computer mem-
ory, so that the object can be reconstructed to high spatial reso-
lution. We show that the approach can be used even when the
modal basis is not orthogonal, demonstrating the principle with
highly efficient phase-only approximations to the modal basis,
thus by-passing the lossy complex amplitude modulation usu-
ally required for spatial modes. We deploy a modal sparsity tech-
nique and show that this can dramatically minimize the num-
ber of measurements needed. The result is higher fidelity, higher
spatial resolution quantum ghost images with reduced measure-
ments by exploitingmodal sparsity. Throughout the study, we use
the Hermite–Gaussian (HG) basis as an example, but stress that
the approach can be deployed with any spatial basis of choice,
highlighting that the optimal choice will likely be based on sym-
metry considerations of both the object and basis.

2. Concept

The concept of image reconstruction using projective masks, the
goal of digital ghost imaging, is analogous to the modal decom-
position of complex structured light, namely, the idea that any
complex optical field function can be described by a complete and
orthonormal set of basis modes, where the function may repre-
sent a physical or digital object. Importantly, the features of the
object are encoded into the internal degrees of freedom of the
photon fields, namely, the amplitude and phase. This means that
an object’s image can be described as a linear combination of the
optical field functions that comprise such a basis following

O(x, y) =
N−1∑
j=0

cjMj(x, y) (1)

where O(x, y) is the reconstructed image of an object based on
the sum of basis functionsMj(x, y) with weighting coefficients cj

normalized such that
∑|cj|2 = 1, i.e., the modal powers add to

100% (the trace is 1 in quantum language). If the basis elements
are orthonormal then the complex weighting coefficients can be
found from cj = |cj| exp(i𝜃j) = ⟨

O(x, y)|Mj(x, y)
⟩
.[34] This concept

is illustrated graphically in Figure 1a, where an amplitude object
(flower) is reconstructed from a sumofHadamard basis elements
(top row) and Hermite–Gaussian basis elements (bottom row).
The latter is the basis of spatial modes, where the mode set can
be selected based on the symmetry of the object.
However, the above construction relies on the ability to extract

both the phase (𝜃j) and amplitudes (|cj|). Quantum ghost imag-
ing with projective masks has the inbuilt ability to infer phase[51]

using projective measurements constructed in a similar fashion
to wavefront reconstruction approaches. To extract modal phases
(𝜃j) it is useful to measure not only directly in the modal basis
elements but also in superpositions of these modes,[34]

Tj(x, y) =
Mj(x, y) +Mr(x, y)√

2
(2)

using the jth (Mj(x, y)) basis mode and the rth (Mr(x, y)) reference
mode. Thismimics traditional ghost imagingwithHadamard ba-
sis modes where the projective amplitude masks are rescaled to
have amplitudes proportional to 0 and 1 and are computed by su-
perposing each Hadamard basis state with the uniform superpo-
sition of pixels, i.e., corresponding to the first basis state (r = 0).
Given these projections, the image is then reconstructed from[19]

Õ(x, y) =
N−1∑
j=0

(aj − ⟨aj⟩N)Mj(x, y) (3)

where aj = |⟨O|Tj⟩|2 and ⟨aj⟩N is the ensemble average over allN
measurements. Because, aj =

1
2
|cj|2 + 1

2
|cr|2 + |cj||cr| cos(𝜃j − 𝜃r)

the resulting image is given by

Õ(x, y) ∝
N−1∑
j=0

|cj||cr| cos (𝜃j − 𝜃r

)
Mj(x, y) ≈ |cr|Re [O(x, y)e−i𝜃r ]

(4)

producing the real part of the reconstructed image up to a phase,
𝜃r , corresponding to the phase for the chosen reference mode.
A common mode set is that of orbital angular momentum

(OAM), but OAM is a 1D basis and thus not suitable for 2D
imaging of objects, although it has proven useful to extract in-
formation of features from objects.[52,53] Instead, to illustrate this
concept, we will use Hermite–Gaussian (HG) modes which have
Cartesian symmetry, though the results are equatable to other
modes in other symmetries, e.g., Laguerre–Gaussian modes in
cylindrical symmetry, which have been successfully applied to
classical imaging.[46] Our HG modes are defined as,

Mi(x, y) ≡ HGnm(x, y) =
√

2
𝜋w2

0n!m!2m+n−1
Hn

(√
2x
w0

)

×Hm

(√
2y
w0

)
exp

(
−
x2 + y2

w2
0

)
(5)
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Figure 1. a) Reconstruction of an arbitrary amplitude object by a linear combination of basis functions, Hadamard and Hermite-Gauss shown as
examples, respectively. b) Orthogonality relations for HG modes dictate that they are orthogonal as full complex fields (left) but not as amplitude-only
(middle) or phase-only (right) functions. c) Nevertheless, phase objects can be reconstructed employing phase-only HG masks for low-loss object
reconstruction.

where n and m are mode indices, and Hn(⋅) and Hm(⋅) are Her-
mite polynomials of order n and m, respectively. Here w0 is the
embedded Gaussian beam size and the function is defined at the
z = 0 plane. Examples of the intensity and phase of various HG
modes are shown in Figure 2 for increasing n andm indices, each
increasing the number of intensity lobes in the horizontal and
vertical directions, respectively. These modes are solutions to the
wave equation in Cartesian co-ordinates and as such are Fourier
transforms of themselves. The HG modes also form an orthog-
onal basis, as shown in Figure 1b. This orthogonality is ensured
by both the Hermite polynomials and their Gaussian weighting
factor, i.e.,

∫
∞

−∞
Hn(x)Hk(x) e

−x2 = 2nn!
√
𝜋𝛿n,k (6)

It is however broken if the spatial mode is approximated by
amplitude-only or phase-only functions, shown in themiddle and
far right panels of Figure 1b.
Although the HG modes provide a complete and orthonor-

mal basis, they require both amplitude and phase modulation
in their implementation, the former resulting in a lossy pro-
cess. In a quantum optics experiment with inherent low-light
levels, it is essential to mitigate such losses. One approach is
to use a phase-only approximation to the spatial mode basis, al-
lowing for efficient quantum detection. In the example of the
HG modes, this results in a binary phase structure, where the
phase emerges from the property of the Hermite polynomials:
a series of phase jumps between 0 and 𝜋 across the transverse

beam profile, as seen in Figure 1c. Mathematically, this can be
written as

HGPhase
nm (x, y) = sign[Re(HGnm(x, y))] (7)

Figure 2. Intensity and corresponding phase profiles (inset) of Hermite-
Gaussian (HG) modes from HG00 to HG44, with mode index n increasing
from left to right andm increasing from top to bottom. As the mode index
increases so does the mode size.
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Figure 3. Simulated cross-talk matrices illustrating the orthogonality of a) Full HG modes, b) Phase-only HG modes and c) Phase-only HG modes with
a Gaussian envelope, using HG modes ranging from HG00 to HG44.

We explore this orthogonality in Figure 3. The full HG basis
functions have no cross-talk as they are inherently orthogonal, as
shown in Figure 3a for HG modes ranging from HG00 to HG44.
The phase-only approximation to the HG basis, while in princi-
ple lossless, comes at the penalty of orthogonality of the basis
functions, as shown in Figure 3b. The orthogonality of the full
Hermite–Gauss modes relies on the specific properties of the
Hermite polynomials with respect to their weighting function,
which are lost when only considering their sign in the phase-
only representation. However, the incorporation of a Gaussian
envelope in this phase-only representation preserves a degree of
orthogonality, as demonstrated in the corresponding cross-talk
matrix in Figure 3c. This is highly convenient as in most spatial
mode experiments, light is coupled into a single mode fiber, pro-
viding the necessary Gaussian envelope “for free.” Thus, the ex-
perimental representation of the phase-only HGmodes includes
the Gaussian envelope, resulting in a set of phase-only modes
that partially preserve the orthogonality of the original basis.
To demonstrate the feasibility of the modal basis, we show nu-

merical image reconstructions in Figure 4a, where an amplitude
object (flower) is reconstructed using the traditional Hadamard
mask set, and complex-amplitude HG modes. In this simula-
tion no noise is added and ideal conditions are assumed, but
we return to the issue of practical considerations shortly. The

Figure 4. Simulated image reconstructions for a) an amplitude object us-
ing Hadamard amplitude masks and complex amplitude HG masks and
b) repeating phase chess using Hadamard phase masks and HG masks.

amplitude image reconstruction with the HG modal basis used
complex coefficients cj = |cj|ei𝜃j , to produce a higher quality im-
age compared to the Hadamard reconstruction, which extracted
real coefficients |cj|2 to form an image. The Hadamard masks
were set to a resolution of 64 × 64, and stopped at 4096 mea-
surements. With an equal number of HG modes, the HG recon-
struction qualitatively outperforms the Hadamard set. Figure 4b
shows the complete reconstruction of a phase object using phase-
only Hadamard and HG masks. Our simulations show that the
object’s phase is successfully recovered, using efficient, phase-
only approximations to the reconstruction bases.
Usually non-orthogonal basis sets require significantly more

projective masks to achieve a general image reconstruction as
opposed to the N2 masks needed for an orthogonal basis set,
e.g., 2N2 projective masks are required for randommasks of size
N × N, in comparison to N2 masks for the Hadamard basis (see
ref. [19] for a tutorial on the topic). The benefit of the spatial basis
is that it is known that complex reconstructions of optical fields
are possible with very fewmodes,[54] facilitated by the fact that the
reconstruction resolution is embedded into the basis itself. This
naturally leads to the notion of modal sparsity[55] in our quan-
tum implementation, where modal contributions of low power
are filtered out while retaining meaningful information for im-
age reconstruction.[56] We observe that when the image recon-
struction data is modally sparse, most of the object information
is held by specific modes, and by focusing on these modes in the
reconstruction process, we can achieve high-fidelity images in a
shorter time.

3. Experimental Implementation

A schematic diagram of the degenerate quantum ghost imaging
experiment employed to obtain our results is shown in Figure 5a.
Light from a diode laser of wavelength 𝜆 = 405 nm, and power
100 mW was sent to a temperature controlled Periodically
Poled PotassiumTitanyl Phosphate (PPKTP) non-linear crystal of
length 2mm. The PPKTP crystal was phase-matched for degener-
ate spontaneous parametric down-conversion (SPDC). From the
SPDC parameters, we determine the correlation radius of our
SPDC distribution to be 60 μm,[57] for a SPDC beam radius of
𝜔R = 3 mm, both as measured at the plane of the spatial light
modulators (SLMs). The number of modes available for imaging
is obtained by dividing out the area of the photon correlations

Adv. Quantum Technol. 2025, 8, 2400577 2400577 (4 of 10) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 5. a) Schematic diagram of the degenerate quantum ghost imaging setup of non-collinear SPDC that was employed for image reconstruction.
The non-collinear SPDC is produced using the non-linear crystal (NLC) and each photon path is sent to an SLM. One SLM displays the object and the
other displays a spatial mask. Each photon path is coupled to a single-mode fiber, connected to an APD for detection. The photons that are detected
in coincidence are registered by a coincidence counting device (CC). b) A two-qubit quantum state tomography with HG modes, HG10 and HG01 is
shown, where the projected state of each photon in the entangled pair is indicated by its phase map. The color of each box represents the normalized
coincidence counts for a given set of projections on the two-photon state. c) Using the tomographic data, the density matrix is computed, and its real
component is shown.

from that of the SPDC beam,[58] and in this experiment has an
upper bound of∼2500modes. The temperature of the crystal was
optimized to 57 ◦C to obtain non-collinear entangled photons of
wavelength, 𝜆 = 810 nm (via SPDC of Type I), so that the down-
converted photons propagated off-axis with regards to the pump
in two spatially separated paths, namely, the object arm and the
image arm. The object arm consisted of an SLM that displayed
the digital object to be imaged while the SLM in the image arm
displayed the projective masks. In addition to displaying object
and mask holograms, a blazed-grating hologram was displayed
on each SLM to separate the first diffraction order of the light
from its zeroth order. The photons from each armwere then cou-
pled to optical single-mode fibers (SMFs), which were connected
to avalanche photo-diodes (APDs) for photon detection. The pho-
ton counting device (CC) measured the coincidences within a 3
ns detection window, detecting a maximum coincidence count
rate of ∼9000 counts per second.
We test for the presence of entanglement in our ghost imag-

ing setup prior to taking our imaging results. We tested for the
entangled nature of OAM states generated in SPDC by perform-
ing projective measurements on our quantum state by display-
ing the appropriate holograms on the SLMs in each arm. The
measurements are performed to demonstrate a violation of the
Clauser–Horne–Shimony–Holt (CHSH) Bell inequality. Our re-
sults demonstrate a violation of the Bell inequality with a Bell
parameter of S = 2.72 ± 0.003 for the l = ±2 OAM subspace. Fur-
thermore, to confirm the presence of entanglement a full quan-
tum state tomography (QST) was performed for HG modes,
HG10 and HG01, with tomographic measurements shown in
Figure 5b. Using the tomographic data, the density matrix was
computed, and its real part is shown in Figure 5c. For our den-
sity matrix we obtain a fidelity of F = 0.962 with respective to a
maximally entangled state, a concurrence of C = 0.927, and a lin-

ear entropy of SL = 0.061, all confirming the strong presence of
entanglement in our experiment.

4. Results and Discussion

We start with phase objects, with the results shown in Figure 6.
In Figure 6a, we show reconstruction results for a complex letter
“G” object. This object lacks Cartesian symmetry and is there-
fore considered a “complex” object from the perspective of HG
modes, which are inherently Cartesian. Using a modal sum of
1024 phase-only HG modes with a beam waist 𝜔HG = 0.8 mm,
the object is reconstructed effectively (with a runtime of 1 h). The
results are expressed in both phase-only and full complex am-
plitude HG basis representations, showcasing the versatility of
these modes in capturing the object’s structure despite its com-
plexity. In Figure 6b we select an example that has more apparent
Cartesian symmetry, the letter “H,” but yet performs poorly with
theHGmodal approach (by design).We use this example to high-
light the interplay between experimental parameter choices and
the choice of the modal basis parameters. Simulated results are
presented for varying beam waists of the modes, demonstrating
that smaller HG mode beam waists correspond to better recon-
structions. However, in the experimental setup, the spatial reso-
lution is limited by the SPDC source, which constrains the ability
to resolve features smaller than the correlationwidth. This limita-
tion sets the allowedmodal basis radius to aminimumof 0.8mm
- too large for a high-fidelity reconstruction - with experimental
and simulated results in good agreement. This emphasizes the
point that the modal basis cannot be selected without considera-
tion of the object parameters and the SPDC parameters (as is the
case in all quantum imaging experiments).
Next, we acquired results for three different phase objects

of Cartesian symmetry, shown in Figure 7. The simulated

Adv. Quantum Technol. 2025, 8, 2400577 2400577 (5 of 10) © 2025 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH

 25119044, 2025, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/qute.202400577 by South A

frican M
edical R

esearch, W
iley O

nline L
ibrary on [04/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advquantumtech.com


www.advancedsciencenews.com www.advquantumtech.com

Figure 6. Simulated and experimental reconstruction results for a) the letter G, using a modal sum of 1024 phase-only HG modes and full complex
amplitude HGmodes, with the experimental results displayed in the lower panel. b) the letter H, showing simulations with a modal radius of 0.6 mm and
0.8 mm, together with the experimental image at 0.8 mm. All images were reconstructed with 1024 modes. Here, the outer area of the circle indicates
the region in which noise was suppressed due to lack of SPDC signal.

quantum image reconstructions, employingHermite–Gauss and
Hadamard masks, closely align with the corresponding experi-
mental image reconstructions. This is shown in Figure 7, where
the complete phase of the object is recovered for both the
Hadamard and Hermite–Gauss basis sets, showing excellent
agreement with the simulated reconstruction.
The high-fidelity reconstructions in this case have benefited

frommodal sparsity. InFigures 8 and 9, the graphs depict the nor-
malized modal power contributions for each of the modes in our
mask sets, showing distinct power peaks for specific modes. This
implies that these modes have the largest overlap with our ob-
jects, and most of the object information is held by these modes.
We exploit this modal sparsity by filtering out the low-power
contributions and retrieving high-fidelity reconstructions of our
objects. This is seen in the images in Figures 8 and 9, which
show how our initial noisy, raw experimental images are trans-
formed into higher fidelity image reconstructions through in-
creased modal filtering. We start off with no filtering, consider-
ing all modal contributions in our reconstruction, shown in the
first image of this panel. Here, we see a pattern present for the
Hadamard case but none for the HG case. In the next image, we
reconstruct the image after 50% modal filtering, i.e., excluding
modal contributions that are below 50% of the total modal power
from the reconstruction. This reduces the noise from lower order
contributions in our images, showing a smoother reconstruction
for both sets, but specifically for the HG set which has an im-
mediate jump in fidelity (also seen in Figure 10). Lastly, we see
perfect reconstructions for both basis sets in the last case, with

90% modal filtering (excluding modal contributions that are be-
low 90% of the total modal power).
The Hadamard basis requires N2 measurements for a com-

plete reconstruction, and, in this case, we used Hadamardmasks
of the resolution, 64 × 64, requiring 4096 measurements (with a
runtime of ∼4 h) to reconstruct our images. This is in contrast to
our Hermite–Gauss basis set, which required significantly fewer
modes, approximately an order of magnitude less (324 modes
were used for the step and chess objects and 484 modes for
the repeating chess object, (with a runtime of ∼30–40 min), to
achieve the same image reconstruction fidelity when employing
our modal filtering technique.
To demonstrate the degree to which the modal filtering tech-

nique provides near-perfect reconstruction results, we determine
the fidelity of our reconstruction for increasing filtering thresh-
olds from 5% filtering up to 90% filtering, the results of which
are shown in Figure 10 for the step and chess objects. This fi-
delity is computed as the normalized overlap between the exper-
imental image, I(x, y) and the ground truth image (or object),
O(x, y):

∑
O(x,y)I∗(x,y)√∑|O(x,y)I∗(x,y)|2 . The fidelity measure is also used to de-

termine the optimal threshold value that can be chosen. We see
in Figure 10 that the fidelity of our reconstruction reaches a max-
imum for the Hermite–Gauss modes at a lower threshold, while
the Hadamard set reaches the same maximum at higher thresh-
olds in both cases. This could be attributed to the Hermite-Gauss
reconstruction utilizing fewer modes, minimizing the number
of lower-order modal contributions to filter out. This highlights
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Figure 7. Near-perfect image reconstruction results achieved by employing modal sparsity in the imaging of phase-only objects. The first column illus-
trates the digital objects used. The second column shows a perfect simulation of the phase-only image reconstruction employing modal sparsity for HG
and Hadamard modes, respectively. The third column shows the corresponding experimental perfectly reconstructed images employing modal sparsity.

an advantage of the Hermite–Gauss reconstruction set, suggest-
ing that high-fidelity reconstruction can be achieved with fewer
measurements and lower-modal filtering thresholds in the case
of objects with Cartesian symmetry.
In Figure 11, the normalized modal power contributions for

each of theHGmodes used to reconstruct the repeating chess ob-

ject are shown, exhibiting power peaks for specificmodes. Again,
we see that these modes have the largest overlap with our ob-
ject and by filtering out the lower power contributions, we reveal
higher-quality reconstructions of our object. Our initial noisy, raw
experimental reconstruction is shown on the right, where it is en-
hanced to higher quality through increasedmodal filtering. From

Figure 8. Normalized modal power contributions in the reconstruction of a phase-step using both Hadamard and Hermite–Gauss modes. The graphs
show the normalized modal power contributions for each of the different modes while the side panels show the image reconstructions after satisfying
three conditions. From top to bottom: no modal filtering, 50% modal filtering and 90% modal filtering.
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Figure 9. Normalizedmodal power contributions in the reconstruction of a phase chess board pattern using bothHadamard andHermite–Gaussmodes.
The graphs show the normalized modal power contributions for each of the different modes while the side panels show the image reconstructions after
satisfying three conditions. From top to bottom: no modal filtering, 50% modal filtering and 90% modal filtering.

top to bottom, we begin with no modal filtering, where consider-
ing all modal contributions in the reconstruction process yields
an image with no distinct object present. With 50% modal filter-
ing, noise from lower-order contributions is reduced, revealing a
blurry phase pattern. Finally, 90% modal filtering reveals a clear
repeating chess pattern.
It is important to note that the modal filtering thresholds are

influenced by the noise level in the coincidence data. If the noise
is uniform across the data, the thresholds remain unaffected, as
all modes are equally impacted. However, noise is typically non-
uniform, and as such, a fidelity measure can be used to identify
the optimal threshold value as outlined above. We point out too
that some knowledge of the object or SPDC size is useful in de-
terminingmode orders that can be ignored, since largermode or-
ders implies larger beams, although in principle this information
can be deduced by noting the low counts at a threshold mode or-
der.

5. Discussion

We have shown the advantage of the phase-only spatial
mode approach to reconstruct phase objects without any in-
terferometry. In this context, despite computational and tech-
nological advances, optical phase imaging has progressed
slowly due to its experimental complexity.[59] Recent phase re-
trieval techniques using modern cameras include quantum-
correlation enabled Fourier ptychography[60] and polarization-
enabled holography,[61,62] however, these methods require single-
photon cameras, which are expensive and have limited spectral
sensitivity. An alternative phase retrieval approach using 2D pro-
jective masks has been shown with an interference-free effect,[51]

reducing the number of measured variables required to extract
phase information. However, this approach requires two differ-
ent intensity values to extract the phase resulting in longer image
acquisition times. By utilizing phase-only spatial modes as the

Figure 10. Reconstructed image fidelity for increasing modal filtering thresholds for the Hadamard and Hermite–Gauss basis sets for the step and chess
objects, shown as insets.
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Figure 11. Normalized modal power contributions in the reconstruction
of a repeating phase chessboard pattern (similar to that of squamous ep-
ithelium) using Hermite–Gauss modes. The panel on the right shows the
image reconstructions after satisfying three conditions. From top to bot-
tom: no modal filtering, 50% modal filtering and 90% modal filtering.

scanning basis, phase objects are reconstructed by a single inten-
sity measurement with efficient phase-only masks. This method
demonstrates robustness even when applied to complex objects
as shown in Figure 6. However, its reconstruction performance
depends significantly on the choice of themodal basis and conse-
quently the number of required measurements. As object com-
plexity increases,moremeasurements are needed to resolve intri-
cate features, but selecting a modal basis that aligns with the ob-
ject’s symmetry – such as Cartesian for grid-like patterns or spiral
for rotational features – can significantly enhance efficiency. This
ensures that the method extracts maximum spatial information
permeasurement, maintaining feasibility even formore intricate
structures. However, as we see in Figure 6b, certain experimen-
tal limitations can impede the accurate reconstruction of com-
plex objects. These include resolution constraints imposed by the
entanglement source, which limit the ability to resolve features
smaller than the correlation width. This constraint arises from
factors such as the characteristics of the SPDC source (e.g., crys-
tal size, pump beam waist) and the design of the imaging and
magnification system used to project onto the SLMs, as is evi-
dent in the reconstruction of the letter “H” in Figure 6b. Addi-
tionally, the inherently low efficiency of SPDC and the unequal
detection probabilities of different spatial modes can lead to chal-
lenges in reconstructing complex objects. In such cases, the need
for higher-order modes (which have lower detection efficiencies)
or a large number of measurements further contributes to the
inefficiency of object reconstruction.
Importantly in quantum ghost imaging, if the ultimate goal is

to apply quantum ghost imaging to light-sensitive structures, a
detector that quickly detects objects based on their symmetries
and repeating patterns could be useful in several scenarios for
imaging biological samples. For example, in cell biology, detect-
ing cellular organization and polarity is essential for understand-
ing how cells interact with their environment and maintain their
functions. A detector capable of quickly identifying symmetrical
patterns could aid in the analysis of cell division processes, where
symmetry and asymmetry play critical roles in ensuring proper
cell replication and differentiation. This could lead to advances in
understanding diseases like cancer, where cell division rates are

often accelerated and uncontrollable.[63] In this paper, the repeat-
ing chess object was selected due to its similarity to the structure
of squamous epithelial cells, flat cells found throughout the body.
Overproduction of these cells in the epidermis can indicate a type
of skin cancer.[64] Moreover, for tissue analysis, the detection of
regular patterns in tissue structures can help in identifying nor-
mal versus abnormal tissue organization. Rapid identification of
these patterns could improve diagnostic techniques, particularly
in pathology, where the assessment of tissue samples is key to
diagnosing diseases. The ability to detect abnormalities in tissue
organization could also be beneficial in monitoring disease pro-
gression or the effectiveness of treatments. Overall, such a de-
tector could significantly accelerate biological analysis processes,
providing real-time feedback in various biological research appli-
cations. This would not only improve efficiency but also enhance
the accuracy and reliability of measurements, leading to advance-
ments in multiple fields.

6. Conclusion

In conclusion, we have shown that the application of spatial
modes in quantum ghost imaging yields high-resolution recon-
structions of phase objects, with an order of magnitude less pro-
jections than using a pixel basis. By way of example, we have
demonstrated the retrieval of the phase of the step, chess and re-
peating chess objects using phase-only Hermite–Gauss modes.
We show that the HG phase-only masks used in our experiment
comprise a non-orthogonal set, where a degree of orthogonality is
preserved by considering the Gaussian envelope in this represen-
tation. Specifically, we show that when the image reconstruction
data ismodally sparse, filtering out lower-order contributions im-
proves the fidelity of the reconstruction at a fraction of the mea-
surements required for a general image reconstruction. Our ap-
proach introduces the notion of spatial modes as a basis for quan-
tum imaging, and can easily be extended to other symmetries by
appropriate basis choice. Finally, we note that although our objec-
tive here was imaging, the work can immediately be translated to
quantum sensing without any significant changes in concept.
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