
Optics and Lasers in Engineering 161 (2023) 107393 

Contents lists available at ScienceDirect 

Optics and Lasers in Engineering 

journal homepage: www.elsevier.com/locate/optlaseng 

Spectra-separated depth-of-field extended fluorescence imaging through 

scattering media using speckle deconvolution 

Xiaodong Wang 

a , Dayan Li a , ∗ , Zhihe Liu 

a , Xiaofeng Fang 

a , Jiani Li a , Tianyue Shi a , 

Changfeng Wu 

a , b 

a Department of Biomedical Engineering, Southern University of Science and Technology, Shenzhen, Guangdong 518055, China 
b Shenzhen Bay Laboratory, Shenzhen, 518132, China 

a r t i c l e i n f o 

Keywords: 

Fluorescence imaging 

Scattering media 

Deconvolution imaging 

Speckle pattern 

a b s t r a c t 

Over the last decade, many methods have been proposed to achieve optical imaging through scattering media. 

Among them, speckle deconvolution utilizing the optical memory effect of the medium is widely employed due 

to its advantages in imaging speed and relatively simpler setup. However, practical applications of speckle de- 

convolution method are rarely demonstrated as most of the existing systems are based on transmission geometry 

to ensure direct incoherent illumination and easy detection. Here we propose an imaging system in reflection 

configuration that is able to retrieve the hidden fluorescent object behind a thin scattering media by speckle 

deconvolution. The object speckle pattern and speckle pattern from a point source (point spread function of the 

system, PSF) are spectrally separated to facilitate non-invasive image acquisitions. It is shown that, to reconstruct 

object faithfully, spectral de-correlation and chromatic aberration induced depth de-correlation between the ob- 

ject speckle pattern and the PSF have to be compensated. Speckle correlation is employed to characterize the 

depth-of-field (DOF) range in this reflection imaging system. Within the DOF, focus and defocus effects in the 

reconstructed objects are observed when rescaling the PSF onto different axial planes. Beyond the DOF, hidden 

objects that originally fail in reconstruction can be retrieved by PSF stacking and PSF rescaling. The proposed 

approach is potentially to find wide applications in biomedical imaging, ranging from deep tissue fluorescence 

microscopy to small animal imaging. 
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. Introduction 

Light scattering in heterogeneous media scrambles the incident and

utgoing wave-front, producing a noise-like speckle pattern that buries

bject image. This is particularly problematic for biological applications,

uch as fluorescence imaging in deep tissues. To address this problem,

everal techniques have been proposed in order to compensate the scat-

ering effect and retrieve clear images. For example, one can utilize

ave-front shaping [1] or optical phase conjugation [2] to find the opti-

ized wave-front that corrects the wave distortions. Another powerful

pproach is transmission matrix [3] . Transmission matrix models the

ave propagation (including light scattering effect) as a linear matrix

here the relationships between the input and output modes are es-

ablished. While the techniques mentioned above are very promising

n compensating the scattering effect, they usually require either long

easurement time (need a series of measurements to characterize the

edia) or complicated setup (e.g. interferometry to measure the optical

elds). 
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In order to realize instant imaging through scattering media with

elatively simple optical system and a few prior characterizations of

he scattering medium, optical memory effect (OME) based phase re-

rieval method [ 4 , 5 ] and speckle deconvolution [6] were developed.

ptical memory effect [7] states that a seemingly random speckle pat-

ern after scattering media is highly correlated with the one generated

hen incident light is tilted a small angular angle. Due to this shift-

nvariant property, within the OME range speckle pattern for an object

an be mathematically modeled as the convolution between the object

nd system PSF. Phase retrieval from speckle autocorrelation appeals

o be a promising approach for single shot and non-invasive imaging

ince it requires neither complicated optics nor prior information. How-

ver, it is more vulnerable to low ‘signal to noise ratio’ (SNR) compared

o the speckle deconvolution approach. Deconvolution imaging through

cattering media has been demonstrated with high-resolution [6] , fast

maging [8] and spectral discrimination ability [ 9 , 10 ]. Many works are

evoted to extend the system’s field-of-view [11–16] and depth-of-field

 17 , 18 ]. Nevertheless, most of the proposed deconvolution based optical
ovember 2022 
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Fig. 1. Schematic diagram of the optical system em- 

ployed for imaging through scattering media. 
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I  
ystems are employing transmission geometry to facilitate illumination

nd detection, which is not compatible with fluorescence imaging [ 6-

5 , 17 , 18 ]. To the best of our knowledge, fluorescence imaging behind

 scattering media in reflection configuration enabled by deconvolution

as not been reported yet [19–22] . 

In this work, we propose a reflective imaging system that can retrieve

he hidden fluorescent object behind a thin scattering media by speckle

econvolution. In order to facilitate the non-invasive acquisitions of ob-

ect speckle and the PSF of system, a home-designed wheel for optical fil-

ering is incorporated. Dual-color fluorescence is used, as a result, object

peckle and the system PSF can be separated spectrally. We characterize

he depth-of-field (DOF) range of the system using speckle correlation.

ithin the DOF, focus and defocus effects in the reconstructed objects

re observed by simply rescaling the PSF onto different axial planes.

inally, using PSF stacking and PSF scaling, we show that fluorescence

maging beyond the DOF range can be realized. 

. Principles 

The scheme of imaging through a thin scattering layer in a reflection

onfiguration is illustrated in Fig. 1 . A fluorescence object located be-

ind a scattering layer is excited by a laser beam, which is placed at the

ame side as the camera. An imaging optic composed of a single lens and

lters are introduced to capture the fluorescence signal through the scat-

ering media. The distance between object (or point source) and scat-

ering media is denoted by d o (or 𝑑 ′
𝑜 
) while the distance between focal

lane and scattering media is denoted by d i . Now, suppose that a point

ource at the object plane generates a speckle-like pattern representing

he PSF of this imaging system. This PSF exhibits a linear shift-invariant

roperty within the OME range. In this way, the speckle pattern origi-

ating from an object will be the incoherent superimposition of the PSF

eighted by the object. Thus, the object speckle pattern 𝐼 captured in

he camera plane is mathematically represented by, 

( 𝑥 𝑖 , 𝑦 𝑖 ) = 𝑂( 𝑥 𝑜 , 𝑦 𝑜 ) ∗ 𝑃 𝑆𝐹 ( 𝑥 𝑖 , 𝑦 𝑖 ; 𝑥 𝑜 , 𝑦 𝑜 ) (1)

here the subscript 𝑖 and 𝑜 denote the object plane and image plane,

espectively, and ∗ represents the convolution operator. Therefore, once

e obtain the PSF and object speckle 𝐼 , the hidden object behind the

cattering media can be reconstructed by deconvolution algorithm, 𝑂 =
𝑒𝑐𝑜𝑛𝑣 ( 𝐼, 𝑃 𝑆𝐹 ) . Wiener deconvolution is used in this paper for image

econstruction. 
2 
As reported in literature [10] , PSFs from various axial planes and

avelengths share the same function except the scaling in transform

ariable, which yields PSF u at specific depth or wavelength, 

 𝑆𝐹 𝑢 ( 𝑥, 𝑦 ) ≈ 𝑚 

2 𝑃 𝑆𝐹 ( 𝑚𝑥, 𝑚𝑦 ) (2)

here m represents the scaling factor at specific depth and wavelength.

or depth scaling factor [17] , 

 𝑑 = ( 𝑑 𝑖 ∕ 𝑑 𝑜 + 1 ) ∕ 
(
𝑑 𝑖 ∕ 𝑑 ′

𝑜 
+ 1 

)
. (3)

As a result, if the unknown object and point source are located at

ifferent axial planes, depth scaling factor m d could be used to rescale

he PSF onto the object plane. 

Similarly, spectral scaling factor could be defined as, 

 𝜆 = 

𝜆𝑜𝑏𝑗𝑒𝑐𝑡 

𝜆𝑝𝑠𝑓 
(4)

here 𝜆𝑜𝑏𝑗𝑒𝑐𝑡 and 𝜆𝑝𝑠𝑓 are the wavelengths of object fluorescence and

oint source fluorescence, respectively. When both depth difference and

pectral difference exist, the total scaling factor would be 𝑚 = 𝑚 𝑑 × 𝑚 𝜆.

. Results 

.1. Fluorescence imaging through scattering media via spectra and depth 

ompensation 

We home-built an inverted fluorescence imaging system, see Sup-

lement 1 for detailed descriptions. Two optical filters (BP540nm and

P650nm) are installed in the filter wheel . The bandwidths of the two

lters are both 45 nm, as shown in Fig. 2 (a). In this experiment, DTE-

FDTBT and PFBT polymer dots are selected to respectively make red

oint source and yellow object. Both fluorescent materials are placed

t the same depth and excited by a 488 nm laser simultaneously. We

equentially record the object speckle pattern under BP540nm filter

 Fig. 2 c) and the PSF under BP650nm ( Fig. 2 d), by only rotating the

ome-designed filter wheel. Our system has the advantage that the point

ource and object can be simultaneously illuminated, and they are dis-

riminated simply by filters. Therefore, the standard characterization

rocedure (measuring PSF in advance) in speckle deconvolution is elim-

nated. 

The spectral scaling factor is around 1.20 ( m 𝜆= 650/540 = 1.20).

n addition, in the lens-based imaging system, chromatic aberration
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Fig. 2. Fluorescence imaging through a thin scattering medium via spectra and depth compensation. (a) Spectrum of BP540 and BP650. (b) Schematic of dual-color 

imaging at the same depth. (c) Object speckle under BP540. (d) PSF under BP650. (e) Rescaled PSF with spectral scaling factor m 𝜆 = 1.20. (f) Rescaled PSF with 

both spectral scaling and depth scaling are considered, m = m d × m 𝜆 = 0.86. (g) Deconvolution between (c) and (d). (h) Deconvolution between (c) and (e). (i) 

Deconvolution between (c) and (f). Scale bars in (c-f) are 250 𝜇m. Scale bars in (g-i) are 1.422 mm. 

Fig. 3. Focus and defocus effects via PSF scal- 

ing. (a) Schematic illustration. (b) The first col- 

umn is the rescaled PSFs by scaling the refer- 

ence PSF ( d o = 2.4 cm) to different axial planes. 

The second to fifth column show the retrieved 

images corresponding to different axial planes 

by speckle deconvolution. The scale bars in (b) 

are 200 𝜇m, 500 𝜇m, respectively. 
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22] will be presented and light from different wavelengths has differ-

nt focal planes, as illustrated in Fig. 2 (b). The chromatic aberration in-

uced depth difference must be compensated as well. Mathematically,

y monitoring the quality of reconstructed image as a function of total

caling factor, we could find the optimized 𝑚 for our system. Neverthe-

ess, we conducted thorough measurements to verify the compensation

heory outlined above. 

The focal planes for the two wavelengths are measured in advance

o be d r = 0.65 cm and d y = 1.15 cm, respectively. This is achieved by

oving the multi-axis translation stage along the depth direction, and

earching for the best focal planes using corresponding fluorescent ob-

ects. After measuring the chromatic aberration induced defocus, both

ed point source and unknown yellow object are placed at a depth

 d y = 1.15 cm). The defocus effect caused by the chromatic aberration can

e considered as a new form of depth difference, where 𝑑 ′
𝑜 
= d r = 0.65 cm,

 o = d i = d y = 1.15 cm, thus giving m d = 0.72. Therefore, the total scaling

actor is given m = m d × m 𝜆= 0.86. 

The PSFs in Fig. 2 (d-f) represent the rescaled PSFs with scaling fac-

ors of 1.00, 1.20, and 0.86, respectively. Obviously when compensat-

ng only the spectral de-correlation, the reconstruction ( Fig. 2 h) fails

o restore the hidden object. However, when taking both the spectral

nd depth de-correlation into account, speckle deconvolution leads to

 well-reconstructed image ( Fig. 2 i). The restored image has a signifi-

ant improvement compared to the reconstruction without PSF scaling

 Fig. 2 g). These results demonstrate the necessity in compensating both

he spectral and depth de-correlation in speckle deconvolution. 
3 
.2. PSF rescaling enabled focus and defocus effects 

The fluorescence imaging system is further investigated for three-

imensional (3D) reconstruction, as is presented in Fig. 3 . Here we set

he focal plane and plane of PSF at the same depth, d o = d i = 2.4 cm. By

ecording only one reference PSF and rescaling this PSF onto different

xial planes, a series of virtual PSFs are generated. Object speckle pat-

erns are captured various axial planes, with object-diffuser distance

 

′
𝑜 
= 0.8 cm, 0.9 cm, 1.0 cm, 1.1 cm. As the object reconstruction re-

ults are shown in Fig. 3 (b). Each rescaled PSF (scaling factor 𝑚 = 0.49,

.57 0.59, 0.67) deconvolving with object speckle patterns at different

lanes leads to one row in Fig. 3 (b). The red box highlights the corre-

ponding targeted depth for each rescaled PSF. The results demonstrate

hat refocused imaging through the scattering media was enabled by PSF

caling, which facilitates the reconstruction of 3D object. However, due

o the large depth-of-field (DOF) of the system, a 3D object within the

OF cannot be totally depth resolved. We will investigate the system’s

OF in next section. 

.3. Characterizing the system’s depth-of-field (DOF) 

To measure the system’s DOF, a series of PSFs in different axial planes

re recorded, by translating a point source along the optical axis at a step

ize 0.025 cm. We cross-correlate the PSFs and fit the correlation values

sing on-axis correlation function of speckle patterns. For speckles gen-

rated with Gaussian pupil function, the on-axis correlation function is
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Fig. 4. Normalized correlation between PSFs recorded at different axial planes. 

Red points: experimental correlation values; Black curve: fitting by using Eq. (5) . 
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iven by [23] 

12 = 

1 
1 + 

(
𝑑 𝑧 ∕ 𝑙 𝑧 

)2 (5)

here 𝜇12 is the on-axis correlation value between axial plane

 and plane 2, d z is the distance between the two planes, and

 z = 4 d 0 ( d o + d z )/( w 

2 k ), with w and k are the illumination beam size and

avenumber, respectively. In this experiment, the point source plane is

et at a depth of d o = 1.15 cm. The fitting of Eq. (5) to the experimental

ata is shown by black curve in Fig. 4 . DOF is commonly characterized

y its full width at half the maximum (FWHM) value [24] , which is

.3 cm in our case. As a result, the objects studied in Fig. 3 are all lay-

ng within the DOF of the system, which makes them difficult to be fully

iscriminated in depth. Nevertheless, PSF scaling will find the depth at

hich the object is in focus. 
4 
The fitted curve in Fig. 4 gives us the nominal DOF of the system,

hich is 2.3 cm. In practice, higher axial correlation is required to guar-

ntee a faithful object reconstruction. In order to determine the DOF

alue in practice, further characterization of DOF is performed using

econvolution. We measured a series of PSF and speckle patterns at dif-

erent axial planes, starting from a depth d o = 𝑑 ′
𝑜 
= 0.8 cm, with a step

ize of 0.1 cm. The reconstructions are thereafter obtained by decon-

olution, as shown in Fig. 5 (a-f). We see that the reconstructed image

eteriorates as object-diffuser distance 𝑑 ′
𝑜 

increases. More importantly,

hen the object is placed at a distance larger than 1.2 cm, we observe

bvious deteriorating parts of letter ‘E’. This indicates that the object is

ocated beyond the DOF range. Object-diffuser distance 𝑑 ′
𝑜 

also affects

he magnification of the imaging systems. We see that, as object-diffuser

istance increases, reconstructed objects are magnified and defocused.

rom these reconstruction results, we could infer that the system’s DOF

s about d z = 0.5 cm. 0.5 cm is a value much less than the nominal DOF.

.4. Fluorescence imaging through scattering media beyond DOF of the 

ystem 

In order to address the limited depth-of-field (DOF) problem, PSF

anipulation based on stacking and scaling are exploited, respectively.

n the first experiment, as shown in Fig. 6 (a), by recording and averaging

 series of nearby PSFs, a stacked PSF is produced to replace the original

SF. We capture the PSF ( Fig. 6 b) and object speckle at the same depth

 d o = 𝑑 ′
𝑜 
= 1.35 cm) that is beyond the system’s DOF. The reconstruction

y speckle deconvolution is shown in Fig. 6 (d). By collecting PSFs from

 o = 0.8 cm to d o = 1.35 cm with a step size of 0.05 cm, a stacked PSF is

enerated ( Fig. 6 c). The reconstruction with this stacked PSF is shown in

ig. 6 (e), where the missing parts of letter ‘E’ are restored to some extent.

t indicates that with PSF stacking the limited DOF can be counteracted

nd therefore enabling extended DOF imaging. 

PSF stacking can extend the DOF of the optical system, however,

his process requires multiple PSF acquisitions. To simplify this process,

he second experiment explores the inherent depth correlation of PSFs

y PSF scaling. The virtual PSF after scaling is used to substitute the

riginal PSF for deconvolution imaging. Fig. 7 (a) shows a schematic di-

gram of the PSF scaling operation. In our setup the image plane is set at

 depth of d i = 1.15 cm, and the object-diffuser distance is 𝑑 ′
𝑜 
= 1.35 cm.
Fig. 5. Effect of the object-diffuser distance on 

deconvolution reconstruction. (a)-(f): Decon- 

volution reconstruction with different object- 

diffuser distances from 0.8 cm to 1.3 cm with 

a step size of 0.1 cm. The scale bars in (a-f) are 

500 𝜇m. 

Fig. 6. Imaging beyond DOF via PSF stacking. 

(a) Schematic of PSF stacking. (b) PSF captured 

at d o = 1.35 cm. (c) Stacked PSF generated from 

d o = 0.8 cm to d o = 1.35 cm with a step size of 

0.05 cm. (d) Deconvolution of object speckle 

( 𝑑 ′
𝑜 
= 1.35 cm) and PSF ( d o = 1.35 cm). (e) De- 

convolution of object speckle ( 𝑑 ′
𝑜 
= 1.35 cm) and 

stacked PSF ( d o = 0.8 ∼1.35 cm). The scale bar in 

(c) and (b) is 100 𝜇m. The scale bar in (d) and 

(e) is 500 𝜇m. 
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Fig. 7. Imaging beyond DOF via PSF scaling. (a) Schematic of PSF scaling. (b) PSF captured at d o = 1.35 cm. (c) PSF captured at d o = 0.8 cm. (d) Scaled version of PSF 

at d o = 0.8 cm ( m = 1.3). (e-f) Deconvolution of object speckle with corresponding PSFs in (b-d). The scale bar in (d) is 100 𝜇m and also applies to (b) and (c). The 

scale bar in (g) is 500 𝜇m and also applies to (e) and (f). 
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SF is captured at a depth of d o = 0.8 cm, leading to m = 1.32. Fig. 7 (b)

nd Fig. 7 (c) are, respectively the PSFs captured at d o = 1.35 cm and

 o = 0.8 cm, and Fig. 7 (d) is the scaled version of PSF at d o = 0.8 cm.

peckle deconvolution by the above three PSFs is performed sequen-

ially with the same object speckle at 𝑑 ′
𝑜 
= 1.35 cm. As shown in Fig. 7 (g),

e manage to reconstruct the hidden ‘E’ letter, whereas the original re-

onstruction that beyond the DOF fails. 

. Conclusion and discussions 

In conclusion, we have constructed a reflective imaging system and

emonstrated fluorescence imaging through a thin scattering medium

ia speckle deconvolution. To facilitate non-invasive acquisitions of

oth the object speckle pattern and the PSF, we developed and utilized

uorescence in separated wavelength channel. Due to chromatic aber-

ation, in this case it requires both depth and wavelength de-correlation

ompensation to maintain maximum reconstruction performance. By

he virtue of depth correlation of PSFs in different axial planes, focus

nd defocus effects in object reconstruction were demonstrated. More

nterestingly, it is found that the DOF in our imaging system can be ex-

ended by either PSF stacking or PSF scaling. We validated this point by

econstructing the objects hidden behind a thin scattering medium that

as originally located outside the DOF of the imaging system. 

We provided additional experiment that is relevant to biomedical

maging in the supplementary document. We must admit that so far real

ata on biomedical imaging is not provided yet. This is mainly due to

he difficulty in creating single point source inside animal body. Our fu-

ure work will focus on the practical applications and limitations of the

ystem on biomedical imaging. Noticed that many other schemes are

roposed recently to achieve non-invasive imaging through scattering

edia, including speckle correlation [25] , single-pixel imaging [ 26 , 27 ]

nd deep learning [28] . They are all with the goal to purse real appli-

ations in biomedical field in the end. We expect our work will convey

ontributions to this ultimate goal. 
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