
IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022 5006608

Quantitative Phase Retrieval Through Scattering
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Abstract—Scattering media, such as biological tissues and turbid
liquids, scatter light randomly and introduce several challenges
when imaging objects behind them. The transmission matrix (TM)
describes the relation between the input and output of a beam
transmitted through a medium, which can be used to reconstruct
a target located behind a scattering medium. However, the current
TM methods cannot easily retrieve the phase distribution of objects
inside or behind a scattering medium. In this work, a compressive
sensing (CS) method to identify the TM of a scatter contained in
an imaging system was investigated. By calibrating the TM, the
phase information of the object can be retrieved quantitatively.
This method allows one to retrieve multilevel and dynamic phase
objects behind different scatters. The influence of the calibration
parameters on the reconstruction quality was investigated in detail.
The proposed method, featuring noninterference measurements of
the TM and exploiting a large field of view, can be used in phase
imaging applications.

Index Terms—Imaging through scattering media, phase
retrieval, transmission matrix, compressive sensing.

I. INTRODUCTION

R ESEARCH on focusing and imaging through a scattering
medium has recently triggered substantial interest [1]–

[3] due to its important applications in biomedical imaging,
fire rescue, micromanipulation, etc. [4]–[7]. Thus far, many
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approaches for imaging through a scattering medium, such as
wavefront shaping [8], speckle correlation [9], and optical gating
[10], have been developed. However, most of these techniques
rely on the “memory effect” [11] of the scattering medium,
resulting in a relatively small field of view (FOV). Moreover, by
assuming that the scattering medium can be approximated by
a phase insensitive “scattering lens”, the proposed techniques
can only recover the intensity distribution of the object, leaving
the phase information behind [12]. Since the phase intrinsically
reflects the topography, internal structures, composition, and
many other characteristics of the object [13]–[15], retrieving the
phase distribution of the object behind the scattering medium is
essential and meaningful.

A number of methods, such as phase conjugation [16], [17],
digital holography [18]–[20], and transmission matrix (TM)
[21]–[25], have been investigated to achieve phase retrieval.
These methods do not rely on the memory effect of the scat-
tering media, which can achieve a relatively large FOV in
imaging. Specifically, with the phase conjugation method, qual-
itative phase information can be reconstructed by applying the
conjugated phase of the distorted wavefront to a spatial light
modulator (SLM) to refocus or image the object behind the
scattering medium [16]. Digital holography can recover the
complex amplitude of the target quantitatively via speckle inter-
ferometry [20]. However, this method requires a reference beam
and is limited by vibrations or system perturbations, similar to
other interference setups, resulting in time consumption, a low
signal-to-noise ratio (SNR), and limited accuracy of quantitative
phase retrieval. TM describes the relation between the input and
the output of the light transmitted through a medium, and the
complex input light field can be retrieved if both the TM of the
system and the output field can be determined.

With the development of phase retrieval algorithms, the TM of
a system with its scattering medium can be obtained by loading a
series of calibrated phase images into a modulator and capturing
the corresponding speckle patterns. For instance, by combining
a digital micromirror device (DMD) and double phase retrieval
(DPR), the TM of an imaging system can be learned effectively.
This method, featuring robust and avoiding interferometric mea-
surements, can realize refocusing of light through scattering
media [26], [27]. After that, objects behind scattering media
can also be estimated by the following developed DPR methods
with enhanced resolution and SNR [28]–[30]. Although such
methods have been proven to be a useful strategy to recognize
invers scattering, challenges still exist.
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First, previous studies that utilize the DPR method are often
limited to the estimation of TM with binary input (binary-TM),
regardless of whether it is based on a digital micromirror de-
vice (DMD) or spatial light modulator (SLM), leading to the
lack of quantitative information in the subsequent imaging of
objects. In addition, in most TM-based methods, the objects
to be recovered are still “virtual objects” that are generated
by the SLM or DMD, rather than practical items with specific
optical thicknesses. Indeed, without quantitative information,
the application of this method is relatively limited. In addition,
in most of these studies, using the DPR to recover objects behind
scattering media requires massive amounts of computation and
millions of CPU hours, and the computing speed is limited.
Fortunately, the latest algorithms based on compressive sensing
(CS), the phase retrieval vector-approximate message passing
algorithm (prVAMP) [31], [32], are proposed with greatly ac-
celerated processing and a relatively high SNR, which can bring
great convenience for further investigating the optimization of
other TM-based imaging. However, like the other DPR method,
prVAMP also uses binary patterns as the input to acquire a
binary-TM, and the ability of quantitative phase retrieval is
absent.

To address these issues, in this work, a new method based on
the prVAMP, in which the TM beyond the binary input can be
obtained by capturing a series of calibrated images with different
phases, i.e., the calibrated-TM, is proposed. The method is a
development of the prVAMP, which retains the features of non-
interference measurements and fast and high-quality imaging
with large FOVs. Moreover, the quantitative phase information
of the target behind the scattering medium can be effectively
reconstructed, thereby extending the potential applications in
the field of TM-based imaging. By retrieving multilevel phase
objects and the dynamic phase steps behind different scatters,
the influences of the calibration parameters and reconstruction
quality were investigated in detail.

II. PRINCIPLE AND EXPERIMENT

A. Principle of the Method

In an optical imaging system illuminated by coherent light
and containing a scattering medium, the relation between the
object wavefront (input) and the detected speckle field (output)
can be connected via the TM as follows:

Y = AX+E (1)

Here, X denotes the input light field, Y represents the output
light field, A corresponds to the TM of the system, and E
represents the noise. Generally, a detection camera can only
capture the information about the light intensity. Therefore, the
measurement process can be written as follows:

Y 2 = |AX+E|2 (2)

In real-life applications, the square root of the intensity is
generally considered:

Y = |AX+E| (3)

Fig. 1. Actual calibration patterns and the corresponding speckles, the insets
illustrate the detailed information of the calibration patterns.

To obtain the TM of the scatter with calibrated information
and quantitatively retrieve the phase of the object, a double phase
retrieval method can be used.

Original Binary-TM Measurement: The TM is measured by
loading a series of calibration phase patterns. One specific cali-
bration pattern sent to the SLM can be depicted as xq ∈ RN2×1

with q = 1, …,Q. Here, N2 denotes the pixel number of the
calibration phase, whereas Q corresponds to the number of cali-
brated patterns. The corresponding measurement of the speckle
pattern is yq ∈ RM2×1, where M2 refers to the pixel number
of the speckle pattern. The camera transforms the pattern into
yq = |Axq+Eq| via the TM A ∈ CM2×N2

. For all
calibration patterns, X = [x1, x2, . . . , xq] ∈ RN2×Q, Y =

[y1, y2, . . . , yq] ∈ RM2×Q
+ , E = [e1, e2, . . . , eq] ∈ CM2×Q.

By taking their transpose, the patterns can be written as
follows:

Y H =
∣
∣XHAH+EH

∣
∣ (4)

For the mth element of Y one obtains:

yH
m =

∣
∣XHaHm + eHm

∣
∣ (5)

Here, aHm and eHm denote the mth row of A and E, respectively.
In contrast with traditional methods, the elements of XH are
designed to follow a Bernoulli distribution with probability p
= 0.5. This implies that each element of XH is either zero or
positive items with a probability of 0.5.

Calibrated-TM Measurement: In this work, a different strat-
egy is proposed. The binarization process used in the SLM has
been proven to efficiently measure the TM. However, performing
phase retrieval with this approach does not provide a quantitative
result. For this reason, only phase maps with binary values,
except for noise, have been used in previous studies. In this
work, a more elaborate design of XH was introduced. Initially,
half elements of calibration signals are randomly selected to be
zeros or positive items, i.e., the random pixels of the positive
items follow a Gaussian distribution. Then, the phase of the
positive elements is randomly substituted with the uniform [0, 1]
distribution. Actual calibration patterns and their corresponding
measurements are illustrated in Fig. 1. This new strategy satisfies
both the sparsity of CS and the quantitative measurement of TM.

In fact, the central challenge to using the double phase retrieval
method in practice is the computational time. Therefore, in this
work, we utilized the developed algorithm, phase retrieval vector
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approximate message passing (prVAMP) [31], which offers
satisfactory accuracy while running hundreds of times faster
with potentially parallel processes and acceleration by GPUs.
prVAMP is a special case of the recently developed generalized
vector approximate message passing (GVAMP) algorithm [33].
This is a typical algorithm for computing approximate minimum
means squared error (MMSE) or maximum a posteriori (MAP)
solution to inverse problems involving generalized linear mea-
surements (GLMs); defined to be any measurement of the form

y = F (z+w)withz = Φx (6)

where Φ is our measurement matrix (which is a known pattern
XH when calibrating the TM), x is our signal of interest, w
is noise, and F(·) denotes a simple nonlinear procedure, also
known as the generalized linear model, which evolved from CS
[33]. Moreover, the elaborate measurement matrix represents the
coefficients that are randomly selected by the Gaussian random
matrix, which satisfies the condition of compressive sensing
methodology to ensure the measurements have a high probability
of including enough information to enable TM reconstruction
with small or zero errors [31]. As a result, prVAMP is designed
for the special case F(·) = | · |, which is a Bayesian algorithm
that requires priors on the distribution of the signal and noise.

Specifically, prVAMP works by first splitting the vectors x
and z into two sets of identical vectors x1 and x2 and z1 and
z2. Iterations of the algorithm then broadly consist of four steps
[32]. First, there are two “denoising” steps that impose priors on
x and z and ensure that they are consistent with the measurements
y. Then, there are two linear minimum mean squared error
(LMMSE) estimation steps that ensure that the estimates of x
and z are consistent with each other.

Quantitative phase retrieval: If Q is sufficiently large (Q >
4N2), each aHm and yH

m row of XH can be obtained by applying
the GPU-accelerated prVAMP [31]. This avoids difficulties in
collecting an interferometric measurement with time-consuming
computation. Once the calibrated TM of the system is measured,
the quantitative phase information of objects can be readily
obtained from Eq. (3).

B. Experimental Setup

The experimental setup for quantifying the phase retrieval
through a scattering medium is shown in Fig. 2 . A laser beam (λ
= 532 nm) passes through a reversed telescope (L1, f1= 50 mm;
L2, f2 = 150 mm) for beam expansion. The expanded beam
is projected onto a phase-only SLM (1920×1080 pixels, pixel
pitch 8 μm, PLUTO-VIS, HoloEye Inc., Germany) to generate
the calibrated patterns and virtual targets. The modulated light
is then directed onto the target plane via an imaging system
(L3, f3 = 200 mm; L4, f4 = 20 mm). In other words, the
image of the SLM overlaps with the target. The target and
the calibration pattern are finally imaged onto a CCD camera
(1280×960 pixels, pixel pitch 3.75 μm, 8 bit, DMK 23U445,
The Imaging Source Inc., Germany) via a 20X objective lens
(Obj, 20X, NA0.45, Nikon Inc., Japan) and a tube lens (L5, f5
= 200 mm). In contrast, in terms of the experiment with a real
phase target, the specimen is directly located at the object plane,

Fig. 2. Principle and experimental setup to achieve quantitative phase retrieval
through a scattering medium. L1-L5, lenses, BS, beam splitter, SLM, Spatial
light modulator, Obj, objective lens, and S, scattering medium.

and the SLM is utilized as a mirror without any modulation.
A scattering medium consisting of ground glass (10DKIT-C2,
Newport Inc., USA) is placed between the target and objective
lens.

In this study, the centered 240×240 pixels of SLM are used
to generate the calibration patterns, and they are grouped into
60×60 segments, each of which is composed of 4×4 pixels. The
960×960 pixels of the CCD are used to capture the speckle pat-
tern, but in the data processing, the 960×960 pixels are resized
to 256×256. The data were finally transferred and processed by
a computer equipped with an E5-2690 CPU (Intel Corporation,
USA), 128 GB memory and double NVIDIA Titan V GPUs
(Nvidia Corporation, USA).

III. RESULTS AND DISCUSSION

A. Inverse Scattering With Coherent Illumination

To verify the capabilities of the proposed method in quantita-
tively reconstructing the phase of an object through a scattering
medium, objects with different phase distributions were imaged.
A series of phase patterns in the -π–π range, corresponding to the
0–255 grayscale, was loaded. The pixel number of each phase
pattern was set to N × N = 60 × 60, and the pixel number of
each speckle pattern was set to M × M = 256 × 256. Phase-type
objects with phase distributions within the -π–π range were
retrieved first. The results are shown in Fig. 3, in which Fig. 3(a1)
and (a2) show the ground truth of the objects, which correspond
to four numbers and the letter “A” in different colors. Numbers
1, 2, 3, and 4 exhibit phase distributions of −0.5π, 0, 0.5π, and
π, respectively.

Fig 3(b1), (b2) and (c1), (c2) show the reconstruction of the
objects in the absence and presence of scattering medium with
the calibrated TMs, respectively, in which the calibrated TM1
is measured without scatters. For a fair comparison, the other is
estimated with a scattering medium. In addition, phase retrieval
results by the binary-TM are also shown in Fig. 3(d1) and
(d2). Obviously, although the phase of objects can be recovered
behind the scattering media by binary TM, the phase distribution
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Fig. 3. Quantitative phase retrieval by using the calibrated and the binary TMs. The ground truth of the phase-type objects with different phase distributions are:
(a1) Numbers from 1 to 4 corresponding to uniform phase distributions of −0.5π, 0, 0.5π, and π, respectively; (a2) Letter “A” with a 5-step phase distribution
of −0.8π, −0.4π, 0, 0.4π, 0.8π, from left to right. (b1) and (b2) Phase retrieval of objects distribution with calibrated-TM and scatter-free; (c1) and (c2) Phase
retrieval of objects through scattering media with calibrated-TM; (d1) and (d2) Phase retrieval of objects through scattering media with binary-TM. The pixel
numbers in all images are 60 × 60 and the scale bar measures 200 μm.

Fig. 4. Comparison of phase retrieval results through scattering media with
different methods. (a)–(d) are the phase retrieval results by using prGAMP,
prVBEM, the traditional iteration Gerchberg-Saxton (GS) and the prVAMP
method, respectively.

is distorted and incorrect. In particular, in the selected regions
(marked with white dashed lines) in Fig. 3(d1) and (d2), the
phase information is chaotic when compared with Fig. 3(a) and
(b). Intuitively, these results show that the proposed method is
capable of quantitatively imaging a phase object behind a scatter-
ing medium, whereas the binary-TM fails to realize quantitative
phase retrieval.

For quantitative evaluation, assessing via the peak-signal-to-
noise-ratio (PSNR) [34] computed against the ground truth is

also performed, and the values obtained in Fig. 3(b1), (b2) and
(c1), (c2) are 30.30 dB, 31.98 dB, 28.29 dB and 28.97 dB,
respectively, whereas in Fig. 3 (d1), and (d2), the values are
decreased to 25.05 dB and 25.84 dB, respectively. In addition,
the structural similarity indexes (SSIMs) [35] that represent the
difference between the imaging results and the ground truth were
also calculated, and the values obtained in Fig. 3(b1), (b2) and
(c1), (c2) are 0.90, 0.89, 0.86 and 0.88 (range from 0 to 1, higher
is better), respectively. In Fig. 3(d1) and (d2), the values are
0.78 and 0.76, respectively. The results further demonstrate the
advantages of the proposed calibrated TM in quantitative phase
retrieval.

As representatives of double phase retrieval, prGAMP and
prVBEM are also used to realize imaging or retrieve the phase
of objects through scattering media. However, the prGAMP
and prVBEM methods are sensitive to noise or limited by the
coherence of illumination, leading to a lower accuracy of phase
recovery, which limits their applications. Although some proper-
ties of the aforementioned methods have been compared in Ref.
[31], the results of quantity phase retrieval through scattering
media are absent. To further demonstrate the advantages of
the proposed method, prGAMP, prVBEM and the traditional
iterative Gerchberg-Saxton (GS) are selected for comparing the
performance of quantified phase retrieval through scattering
media. The results are shown in Fig. 4. Fig. 4(a)–(d) show
the phase retrieval results through scattering media by using
prGAMP, prVBME, GS and the prVAMP method, respectively.
To evaluate the imaging quality, the PSNRs of the four meth-
ods are calculated, and the values are 10.79 dB, 15.73 dB,
18.75 dB and 28.29 dB, corresponding to prGAMP, prVBME,
GS and the proposed prVAMP method, respectively. Again,
the SSIMs of the four methods are also calculated, whose
values are 0.13, 0.61, 0.68 and 0.86, respectively. Therefore,
the proposed method presents advantages in both resolution
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Fig. 5. Retrieved image quality for different calibration pattern numbers. (a) Ground truth of a phase target with a uniform phase distribution of π; (b), (c) and
(d) correspond to the retrieved imaging results with calibration pattern numbers of Q = 4N2, Q = 8N2, and Q = 12N2, respectively; (e) The trends of the PSNR
and SSIM as a function of the calibration number; (f) The relationship between the TM calculating time and the calibration number. The pixel numbers in (a), (b),
(c) and (d) are 60×60 and the scale bar measures 200 μm.

Fig. 6. Retrieved image quality for different scatters. (a), (b), and (c) correspond to the retrieved imaging results with diffusion angles of 10°, 15°, and 20°,
respectively; (d) The trend of the PSNR and SSIM as a function of the diffusion angle. The pixel numbers in (a), (b), (c) and (d) are 60×60, and the scale bar
measures 200 μm.

Fig. 7. Phase resolving power of the proposed method, (a)–(i) present the
phase retrieval results of objects with the phase distribution from 0.1π-0.9 π
with an interval of 0.1π.

Fig. 8. Imaging result of a phase-step target through a scattering medium.
(a) Ground truth of the phase-step; (b) Captured speckle pattern through the
scattering medium; (c) Retrieved result of the target through the scattering
medium, with the reconstruction time of 0.170 s. The scale bar measures 30 μm.

and SNR in quantitative phase retrieval through a scattering
medium.

Since the imaging quality of this method significantly depends
on the number of calibrated patterns, Q, it is necessary to evaluate
the relationship between the calibration number and the imaging
quality. The results are shown in Fig. 5, in which Fig. 5(a)
shows the ground truth of a phase target with a uniform phase
distribution of π, whereas Fig. 5(b)–(d) show the phase retrieval
results for Q = 4N2, Q = 8N2, and Q = 12N2 in calibration
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Fig. 9. Dynamic imaging results of the phase-step target through a scattering medium. (a)–(e) Retrieved time-lapsed motion process of the target. The scale bar
measures 30 μm.

Fig. 10. Comparison of quantitative phase retrieval by using the calibrated-TMs and binary-TMs. The ground truth of the phase-type objects with different
phase distributions are: (a1) Letters from A to D corresponding to uniform phase distributions of −0.5π, 0, 0.5π, and π, respectively; (a2) Numbers from 1
to 4 corresponding to uniform phase distributions of −0.5π, 0, 0.5π, and π, respectively; (a3) Ground truth of phase-step; (b1)–(b3) Phase retrieval of objects
distribution with calibrated-TM under the 3 nm bandwidth laser illuminations; (c1)–(c3) Phase retrieval of objects with calibrated-TM under the 10 nm bandwidth
laser illuminations; (d1)–(d3) Phase retrieval of objects with binary-TMs under the 3 nm bandwidth laser illuminations; (e1)–(e3) Phase retrieval of objects
distribution with binary-TMs under the 10 nm bandwidth laser illuminations. The pixel numbers in all images are 60 × 60 and the scale bar measures (a1)–(e1)
and (a2)–(e2) 200 μm, (a3)–(e3): 30 μm.

number. To evaluate the imaging quality, the PSNRs for different
calibration pattern numbers Q from 2N2 to 12N2, with an interval
of 2N2, are calculated, and the values obtained are 20.64 dB,
24.86 dB, 26.36 dB, 27.44 dB, 28.04 dB and 28.18 dB. In
addition, the SSIMs are also calculated, and the values obtained
are 0.76, 0.85, 0.87, 0.89, 0.90 and 0.91. The trends of both the
PSNR and the SSIM as a function of calibration number are
shown in Fig. 5(e). Fig. 5(f) shows the relationship between the
calculation time of TM and the calibration number. These results
show that a large number of calibration patterns give rise to a
high retrieved image quality. However, the larger the number
of calibration patterns is, the more time-consuming the process
becomes. As a result, the Q = 12N2 dataset can be considered
a good trade-off between the imaging quality and processing
time.

The property of the scattering medium is another critical factor
influencing the imaging quality. To evaluate this, target retrieval
with different scatters and diffusion angles D of 10°, 15°, and
20° are illustrated in Fig. 6(a)–(c), respectively. The values of the
PSNR are 28.18 dB, 27.98 dB, and 27.65 dB, with corresponding
SSIMs of 0.91, 0.88, and 0.84, respectively. Both the PSNR and
SSIM curves as a function of the diffusion angle are shown in

Fig. 6(d). The phase can be successfully reconstructed from the
corresponding TMs, although diffusion at large angles slightly
decreases the imaging quality.

Another key factor that strongly influences the phase retrieval
process is the computational time. Although the calculation of
the TM is a rather time-consuming process, the GPU-accelerated
algorithm enhances the measuring efficiency of the calibrated
TM, and moreover, the target reconstruction is very fast. For
instance, in the reconstruction of the targets shown in Figs. 3–6,
the averaged consumed time are 0.191 s, 0.184 s, 0.162 s, and
0.172 s, respectively. These results show that no significant dif-
ference in the reconstruction time of different targets is observed.

In this study, the 0-255 gray value corresponding to -π–π
calibration patterns is used to calculate the TM; thus, a calibrated
TM is acquired. In principle, it is possible to resolve an object
with different phase distributions. To demonstrate the resolving
ability, Fig. 7 represents the phase retrieval results of objects with
a phase distribution from 0.1π–0.9π with an interval of 0.1π. It is
clear that with the proposed method, the phase resolving ability
can reach 0.1π.
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To further demonstrate the capability of the proposed method,
a phase step with a thickness of 180 nm and a refraction index of
1.55, corresponding to a phase of ϕ = 2π(n− 1)d/λ = 0.37π
at a wavelength of 532 nm, was inserted in the target plane.
The phase distribution was then reconstructed. A diffuser with
a diffusion angle of 10° was also used. The retrieved results are
shown in Fig. 8. The ground truth of the phase-step target is
shown in Fig. 8(a) for comparison, and the imaging result of
a speckle pattern is shown in Fig. 8(b). In this experiment, the
mean value of the retrieved phase measures 0.33π, as shown in
Fig. 8(c). This result is in good agreement with the theoretical
predictions. Therefore, the quantitative phase distribution of an
object behind the scattering media can be successfully measured
by using the proposed method.

Furthermore, the ability of the proposed method to image a
dynamic target in real time was investigated. A phase step was
fixed on a moving stage (KMTS25E/M, Thorlabs, USA), and
the speckle patterns were recorded during the movement. The
obtained TM allows one to retrieve the target of each frame.
Moreover, the dynamic imaging result of the target can be
achieved by recomposing each frame in the video (see Visu-
alization 1). The results are shown in Fig. 9. Here, Fig. 9(a)–
(e) display the time-lapsed target motion, and the dashed and
solid rectangles mark the starting and current positions of the
target at a given moment, respectively, along the direction
marked by the arrow. The results show that real-time imaging
of a phase target behind a scattering medium was successfully
achieved.

B. Inverse Scattering With Partial Coherent Illumination

It is worth noting that the proposed method can also work
under partial coherent illumination. To verify this, a supercon-
tinuum laser source (SC-5, YSL Photonics, Inc., China) and
bandpass filters (with bandwidths of 3 nm and 10 nm at center
wavelength λ = 532 nm) were combined to select the proper
wavelength for illumination. The calibrated TM and the binary
TM are acquired first, and then objects with different phase
distributions are retrieved quantitatively.

The results are shown in Fig. 10, where Fig. 10(a1) and (a2)
show the ground truth of the objects, which correspond to four
numbers and four letters. Again, the numbers 1, 2, 3, and 4 and
A, B, C and D exhibit phase distributions of −0.5π, 0, 0.5π, and
π, respectively. Fig. 10(a3) shows the ground truth of a phase
step. Fig. 10(b1)–(b3) and (c1)–(c3) show the reconstruction of
the objects with the calibrated TMs under 3 nm and 10 nm band-
width illumination, respectively. The results demonstrate the
ability to perform quantity phase retrieval by the calibrated TM,
although the bandwidth slightly decreases the imaging quality. In
contrast, Fig. 10(d1)–(d3) and (e1)–(e3) show the reconstruction
of the objects with binary TM under 3 nm and 10 nm bandwidth
laser illumination, respectively. Similar to the imaging results
with coherent illumination, the phase information retrieved by
the binary TM is distorted. Again, the PSNRs of Fig. 10(b3)–(e3)
are selected and calculated to evaluate the imaging quality, and

the values are 23.84 dB, 22.87 dB, 20.37 dB and 19.42 dB, re-
spectively. This implies that the ability of traditional binary-TM
in quantity phase retrieval is absent, whereas one can recover
the phase information by the proposed calibrated-TM method.

IV. CONCLUSION

In this study, a CS method to quantify the TM of an imaging
system containing a scattering medium was reported. The TM
based on a generalized linear model of an imaging system
with a scattering medium can be obtained by using a series of
calibration images. Then, both commonly used virtual objects
and practical phase targets with specific optical thicknesses are
imaged and analyzed to evaluate the performance of the pro-
posed method. The imaging performances of the calibrated TM
are further compared with those of the binary TM method, both
in coherent and partially coherent illumination, which further
shows the advantages of calibrated TM in quantitative phase
retrieval. The proposed method can extract the phase information
of objects hidden behind a scattering medium without special
requirements on the medium. Therefore, it can be applied in
related imaging fields where the object phase information needs
retrievable behind/within the scattering medium.
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