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ABSTRACT

The wavefront shaping based technique has been introduced to detect the
edges of  amplitude objects  through complex media,  but  the extraction of
the  boundary  information  of  invisible  phase  objects  through  complex
media  has  not  been demonstrated yet.  Here,  we present  a  phase  contrast
imaging technique to overcome the scattering, aiming to achieve the edge
detection  of  the  phase  object  through  the  complex  media.  An  operator
based on the experimentally measured transmission matrix is obtained by
numerically adding a spiral phase in the Fourier domain. With the inverse
of  the  filtered  transmission  matrix,  we  can  directly  reconstruct  the  edge
enhanced images for both amplitude object and phase object beyond scat-
tering.  Experimentally,  both  digital  and  real  objects  are  imaged,  and  the
results verify that isotropic edge detection can be achieved with our tech-
nique.  Our  work  could  benefit  the  detection  of  invisible  phase  objects
through complex media.
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1   Introduction

Edge  enhancement  has  important  applications  in  many
areas  such  as  astronomical  observation  [1],  detecting
dislocation of crystal in biological cells [2], and identifying
lesion  boundaries  of  cancer  [3, 4].  Generally,  edge
enhancement can be realized by signal processing meth-
ods,  such  as  spatial  differentiation  [5],  spiral  phase
contrast  (SPC)  imaging  [6– 8],  and  calculated  imaging
[9–11]. Among them, SPC imaging has been widely used
for  edge  detection,  which  is  commonly  implemented  by

using a spiral phase plate with a topological charge l = 1
to filter the Fourier field of a 4f system [12]. Due to the
peculiar  symmetry  of  spiral  phase,  both  intensity  and
phase  gradients  can  be  enhanced  isotropically.  Since  it
was  invented,  many efforts  have  been  made  to  develop
SPC imaging. In 2005, Furhapter and his colleagues [6]
first  combined  the  SPC  technique  with  microscopy,
demonstrating  a  strong  and  isotropic  edge  contrast
enhancement  for  both  amplitude  and  phase  objects.
They  further  reconstructed  the  phase  and  amplitude
information of a biological sample from the SPC images
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with different orientations of a spiral phase filter [7]. Qiu
et  al.  [8]  combined  a  nonlinear  filter  with  second
harmonic generation in the Fourier domain to achieve a
visible  edge  enhancement  with  invisible  illumination.
Song et al. [13] presented an experimental configuration
to accomplish non-local SPC imaging with classical inco-
herent  thermal  light  illumination.  Liu et  al.  [11]
presented  a  single-pixel  SPC  imaging  technique  that
could benefit low-cost systems. Liu et al. [14] developed
a real-time quantum edge enhanced imaging method by
combining  SPC  technique  with  heralded  single-photon
imaging. Zhu et al. [15] proposed a method for inversely
designing  the  spatial  filter  to  achieve  high-resolution
images.  In  addition,  some  physical  filters,  such  as  the
Laguerre−Gaussian  spatial  filter  [16]  and  Airy  spiral
phase  filter  [17]  have  been  presented  to  achieve  high
contrast edge enhancement.

Generally  speaking,  edge  enhancement  is  usually
performed in free space. These methods may meet chal-
lenging  when  the  system  involves  complex  media,  such
as  white  paint,  thick  biological  tissues,  and  multimode
fiber.  In  this  situation,  light  propagates  inside  complex
media  and  undergoes  multiple  scattering,  thus  optical
information  is  scrambled  [18, 19].  Therefore,  existing
SPC  imaging  technique  encounters  challenging  as  all
other biomedical optical imaging techniques. In order to
image  through  complex  media,  many  methods  such  as
optical  phase  conjugation  [20, 21],  transmission  matrix
(TM)  method  [18, 22],  Speckle-Correlation  Scattering
Matrix  method  [23],  and  speckle  correlation  [19]  have
been  presented.  To  achieve  edge  detection  through
complex  media,  Zihao  Li  and  his  colleagues  [24]
presented  a  digital  optical  phase  conjugation  setup  to
achieve  edge  enhancement  through  scattering  media.
Thanks to the existence of the transition status for edges
of  the  object,  an  effective  two-step  procedure  has  been
successfully utilized for detecting the edges of amplitude
objects beyond high scattering. However,  to the best of
our knowledge, the extraction of the boundary information
of  invisible  phase  objects  through  complex  media  has
not been demonstrated yet.

To address this issue, we present a TM-based operator
that  enables  SPC imaging  through  complex  media.  We
build this new operator by numerically applying a spiral
phase  filtering  in  a  virtual  Fourier  plane  of  the  input
modes of the experimentally calibrated TM. Experimen-
tally,  the  proposed  technique  is  first  demonstrated  by
imaging  two digital  objects.  The  edge  enhanced  images
of  both  amplitude  and  phase  objects  are  obtained,  and
the  correlation  coefficient  between  the  reconstructed
edge enhanced image and the theoretical edge enhanced
image is calculated to be ~ 0.9. Further, we find that the
correlation  coefficient  increases  with  the  ratio  between
the numbers of output modes and input modes. In addi-
tion, we apply this technique to image two real objects,
including  amplitude  and  phase  objects.  Isotropic  edge

contrast  enhancement  is  clearly  achieved  in  all  the
experiments. We believe this work will pave the way for
edge detection of objects through the complex media, for
example,  the  invisible  phase  biological  cells  in  deep
tissues.
 

2   Principle
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Figure  1 illustrates  the  principle.  Our  method  achieves
spiral phase contrast imaging based on the transmission
matrix of the complex medium, which is denoted T. Its
complex coefficients  connect the optical field at the
output  plane  and  the  input  plane  which  correspond  to
camera pixel coordinates  and object coordinates

 by
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Here,  the  input  plane  and  output  plane  are  divided
into N input  modes  and M output  modes,  respectively.
The  elements  can  be  calibrated  by  using  phase
shifting  method  [25].  Due  to  multiple  scattering,  the
wavefront of an object  illuminated by a coherent
light source is scrambled when passing through complex
medium, generating speckle pattern at the output plane.
If  the field of  speckle  pattern  is  measured,  we can
retrieve the object image by performing the inverse of T
[18]:

 

T̂

T̂

T̂ × V

T filt

Fig. 1  Principle of transmission matrix based spiral phase
contrast imaging through complex medium. (1) Operation of
acquiring  transmission  matrix T of  the  complex  medium.
(2) Imaging through complex medium by use of  the inverse
T. (2′) Operation of obtaining  by performing a two-dimen-
sional spatial Fourier transform on T of every input field. (3′)

 is filtered by a spiral phase function V. (4′) Return to the
spatial  domain  by  taking  an  inverse  Fourier  transform  on
the term of . (5′) Spiral phase contrast imaging through
complex medium by applying the inverse .
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Eobject
X = T †Eout

X′ , (2)

T † T
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γ = M/N γ > 1 T † =

(T ∗ × T )
−1 × T ∗ T ∗

T

where  represents the inverse matrix of . In general,
it  is  the  pseudoinverse  matrix  of  when  the  ratio

 is  arbitrary.  Here,  we  assume , 
,  where  is  the  transpose  conjugate

matrix  of .  In  a  physical  picture,  TM  describes  the
relationship between the output field and the input field
in the system that involves complex media, compared to
free  space  that  uses  point  spread  function  (PSF)  to
describe  the  pulse  response  of  the  imaging  system.  To
achieve spiral  phase contrast  imaging,  a filtered PSF is
usually  constructed  to  obtain  the  edge  enhanced  image
in free space. In our case, we present a TM-based operator
to play the similar role as the filtered PSF in free space
but consider the scattering effects at the same time.

T

t̂X′K = ℑ(tX′X) K = (kx, ky)

X T̂

l = 1

We  first  perform  a  Fourier  transform  on  of  every
input  field,  that  is ,  where  is
the wave vector associated with . And the obtained 
is the corresponding TM in a Fourier plane of the input
mode  plane.  In  order  to  implement  a  radial  Hilbert
transform for the input field, a vortex phase (topological
charge ) is used in the process of reconstructing the
image,  which  plays  as  a  spatial  filter  at  the  virtual
Fourier  plane of  the input modes of  the experimentally
calibrated TM, and can be described as

V (kx, ky) = exp(jϕ(kx, ky)), (3)

ϕ(kx, ky) = arctan(ky/kx)where .  Thus  a  new  numerically
filtered  coefficient  in  the  Fourier  domain  can  be
obtained by

t̂filtX′K = t̂X′K × V (kx, ky). (4)

t̂filtX′K

Then we go back to the spatial domain X'X by taking
the inverse Fourier transform of :

tfiltX′X = ℑ−1
(
t̂filtX′K

)
. (5)

T filt

T

V (kx,ky)

T filt

With the above operations, the resulting  is equiv-
alent to taking a convolution between  and the Fourier
transform of  in the input mode plane. Thus in
the  process  of  retrieving  the  image  from  the  output
speckle  field,  can  be  seemed  as  characterizing  the
propagation of light in a complex system whose PSF is
Fourier  spectrum  of  the  vortex  filter.  Therefore,  when

T filt T is used to instead of  to perform the operation of
inverse TM, i.e.,

Eoee
X′ = T filt+Eout

X′ . (6)

Eoee
X′The  obtained  is  the  complex  field  of  object  with

edge enhancement. 

3   Experimental setup

%

In order to validate the theoretical proposal, we perform
experiment  of  spiral  phase  imaging  through  complex
media  for  both  digital  objects  and  real  objects.  The
schematic  of  experimental  setup is  shown in Fig.  2.  To
achieve  a  fast  wavefront  shaping  [26, 27],  a  DMD
(Vialux  V-7001)  which  can  switch  at  a  rate  of  22.727
kHz is employed as the spatial light modulator. A laser
beam  with  the  wavelength  of  532  nm  is  expanded  and
steered  to  fully  illuminate  the  DMD.  Then  with  the
assistance  of  a  4f configuration  and a  spatial  filter,  the
DMD  enables  to  modulate  the  complex  amplitude  of
light  in  its  first-diffraction-order  beam  in  terms  of  the
Lee method [28]. To image the real object, a plane wave
modulated  by  DMD  is  used  to  illuminate  the  object
which  is  located  at  the  focal  plane  of  L4.  Then  the
transmitted  light  illuminates  on  a  ZnO scattering  layer
via an objective OBJ1 (10X, NA = 0.25).  Here,  a ZnO
scattering  layer  with  the  thickness  of  about  280  μm is
fabricated  by  depositing  the  ZnO powder  on  a  170  μm
thick  cover  glass,  is  used  as  the  complex  medium.The
transmittance of ZnO scattering layer is about 6 .Then
the  resultant  speckle  field  is  collected  by  OBJ2  (20X,
NA  =  0.4)  and  imaged  by  a  CMOS  camera  (D752,
PixeLINK) with a tube lens L5. To achieve spiral phase
contrast imaging, the TM and the resultant speckle field
of the objects should be measured first. The phase shifting
method  [25]  is  applied  for  the  measurement,  with  a
plane  wave  reference  introduced.  In  the  calibration  of
TM, N = 32 × 32 input segments on the DMD and M =
480 × 480 pixels on camera are respectively used as the
input and output modes. 

4   Results

To demonstrate our presented scheme for edge detection

 
Fig. 2  Experimental  setup.  L:  Lens;  M:  Mirror;  BS:  Beam  splitter;  DMD:  Digital  micro-mirror  device;  P:  Pinhole;
O: Object; OBJ: Objective; CM: Complex medium; CMOS: Complementary metal-oxide-semiconductor camera.
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through complex media, we first image a digital amplitude
object  of  a  star  and  a  digital  phase  object  of  a  moon.
The two binary objects are generated by the DMD. The
intensity distribution of the star and phase distribution
of the moon are presented in Figs. 3(a) and (b), respec-
tively.  When  the  field  carrying  the  information  of
objects is transmitted through the ZnO scattering layer,
we obtain intensity speckle patterns at the camera plane,
which  are  respectively  presented  in Figs.  3(c)  and  (d).
For  a  comparison,  we  first  reconstruct  the  images  by
performing  inverse T and  the  corresponding  results  are
presented  at  the  inset  of Figs.  3(c)  and  (d).  Then  we
obtain the edge enhanced images [see Figs. 3(e) and (f)]
by  adopting  TM-based  spiral  phase  contrast  imaging
technique.  As  we  can  see,  the  boundary  information  of
the  two  objects  are  successfully  extracted.  To  quantify
the ability of spiral phase imaging, the correlation coeffi-
cients  between  the  objects  theoretically  filtered  by  the
spiral  phase  in  a  4f configuration  and  our  results  are
calculated. For the two digital objects imaged, the corre-
lation  coefficients  are  0.8838  and  0.9221.  For  further

γ

γ

% γ

γ

examination,  two  intensity  profiles  along  the  white
dashed lines through the two edge enhanced images are
presented in Figs. 3(g) and (h). As we can see, the locations
of  the  recovered  edges  are  in  good  agreement  with  the
theoretically  calculated  locations.  However,  the  edge
enhanced image is not perfect due to the reconstruction
noise.  Furthermore,  we  find  that  the  reconstruction
noise can be lowered by increasing the ratio (  = M/N)
between the numbers of output modes and input modes.
The  quantitative  analysis  is  presented  in Fig.  3(i).  As
the  curve  shows,  the  fidelity  of  the  reconstructed  edge
enhanced  images  is  improved  with  the  increasing  of ,
and correlation coefficient reaches 80  when  is about
60.  In  theory,  the  eigenmodes  of  the  scattering  system
and their  singular  values  can be obtained based on the
singular  value  decomposition  of  the  TM.  The  singular
values  are  proportional  to  the  amplitude  transmitted
through  each  channel  of  the  system.  According  to
random  matrix  theory,  the  minimum  singular  value
increases with  [29]. The TM calibration process could
be insensitive to the experimental noise when the energy

 

γ

Fig. 3  Edge detection of  digital  amplitude and phase objects  by applying TM-based spiral  phase contrast  imaging tech-
nique. (a) The intensity distribution of the amplitude object of a star. (b) The phase distribution of the phase object of a
moon. (c, d) Intensity speckle patterns at the output plane when the field of object transports through the ZnO scattering
layer. The inset are the reconstructed images with the conventional inverse T operation. (e, f) The edge enhanced images
with our presented technique. (g, h) The intensity profiles along the white dashed lines in (e, f), respectively. The green and
red  lines  are  the  experimental  data  and  theoretical  data. (i) Correlation  coefficient  between  the  recovered  edge  enhanced
images and the images digitally filtered by a spiral phase as a function of  which is the ratio between the numbers of output
modes and input modes.
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transported  by  the  most  inefficient  channel  reaches  the
noise  level.  As  a  result,  reconstruction  noise  can  be
lowered  by  increasing .  Note  that N is  the  number  of
the  input  modes,  and  thus  it  directly  determines  the
resolution  of  the  reconstructed  image.  Therefore,  if M
keeps  unchanged  and N is  decreased  to  enlarge ,  the
image  resolution  is  decreased  even  though  the  recon-
struction noise is lowered. In this case, the reconstruction
fidelity characterizing the correlation coefficient between
the reconstructed image and the original input object is
hard to evaluate. Thus it is a better choice to enlarge 
by increasing M.

Apart  from  imaging  the  digital  objects,  we  further
apply our technique to image real objects including both
amplitude  and  phase  objects.  An  amplitude  object  of
number “5” (USAF1951, Thorlabs) [Fig. 4(a)] and an oil
droplet  on  a  cover  glass  [Fig.  4(b)]  are  placed  on  the
focal plane of L4 and employed as amplitude and phase
objects, respectively. A plane wave modulated by DMD
is  employed  to  illuminate  the  objects.  The  original
speckle patterns recorded by the camera are respectively
represented in Figs. 4(c) and (d). For a comparison, the
images of the objects obtained by the inverse T operation
[Figs.  4(e)  and  (f)]  and  their  edge  enhanced  images
obtained  by  applying  TM-based  spiral  phase  contrast
imaging technique [Figs. 4(g) and (h)] are presented. As
we can see, both of their edges have been clearly recon-
structed with our presented scheme. Note that the defo-
cused  image  may  be  caused  by  the  slight  deviation  of
the object’s position in terms of the exact input plane. 

5   Conclusions

In summary, we have proposed a TM-based spiral phase

contrast  imaging  technique  for  edge  detection  of  both
amplitude and phase objects through complex media. By
combining  the  TM based imaging  through the  complex
media  with  spiral  phase  filtering,  this  technique  allows
us  to  directly  reconstruct  the  edge  enhanced  images
through  the  complex  media.  Experimentally,  we  have
demonstrated the strength of this technique by imaging
both digital and real objects. The isotropic edge contrast
enhancement  is  clearly  achieved  in  experiments.  In
particular, we demonstrate that the fidelity of the recon-
structed  edge  enhanced  images  can  be  improved  by
increasing  the  ratio  between  output  modes  and  input
modes.  The  proposed  method  is  expected  to  open  up
possibilities  for  detection  of  invisible  phase  objects
through complex media. 
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