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Phase reconstruction via metasurface-
integrated quantum analog operation
Qiuying Li, Minggui Liang, Shuoqing Liu, Jiawei Liu, Shizhen Chen,
Shuangchun Wen and Hailu Luo *

Phase reconstruction plays  a  pivotal  role  in  biology,  medical  imaging,  and wavefront  sensing.  However,  multiple  mea-
surements and adjustments are usually required for conventional schemes, which inevitably reduces the quality of phase
imaging. Here, based on multi-channel metasurface and quantum entanglement source, a simple and integrated quan-
tum analog  operation  system is  proposed  to  realize  quantitative  phase  reconstruction  with  a  high  signal-to-noise  ratio
(SNR) under a low signal photon level. Without additional measurements and adjustments, four differential images nec-
essary for the phase reconstruction are captured simultaneously. The non-local correlation of entangled photon pairs en-
ables to remotely manipulate working modes of the system. Besides, the consistency of entangled photon pairs in time
domain makes it possible to achieve a high SNR imaging by trigger detection. The results may potentially empower the
application of metasurfaces in optical chip, wave function reconstruction, and label-free biology imaging.
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Introduction
With  the  unique  advantages  in  label-free  imaging  and
material  characterization1−6,  the  phase  reconstruction  of
light  field  provides  an  important  scientific  basis  for  the
detection  of  biological  samples  and  disease  diagnosis7.
Since the oscillation frequency of the optical wavefront is
much higher than the response frequency of the human
eye or detector, the phase of the optical wavefront is diffi-
cult to be directly detected8. With several typical branch-
es,  the  combination  of  digital  holography  and  optical
imaging  seems  to  solve  this  difficulty,  including  optical
diffraction tomography9, holographic multiplexing10, and
deep learning11.  However, complex devices and multiple
measurements  are  usually  required  in  some  schemes,
which  inevitably  affect  the  imaging  quality12−15.  There-

fore,  how  to  integrate  devices  and  reduce  unnecessary
operations remains a significant challenge to achieve ac-
curate quantitative phase reconstruction.

The  metasurface,  which  constitutes  a  compact  nano-
photonics platform for effective light field manipulation,
is  a  suitable  candidate  to  solve  the  above  challenge16−22.
By  customizing  tailored  photonic  response  in  metasur-
faces, the amplitude, phase, and polarization of light can
be accurately tuned23−29,  which simplify the complex op-
tical  information processing  to  an  optical  analog  opera-
tion30−37.  The  introduction  of  the  optical  analog  opera-
tion  on  metasurface  into  the  quantitative  phase  recon-
struction provides a possible scheme for obtaining high-
contrast  images of  transparent objects38−42.  However,  for
some  photosensitive  samples,  such  as  yeast  and  neuron 
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cells, the imaging system needs to be operated under low
signal  light  conditions43−45,  while  the  overwhelming am-
bient  shot  noise  determines  that  conventional  imaging
schemes have a low signal-to-noise ratio (SNR)46−48. Con-
sequently,  how  to  realize  quantitative  phase  reconstruc-
tion with a high SNR under low signal light conditions is
still a critical problem.

In this paper, based on multi-channel metasurface and
quantum  entanglement  source,  a  simple  and  integrated
quantum analog operation system is proposed to realize
quantitative  phase  reconstruction  with  a  high  SNR  un-
der a low signal photon level. In the experiment, four dif-
ferential  operations  are  implemented  simultaneously  on
the  same  metasurface,  which  are  required  for  obtaining
the  phase  gradient.  Then,  the  quantitative  reconstruc-
tion can be realized by performing Fourier integral oper-
ation  and  solving  optimization  problem  for  the  phase
gradient.  Combined  with  the  quantum  entanglement
source, sister photons of the imaging photon can be used
as the external trigger signal of the detector to control the
shutter switch,  which can filter out most of the ambient
noise and obtain the images with an improved SNR. Be-
sides,  the  multi-channel  and  non-local  switching  of
mode  selection  is  realized  through  the  polarization  cor-
relation  of  entangled  photon  pairs.  The  proposed
method  of  phase  reconstruction  may  pave  the  way  for
the  applications  of  metasurfaces  in  optical  chip,  wave
function reconstruction, and label-free biology imaging. 

Methods
Based  on  a  multifunctional  metasurface,  the  concept  of
metasurface-integrated  analog  operation  system  is  pro-
posed,  which  has  four  polarization-dependent  channels
to  perform  different  modes.  On  this  basis,  combined
with  the  quantum  entanglement  source  system,  the  re-
mote switching of the working mode can be realized. As
shown  in Fig. 1(a),  the  entangled  photon  pair  is  in  the
first Bell state: 

|ϕ+⟩ = 1√
2
(|Hi⟩Ht⟩+ |Vi⟩|Vt⟩) , (1)

i t

|H⟩
|V⟩

|Ht⟩ (|Vt⟩)
|Ht⟩ (|Vt⟩)

where  the  subscripts  and  represent  imaging  photon
and trigger photon, used to extract the sample informa-
tion  and  control  the  detector  switch,  respectively. 
and  are  horizontal  and  vertical  polarization  states.
Equation (1) indicates that when the polarization state of
trigger  photon is  set  as  ,  the  imaging photon
will be collapsed to   simultaneously. The opti-

Λ

δ = −σ±(λz/Λ) σ = ±1

z

cal  axes  of  the four working regions on the metasurface
all  change  periodically  in  one  dimensional  (1D)  direc-
tion with the spatial  period of .  After  passing through
arbitrary working region of the metasurface, the imaging
photon  will  produce  a  spin-dependent  shift

, where  indicate the left-circular-
ly  polarized  (LCP)  and  right-circularly  polarized  light
(RCP), respectively, and  is the transmission distance of
the imaging photon49.

F̂1 = (α+ iδ(∂/∂x)) F̂2 = (α− iδ(∂/∂x)) F̂3 = (β+
iδ(∂/∂y)) F̂4 = (β− iδ(∂/∂y))

α β
H V

|Ψsp⟩in
F̂i (i = 1, 2, 3, 4),
|Ψsp⟩out = F̂i|Ψsp⟩in

Assuming that the imaging photon may pass through
the  center  of  four  regions,  four  differential  operators

, , 
, and  can be constructed.

Here,  and  are the tiny angles which the optical axes
deviating  from  the - and -directions,  respectively.
The  initial  spatial  wave  function  of  the  imaging  photon
can  be  expressed  as .  After  being  affected  by

 the  wave  function  will  evolve  to
.  Eventually,  the intensity distribution

of photons on the detector can be given as (see Section 1
in the Supplementary information): 

P(1)
out(x, y) = ⟨Ψsp|Ψsp⟩(1)out ≈ cos2γPin(x, y)

·

{
α2 +

[
δ∂φ(x, y)

∂x

]2

− 2αδ∂φ(x, y)
∂x

}
,

P(2)
out(x, y) = ⟨Ψsp|Ψsp⟩(2)out ≈ cos2γPin(x, y)

·

{
α2 +

[
δ∂φ(x, y)

∂x

]2

+ 2αδ∂φ(x, y)
∂x

}
,

P(3)
out(x, y) = ⟨Ψsp|Ψsp⟩(3)out ≈ sin2γPin(x, y)

·

{
β2 +

[
δ∂φ(x, y)

∂x

]2

− 2βδ∂φ(x, y)
∂x

}
,

P(4)
out (x, y) = ⟨Ψsp|Ψsp⟩(4)out ≈ sin2γPin(x, y)

·

{
β2 +

[
δ∂φ(x, y)

∂x

]2

+ 2βδ∂φ(x, y)
∂x

}
, (2)

γ Pin(x, y) =
⟨Ψsp|Ψsp⟩
where  is  the  polarization  angle,  and 

 represents  the  initial  intensity  distribution.
Notably,  the four-channel  metasurface helps  to simulta-
neously capture the four results shown in Eq. (2), which
are  necessary  to  achieve  phase  reconstruction  based  on
differential  operations.  In  conventional  schemes,  multi-
ple  adjustments  of  the  optical  path  are  involved  to  cap-
ture  the  above  results,  inevitably  increasing  complexity
and  decreasing  accuracy.  After  linearly  combining  the
above Eq.  (2),  quantitative  phase  gradient  can  be  ob-
tained by 
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∇φ(x, y) = ΔPxout(x, y)
2αδcos2γPin(x, y)

ex +
ΔPyout(x, y)

2βδsin2γPin(x, y)
ey ,

(3)

ΔPxout ΔPyoutwhere  and  can be expressed as
 

ΔPxout(x, y) = P(2)
out(x, y)− P(1)

out(x, y) ,
ΔPyout(x, y) = P(4)

out (x, y)− P(3)
out(x, y) .

(4)

γ = 0◦, 90◦, 45◦

Specially,  since  the  imaging  and  the  trigger  photons
have  polarization  entanglement,  when  the  trigger  pho-
ton is  polarized at ,  the imaging photon
will  collapse  into  the  same polarization  state  simultane-
ously. Under this basic principle, the non-local control of
the  differential  operator  can  be  achieved  [Fig. 1(b)].  In
particular, the quantum analog operation system can still

function properly when the light source does not match
the designed working wavelength50 (see  Section 2  in  the
Supplementary information).

φ(x, y)

|Ψsp(x, y)⟩ = exp[iφ(x, y)] |ψ(x, y)⟩ |ψ(x, y)⟩

|D⟩

Considering  the  case  in  which  the  light  is  emitted  to
phase objects, such as transparent biological cells50−53, the
amplitude of the input light field is hardly affected due to
the weak absorption feature of  light,  and only phase in-
formation  of the object will be introduced. There-
fore,  after the imaging photon passes through the phase
object,  the  spatial  wave  function  can  be  expressed  as

,  where  rep-
resents  the  initial  wave function of  the  imaging photon.
If  the  polarization  state  of  trigger  photon  is  set  as ,
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Fig. 1 | Phase reconstruction via metasurface-integrated quantum analog operation. (a) Schematic of non-local mode selection by metasurface-

integrated quantum analog operation. , , , and  are the differential operators. The green area has been designed to construct differential

operators, and the blue area can be extended to construct other operators. (b) Three modes of metasurface-integrated quantum analog opera-

tion system and corresponding differential output results through non-local mode selection. (c) Theoretical phase gradient in x-direction. (d) Theo-

retical phase gradient in y-direction. (e) Theoretical two-dimensional (2D) phase gradient. (f) Theoretical phase distribution calculated by the 2D

phase gradient.
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the  wave  function  input  to  the  metasurface  can  be  ex-
pressed as 

|Ψtol(x, y)⟩in = ψ(x, y)exp[iφ(x, y)]|D⟩ . (5)

Subsequently,  according  to  the  Fourier  integral  theo-
rem, normalized phase distribution can be calculated as45
 

ϕ(x, y) = F−1
{
F
[
∂φ(x, y)

∂x
+ i

∂φ(x, y)
∂y

]
/(ikx − ky)

}
,

(6)
F F−1

kx ky
x y

φ(x, y)
ϕ(x, y)

K

where  and  represent  the  Fourier  and  inverse
Fourier  transforms,  and  represent  wave vectors  in
the - and -directions,  respectively.  However,  com-
pared  with  the  true  phase  distribution ,  the  nor-
malized  reconstructed  phase  distribution  differs
by a normalized factor , which is necessary for quanti-
tative phase reconstruction. Since differential operations
are linear operations, the following relation holds: 

φ(x, y)
ϕ(x, y)

=
∇φ(x, y)
∇ϕ(x, y)

, (7)

∇ϕ(x, y) ϕ(x, y)

∇φ(x, y)
K∇ϕ(x, y)

where  is calculated numerically by . Ac-
cording  to Eq.  (7),  the  residual  difference,  which  is  be-
tween the measured phase gradient  and the re-
constructed phase gradient , can be defined as 

S(K) =
∑
Pixel

|∇φ(x, y)− K∇ϕ(x, y)| . (8)

S(K) K
By calculating the minimum value of the residual dif-

ference ,  the optimal normalization coefficient  is

obtained.  Consequently,  quantitative  phase  reconstruc-
tion results can be described as 

φ(x, y) = Kϕ(x, y). (9)
 

Results and discussion
 

Quantum analog operation enables non-local mode
selections

β-BaB2O4

H− V−

|γ⟩

The experimental setup of metasurface-integrated quan-
tum analog  operation  system is  presented  in Fig. 2,  and
the polarization entanglement  source  of  crys-
tals  (BBOs)51,52 is  the key to achieve the non-local  mode
selection with a high SNR. In order to improve the quali-
ty  of  the  polarization  entanglement  source,  a  polariza-
tion beam splitter (PBS), a half-wave plate (HWP) and a
quarter-wave  plate  (QWP)  are  used  to  calibrate  the  po-
larization state of the pump beam. Moreover, the quartz
crystal  (QC) is  used to  compensate  the  phase  difference
between  the  and components.  The  optical  path
associated  with  the  object  is  considered  as  the  imaging
arm,  while  the  other  path  used  for  remote  mode  selec-
tion is the trigger arm. Notably, there is a non-local cor-
relation exists between the imaging photon and the trig-
ger photon. The polarization entanglement is  the key to
realizing  remote  control,  which  only  requires  the  P1  to
set the polarization state of trigger photon to . As a re-
sult, the polarization state of the imaging photon will be
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gle photon counting module; ICCD, intensified charge coupled device. Inset, the experimental results of the polarization interference curves.
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|γ⟩

|D⟩ = (1/
√
2) (|H⟩+ |V⟩) |A⟩ =

(1/
√
2) (|H⟩ − |V⟩)

45◦ −45◦

directly collapse to the same polarization state  with-
out  any  operation  in  imaging  arm.  The  inset  of Fig. 2
shows  the  polarization  interference  curves  at H/V and
D/A bases  which  demonstrates  that  the  BBO  quantum
entanglement source meets the requirement of quantum
analog operation53,54 (see Section 3 in the Supplementary
information). Here,  and 

 denote  the  linearly  polarized  states
with polarization angles of  and , respectively. 

Integrated metasurface generates four differential
operations simultaneously

|H⟩ |V⟩

As  shown  in Fig. 2,  the  beam  will  be  divided  into  four
parts by beam splitter (BS) system according to polariza-
tion  (see  Section  4  in  the  Supplementary  information),
where  and  photons  are  sent  to  the  upper  and
lower  channels,  respectively.  In  the  4f system,  lens  L2
and lens L3 play the role of focusing and restoring Gaus-
sian wavefront respectively. The photons in each output
channel  of  BS  pass  through  different  regions  on  the
metasurface  (see  Section  5  in  the  Supplementary  infor-
mation),  producing  different  spin-dependent  shifts.  As
shown in Fig. 3(e),  the four channels  of  the metasurface
have  periodically  varying  optical  axes  and  a  uniform

πbirefringent  phase  delay .  As  a  result,  the  polarization
state  of  each  photon  passing  through  the  metasurface
will  be  inverted  and  the  conversion  efficiency  is  experi-
mentally  demonstrated to be greater  than 96% (see Sec-
tion 6 in the Supplementary information).

F̂1 F̂2 F̂3 F̂4Differential operators , , , and  can be consti-
tuted by the optical elements of the imaging path, which
correspond to the four imaging results on the ICCD. Due
to the polarization entanglement, the imaging results can
be  controlled  remotely  by  the  polarization  angle  of  the
trigger photon, which can be considered as a mode selec-
tor.  In  our  experimental  demonstration,  the  four  differ-
ential  operations,  which  are  required  by  quantitative
phase  reconstruction,  can  be  generated  simultaneously
[Fig. 3(a–c)].  Besides,  the  proposed  metasurface-inte-
grated  quantum  analog  operation  system  can  improve
the spatial resolution55 by enhancing the image edges (see
Section 7 in the Supplementary information). 

Quantum analog operation improves the
signal-to-noise ratio
In order to demonstrate the preponderances of the meta-
surface-integrated  quantum  analog  operation  system,
two  different  system configurations,  namely  continuous
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acquisition  and  trigger  detection,  are  used  to  represent
the  imaging  methods  of  classical  and  quantum  analog
operations,  respectively.  All  experimental  imaging  re-
sults  are  captured  by  the  intensified  charge  coupled  de-
vice (ICCD) at a low signal photon level. In the imaging
method  based  on  classical  analog  operation,  the  opera-
tion  mode  of  the  ICCD  is  set  to  internal  trigger,  which
causes  the  ambient  noise  to  be  captured  together  with
the  signal  photons.  When  the  ambient  shot  noise  is
equivalent to the signal level (even higher than), the sys-
tem with a low SNR will result in signal invisibility [Fig.
3(d)]. Here, the SNR of classical imaging method can be
expressed as48
 

SNRC =
Ns√

Ns + Nn
, (10)

Ns Nnwhere  and  denote  the  counts  of  signal  and noise
photons per second, respectively.  In the metasurface-in-
tegrated  quantum  analog  operation  system,  the  trigger
photon  can  be  used  as  the  external  trigger  signal  of  the
ICCD  to  improve  the  SNR.  The  operating  mode  of  the
ICCD  is  set  to  the  external  trigger,  and  the  shutter  will
only  open  when  the  external  trigger  signal  is  received.
The shutter width is set to 4 ns, eliminating most of the
ambient noise. Therefore, the SNR of the quantum imag-
ing method can be written as48
 

SNRQ =
hNs√

hNs + εNn
, (11)

h
ε

ε ≪ h

90 mW
2.69

where  is  the  coincidence-to-single  counts  ratio  of  en-
tanglement source and  is the proportion coefficient of
ambient noise photons falling within the gate width time.
In the case of , the SNR of the imaging system can
be  significantly  improved.  As  shown  in Fig. 3(f),  when
the pump power is ,  quantum imaging increases
the SNR to  times compared to the classical imaging.
Therefore, by using the metasurface-integrated quantum
analog  operation  system  with  a  non-local  trigger  detec-
tion, the SNR of differential results are clearly enhanced
under the same low signal conditions. 

Phase reconstruction via metasurface-integrated
quantum analog operation

|D⟩

In order to illustrate the operating principle of the meta-
surface-integrated  quantum  analog  operation  system  in
quantitative  phase  imaging,  some  patterns  shaped  are
etched on a glass substrate (see Section 8 in the Supple-
mentary  information).  In  the  experiment,  the  trigger
photon is first set to . Then, the four bias imaging re-

x y
∂φ(x, y)/∂x ∂φ(x, y)/∂y

∇φ(x, y)

∂ϕ(x, y)/∂x ∂ϕ(x, y)/∂y
∇ϕ(x, y)

sults on the ICCD are combined to obtain the phase gra-
dient  in - and -directions  [Fig. 4(a, b)].  Subsequently,

 and  are  superimposed  to  ob-
tain  the  two-dimensional  (2D)  phase  gradient 
[Fig. 4(c)].  According  to Eq.  (6),  the  normalized  phase
distribution can be acquired [Fig. 4(i)].  Furthermore,  by
performing  the  derivative  operation  on  normalized
phase  distribution,  the  reconstructed  1D phase  gradient

 and ,  and  the  2D  phase  gradi-
ent , can also be calculated [Fig. 4(d–f)].

min S(K)
K = 0.445

|∇φ(x, y)− K∇ϕ(x, y)| K = 0.445

ϑ

2.71%

As  shown  in Fig. 4(g),  the  optimization  problem
 is solved to acquire the optimal normalization

coefficient . Here, Fig. 4(h) represents the pat-
tern  of  when .  Even-
tually,  the  results  of  quantitative  phase  reconstruction
are  shown  in Fig. 4(j).  To  demonstrate  the  accuracy  of
our  proposed  metasurface-integrated  quantum  analog
operation system for  realizing quantitative  phase  recon-
struction,  the relative  errors  of  the white  dashed lines
in Fig. 4(j) is  calculated.  As  shown  the  results  of  recon-
structed depth value in Fig. 4(k), the relative error of the
cat  is  (see  Section  9  in  the  Supplementary  infor-
mation).  To  illustrate  the  universality  of  our  scheme,
quantitative phase reconstruction of more types of phase
objects is demonstrated. Patterns in the shape of "01" and
"Tai Chi" are also etched onto the glass substrate. The ex-
perimental phase gradients of the two patterns are shown
in Fig. 5(a), 5(b), 5(e), and 5(f). Through quantitative re-
construction  algorithm,  the  quantitative  phase  distribu-
tion  of  the  two  patterns  can  be  obtained,  respectively
[Fig. 5(c) and 5(g)].  Meanwhile, Fig. 5(d) and 5(h) are
the reconstructed phase value corresponding to the white
dotted lines of "01" and "Tai Chi", respectively. 

Conclusions
In the proposed metasurface-integrated quantum analog
operation  system,  the  non-local  correlation  of  polarized
entangled  photon  pairs  is  a  prerequisite  for  the  remote
switching  of  mode  selection.  Through  the  polarization
selection of  the  trigger  photon,  the  imaging  photon can
be induced to collapse to the desired state simultaneous-
ly, realizing the analog operation in different modes. As a
demonstration,  four  differential  operations  in  the  meta-
surface-integrated quantum analog operation system are
designed for realizing quantitative phase reconstruction.
Theoretically,  more  diverse  operational  modes  are  ex-
pected  to  be  achieved  by  designing  multiple  functional
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structures  on  the  metasurface,  which  can  be  freely
switched  by  trigger  photons.  Therefore,  the  proposed
metasurface-integrated  quantum  analog  operation  sys-

tem  is  extremely  malleable.  Furthermore,  the  quantum
analog  operation  provides  clearer  imaging  results  than
classical analog operations. When the signal is equivalent
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(even  smaller  than)  to  the  ambient  noise,  the  signal  in
the  classical  method  will  be  drowned  by  ambient  noise
inevitably.  However,  in  the  quantum  method,  the  sister
photon  of  the  signal  photon  can  be  used  as  an  external
trigger signal to control the switch of the detector, which
suppresses the ambient noise effectively.

2.69

In  conclusion,  based  on  multi-channel  metasurface
and  quantum  entanglement  source,  a  simple  and  inte-
grated quantum analog operation system is  proposed to
realize  quantitative  phase  reconstruction  with  a  high
SNR under a low signal photon level. Specifically, due to
the non-local correlation of entangled photons, the mode
selection  of  the  metasurface-integrated  quantum  analog
operation  system  can  be  switched  remotely  without
changing the imaging arm. Notably, the four differential
operators  required  for  phase  reconstruction  can  be  ob-
tained simultaneously by an integrated metasurface. As a
result, the relative error of quantitative phase reconstruc-
tion  is  2.71  %,  which  indicate  the  accuracy  of  the  pro-
posed method. Besides,  the SNR of differential  results is
improved by  times compared with the classical ap-
proach.  The  results  demonstrate  our  proposed  scheme
may  potentially  empower  the  metasurface  in  optical
chip, wave function reconstruction, and label-free biolo-
gy imaging.
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