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Robust measurement of orbital angular
momentum of a partially coherent vortex beam
under amplitude and phase perturbations
Zhao Zhang1,2, Gaoyuan Li1, Yonglei Liu3, Haiyun Wang4,
Bernhard J. Hoenders5, Chunhao Liang1,2,6*, Yangjian Cai1,2,6* and
Jun Zeng1,2,6*

The ability to overcome the negative effects, induced by obstacles and turbulent atmosphere, is a core challenge of long-
distance information transmission, and it is of great significance in free-space optical communication. The spatial-coher-
ence structure,  that  characterizes  partially  coherent  fields,  provides  a  new degree of  freedom for  carrying  information.
However, due to the influence of the complex transmission environment, the spatial-coherence structure is severely dam-
aged during the propagation path, which undoubtedly limits its ability to transmit information. Here, we realize the robust
far-field orbital angular momentum (OAM) transmission and detection by modulating the spatial-coherence structure of a
partially coherent vortex beam with the help of the cross-phase. The cross-phase enables the OAM information, quanti-
fied by the topological charge, hidden in the spatial-coherence structure can be stably transmitted to the far field and can
resist  the influence of  obstructions and turbulence within the communication link.  This is  due to the self-reconstruction
property of the spatial-coherence structure embedded with the cross-phase. We demonstrate experimentally that the to-
pological charge information can be recognized well by measuring the spatial-coherence structure in the far field, exhibit-
ing a set of distinct and separated dark rings even under amplitude and phase perturbations. Our findings open a door
for robust optical signal transmission through the complex environment and may find application in optical communica-
tion through a turbulent atmosphere.
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 Introduction
The beam with spiral phase, described by exp(ilθ), is re-

ferred to as the vortex beam1. Each photon of the vortex

beam carries an orbital angular momentum (OAM) of lћ, 
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where l is the topological charge, θ is the azimuthal angle,
and ћ is  the  reduced  Planck  constant.  These  modes
provide a  (theoretically)  infinite  and  easily  realized  al-
phabet for encoding information and have been used ex-
tensively  in  optical  communication2.  Due  to  carrying  a
discrete  topological  charge  and  its  close  relation  with
OAM,  the  interest  in  vortex  beam  has  been  rising  and
has  yielded a  lot  in  other  applications,  including optical
trapping3−5,  optical  imaging6−7,  optical  measurement8,
optical  coding9,  quantum  information  processing10 and
holography11.

Most  studies  on vortex beams have been restricted to
fully  coherent optical  fields,  which are easily  affected by
perturbing obstacles, such as aerosols, and a turbulent at-
mosphere.  These  perturbations  introduce  scintillation,
distortion  in  the  topological  structure,  and  crosstalk
between OAM modes, thereby limiting the performance
of  information transmission12−14. It  has  been well  recog-
nized  that  a  partially  coherent  light  beam,  obtained  by
reducing  the  spatial  coherence,  can  be  able  to  resist  the
distortion  induced  by  the  obstacles  mentioned  above,
and improve the effectiveness of information transfer in
a communication channel with obstacles and a turbulent
atmosphere15,16.  On  the  other  hand,  it  has  been  shown
that the spatial-coherence structure (i.e., degree of coher-
ence) of the partially coherent beam can be viewed as an
efficient  degree  of  freedom  to  govern  its  propagation
properties17 and  its  ability  to  transmit/carry
information18. The combination of coherence and vortex
phase has proven to be of advantage in free-space optical
communication19,  optical  anti-counterfeiting20,  anti-
noise  optical  imaging21 and  versatility  optical
trapping22,23.

The topological properties of vortex optical fields play
an important role in the development of practical applic-
ations.  If  beams  possessing  both  partial  coherence  and
vortex  structures  are  to  be  used effectively,  it  is  of  great
significance to be able to properly characterize the TC of
a partially coherent vortex beam. However, the tradition-
al  schemes  for  detecting  OAM  or  topological  charge24,
such as mode converters, interferometers, diffraction and
Fourier analysis,  are  only  limited  to  fully  coherent  vor-
tex  light  and  fail  when  the  coherence  decreases25.  To
overcome  this  limitation,  methods  based  on  measuring
the spatial-coherence structure have been proposed,  but
they are all only applicable for measurements under con-
ditions  without  obstacle  perturbation26−29, which  ex-
cludes measurements  in  a  complex  transmission  envir-

onment.  Although Liu et  al. demonstrated that  the  spa-
tial-coherence  structure  exhibits  a  certain  anti-disturb-
ance property,  but their research only restricted to non-
vortex  partially  coherent  light  fields30−31.  Liu  and  Peng
studied the evolution of the vortex light filed and found
that  the  ring-shaped  coherent  structure  induced  by  the
vortex phase was severely  damaged by the obstacles32−33,
making it  difficult to extract accurate topological charge
information from its far-field coherent structure. There-
fore,  the  conclusion  for  the  non-vortex  beams  does  not
directly  extend to  the  vortex  beams.  This  is  because  the
complex effect  of  obstacles  and  the  turbulent  atmo-
sphere on  the  vortex  phase,  results  in  the  chaotic  split-
ting and  the  destruction  of  the  spatial-coherence  struc-
ture32,33, the annihilation and generation of coherent vor-
tices34,35 and  beam  random  scintillation36, which  seri-
ously  hinders  the  accurate  detection  of  the  topological
charge.  Thus,  measurement  of  the  topological  charge
based  on  modulation  of  the  spatial-coherence  structure
of a  partially  coherent  vortex  beams  in  complex  trans-
mission environment is still challenging.

Over  the past  few years,  a  new type of  twisting phase
known  as  the  cross-phase  has  been  explored  by  various
research groups37−40. The cross phase is a quadratic phase
structure distinct from the ordinary twist phase41,  which
finds versatile  applications  in  coherent  modes  conver-
sion37,  beam  rotation38, and  optical  vortices  manipula-
tion39,  and  flexible  beam  focus40.  More  recently,  cross
phase  has  been  used  to  enhance  the  anti-disturbance
ability of light beams during transmission, but so far has
been  limited  to  non-vortex  circumstances30,31.  In  this
work,  we  find  that  by  introducing  the  cross-phase  into
the degree of coherence structure of a partially coherent
vortex beam, the far-field spatial-coherence structure can
remain  invariant  even  with  an  obstacle  and  a  turbulent
in propagation channels. Thus, the topological charge in-
formation encoded in the spatial-coherence structure can
be  robustly  transmitted  to  the  far  field.  This  finding  is
demonstrated through  numerical  examples  and  experi-
ment.  Further,  based on the peculiar  self-reconstruction
property of  the  degree  of  coherence,  an  efficient  ap-
proach is  proposed  for  detecting  topological  charge  un-
der amplitude  and  phase  perturbations.  Indeed,  the  ob-
tained  topological  charge  information  in  the  degree  of
coherence structure is shown to be resistant to the negat-
ive effects  induced  by  obstacles  and  atmospheric  turbu-
lence.  This  coherence-based  technique  greatly  improves
the  ability  to  measure  the  topological  properties  of
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partially coherent vortex beams.
This paper is organized as follows: Firstly, the theoret-

ical  model  and  computational  propagation  model  for  a
partially coherent  Laguerre  Gaussian  (PCLG)  beam  un-
der  amplitude  and  phase  perturbation  are  given.
Secondly, the effect of the cross-phase on the far-field de-
gree of coherence of a PCLG beam is presented theoret-
ically  and  principally.  Thirdly,  the  robust  transport  and
determination of the topological charge of a PCLG beam
with  a  cross-phase  under  amplitude  perturbation  and
phase  perturbation  are  studied  theoretically.  Fourthly,
the  experiment  is  carried out  to  demonstrate  the  robust
transport  of  the  degree  of  coherence  under  amplitude
perturbation  and  phase  perturbation,  and  the  robust
identification of the topological charge based on measur-
ing the degree of coherence is demonstrated. At last, the
results are then summarized in Section Conclusions.

 Theoretical model for a PCLG beam and
computational propagation model for a
PCLG beam under amplitude and phase
perturbations
In the space-frequency domain, the second-order statist-
ical properties of partially coherent sources, propagating
along the z-axis, can be described in terms of their cross-
spectral density function. In the source plane (z = 0), the
cross-spectral  density  function  of  a  partially  coherent
beam carrying a cross-phase has the following form30: 

W (r1, r2) = τ0 (r1) τ∗0 (r2) μ (Δr) exp [iu (r1xr1y − r2xr2y)] ,
(1)

where ri =(rix, riy) (i=1, 2) denotes the radial coordinates.
τ0(r)  denotes  a  complex  function,  defined  below.  ∆r =
r1–r2 is  the difference of two position vectors and μ(∆r)
denotes  the  degree  of  coherence  function  of  a  partially
coherent beam. The last term exp[iu(r1xr1y–r2xr2y)] is the
cross-phase structure, where the quantity u is a measure
of  the  strength  of  the  cross-phase  and  its  sign  property
(positive or negative value) is only used to determine the
rotation direction of  the  beam38. For  mathematical  con-
venience and practicality of the conclusions, we consider
using the PCLG beam, which is the most widely used and
easily generated in the laboratory, as the source beam. In
this case, the terms τ0(r) and μ(∆r) are given as follows: 

τ0 (r) =
(√

2r
ω

)l

exp
(
− r2
ω2

)
exp (ilφ) , (2)

and 

μ (Δr) = exp
[
− (Δr)2

2σ2

]
, (3)

respectively. φ denotes the  azimuthal  (angle)  coordin-
ates.  The  quantity l refers  to  the  topological  charge1. ω
and σ denote  the  transverse  beam  width  and  transverse
coherence width, respectively.

In some practical situations, the beam will be affected
by  amplitude  perturbation  and  phase  perturbation,
which  will  greatly  limit  its  application  capabilities.  To
study the  propagation  characteristics  of  partially  coher-
ent  beams  under  amplitude  perturbation,  we  assume
here that an opaque obstacle with center occlusion angle
α is  put  in  the  source  plane.  The  beam is  obstructed  by
this  obstacle  and  then  propagates  to  the  receiver  plane.
Within  the  accuracy  of  the  paraxial  approximation,  the
propagation of a PCLG beam, partially blocked by a sec-
tor-shaped  opaque  obstacle  passing  through  an  ABCD
optical system, can be studied with the help of the gener-
alized Collins integral32,42: 

W (ρ1, ρ2) =
1

(λB)2
exp

[
− ikD

2B
(ρ1

2 − ρ2
2)

]
×

w ∞

0

w ∞

0

w 2π−α/2

α/2

w 2π−α/2

α/2
W(r1, r2)

×exp
[
− ikA

2B
(r12 − r22)

]
×exp

{
ik
B
[
r1ρ1cos

(
θ1 − φ1

)
− r2ρ2cos

(
θ2 − φ2

)]}
×r1r2dr1dr2dφ1dφ2 ,

(4)
where ρi (i=1, 2) and θi (i=1, 2) denote the radial and azi-
muthal (angle) coordinates in the receiver plane, respect-
ively. A, B, and D denote the transfer matrix elements of
the  ABCD  optical  system,  and k =  2π/λ stands  for  the
wavenumber  with  wavelength λ. The  range  of  integra-
tion with respect to the variable φ is from α/2 to 2π–α/2
and  is  caused  by  the  existence  of  the  sector-shaped
opaque  obstacle.  Then,  we  normalize  the  cross-spectral
density  function  and  obtain  the  degree  of  coherence
function43: 

μ (ρ1, ρ2) = W (ρ1, ρ2)
/√

W (ρ1, ρ1)W (ρ2, ρ2). (5)

In particular, when α=0, Eqs. (4) and (5) reduce to the
situation  without  obstacle  occlusion.  It  is  well  known
that  turbulent  atmosphere  can  provide  a  kind  of  phase
disturbance  to  the  transmitted  light.  To  study  the
propagation  of  light  waves  in  turbulent  atmosphere,  we
choose  the  most  widely  used  multiphase  screen
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method30,36,  i.e.,  first decompose an incoming beam into
a series of random electric fields, and then let these ran-
dom electric  fields  pass  through  the  turbulent  atmo-
sphere. During propagation, the turbulence is equivalent
to a collection of thin random phase screens with the de-
sired  turbulence  statistics.  We  will  briefly  introduce  the
method below and refer to ref.30,36 for details.

Consider  a  physically  realizable  PCLG  beam  with  a
cross-phase, whose cross-spectral density function given
by Eq.  (1) can  also  be  represented  by  the  following
integral: 

W (r1, r2) =τ (r1) τ∗ (r2)
w
P (ν1, ν2)

× exp [−i2π (ν2 · r2 − ν1 · r1)] d2ν1d2ν2 ,
(6)

with 

τ (r) = τ0 (r) exp(iuxy) , (7)

and 

P (ν1, ν2) =
√
P (ν1)

√
P (ν2)δ (ν1 − ν2) , (8)

where τ(r)  is  the  new  complex  function  and P(ν)=
(2πσ2)exp(−2π2σ2ν2)  is  a  non-negative  function  that
refers to the power spectral density. The Dirac function δ
is rewritten as: 

δ (ν1 − ν2) = ⟨Cn (ν1)C∗
n (ν2)⟩ , (9)

where the angular bracket stands for the ensemble aver-
age  and Cn (ν)  denotes  the  random  complex  function
that can be viewed as the field of the white noise44. Here,
we assume the beam is statistically stationary, i.e., the en-
semble averaging over the random fields can be replaced
by the  incoherent  superposition  of  instantaneous  ran-
dom realizations,  and substitute Eqs.  (7–9) into Eq.  (6),
and obtain: 

W (r1, r2) = ⟨En (r1)E∗
n (r2)⟩ ≈

1
N

N∑
n=1

En (r1)E∗
n (r2) ,

(10)
with 

En (r) = τ (r)Tn (r) , (11)
and 

Tn (r) = FFT
[√

P (ν)Cn (ν)
]
, (12)

where  FFT[·]  denotes  the  symbol  of  Fourier  transform,
Tn (r) stands for the instantaneous electric field that rep-
resents one realization of an incoming beam. That is, the
generation  of  a  PCLG  beam  with  a  cross-phase  can  be
treated  as  the  fully  coherent  portion τ(r),  illuminating

the random complex screens Tn (r). To numerically sim-
ulate  the  propagation  of  light  beams  through  turbulent
atmosphere, we need to equate the continuous turbulent
medium to some random phase screens with equal inter-
vals,  placed  in  the  direction  of  light  wave  transmission.
The interval between two adjacent phase screens is ∆z =
z1/M, where z1 is the distance from the light source plane
to the last random phase screen, and M is the number of
random phase screens. Here we choose z1=1 m and M=5
to satisfy the restriction condition of the Rytov variance.

The  scenario  for  simulating  the  propagation  of  a
PCLG beam with a cross-phase in the presence of turbu-
lent  atmosphere  is  as  follows.  The incident  electric  field
of  the  beam  source E1(r1)  propagates  a  distance  ∆z in
free space,  and becomes E1'(r2) at  the first  phase screen.
Then, the propagated electric field will  be modulated by
the random  phase  screen  that  represents  the  accumu-
lated  turbulence  effect  over  the  distance  ∆z,  i.e., E2

(r2)=E1'(r2)exp[iθ1(r2)],  where θ1 denotes the  accumu-
lated  phase  fluctuations  induced  by  the  turbulence  over
the distance ∆z.

The  following  propagation  steps  just  repeat  the  first
propagation  step,  until  the  beam  reaches  the  last  phase
screen.  The  incident  electric  field  is  expressed  as Em+1

(rm+1)=Em' (rm+1)exp[iθm(rm+1)]. Finally, the light field is
focused by a collecting lens and arrives at the detector in
the detection plane.

The  method  for  synthesizing θm is  similar  to  that  for
the synthesis of the complex screen described above, but
uses  the  power  spectrum Φn(κ)  of  the  turbulence-in-
duced  refractive  index  fluctuations.  The  relationship
between Φn(κ)  and  the  spectrum Φθ(κ)  of  the  phase
screen  induced  by  turbulence  is  given  by  the  following
formula36: 

Φθ (κ) = 2πΔzk2Φn (κ) , (13)

where κ=2π(fx, fy)  denotes  the  spatial  frequency  vector
that forms a Fourier transform with the spatial coordin-
ate r.  Following the same procedure for synthesis  of  the
complex screen for  partially  coherent  beams, Eq.  (13) is
first  multiplied  by  a  random  complex  function Cm (κ);
then we take  a  Fourier  transform of  the  result.  The  real
or  imaginary  parts  of  the  result  each  represent  a  valid
realization  of  the  turbulence  screen  phase,  i.e.,
θm(rm+1)=Re{FFT[Cm (κ)Φθ (κ)]},  where  Re  denotes  the
real part operation.

In our  simulation,  we  limit  the  refractive  index  spec-
tral  density  to  the  well-known  Kolmogorov  spectrum,
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defined as36：
 

Φn (κ) = 0.033C2
nκ−11/ 3, (14)

C2
nwhere  is  the  atmospheric  refractive  index  structure

constant which is  a weight factor for the strength of the
turbulence.

 The effect of a cross-phase on the degree
of coherence of a PCLG beam
In this  section,  we will  introduce a  concise  and efficient
principle to probe the OAM of a partially coherent vor-
tex beam. In this protocol, we employ only a cross-phase.
The beam,  modulated by  the  cross-phase,  propagates  to
the Fraunhofer zone. Due to the mode-conversion prop-
erty  induced  by  the  cross-phase,  the  OAM  (topological
charge) information is contained in the degree of coher-
ence structure of a partially coherent vortex beam in the
form of a set of distinct and separated ring singularities.
Thus, by measuring the distribution of  degree of  coher-
ence, we can extract the topological charge information.
It is worth noting that this method is applicable not only
for  detection  in  free  space,  but  also  for  detection  in  the
transmission environment  with  obstacles  and  a  turbu-
lent  atmosphere.  This  is  due  to  the  self-reconstruction
property  of  the  spatial-coherence  structure  embedded
with the  cross-phase.  A  schematic  of  the  proposed  pro-
tocol is illustrated in Fig. 1.
 
 

Partially coherent

optical vortex Cross phase

Fourier lens

Obstacle

Turbulent atmosphere

Fig. 1 | Schematic diagram probing the OAM of a partially coher-

ent optical vortex via a cross-phase.
 

To  demonstrate  the  effect  of  the  above  protocol,  we
will  study  the  degree  of  coherence  function  of  a  PCLG
beam  embedded  with  and  without  cross-phase,  which
passes through a thin lens with focal length f and then ar-
rives at an output plane. The distance from the thin lens
to the output plane is z. The transfer matrix between the
source plane and the output plane reads as:
 

( A B
C D

)
=
( 1 z

0 1

)( 1 0
−1/f 1

)
=

(
1− z/f z
−1/f 1

)
. (15)

We show in Fig. 2 the numerical calculation results of
the  modulus  of  the  degree  of  coherence  |μ(ρ, –ρ)|  of  a
PCLG beam with different values of u for different topo-
logical  charges  in  the  focal  plane.  The  parameters  are
chosen  as ω=σ=1  mm, p=0, λ=632.8  nm  and z=f=400
mm  unless  otherwise  specified.  The  first  column  is  set
for  comparison  and  corresponds  to  the  cases  without
cross-phase  (i.e., u=0  mm−2).  One  finds  that  there  are
unique concentric dark ring structures in the spatial dis-
tribution  of  |μ(ρ,–ρ)| and  its  number  is  exactly  corres-
ponding to the magnitude of the topological charge car-
ried by the beam [see Fig. 2(a1), 2(b1), 2(c1) and 2(d1)],
which is consistent with the earlier studies27−28. Thus, this
coherence  structure  (i.e.,  a  spatial  distribution  of
|μ(ρ,–ρ)|),  carrying  topological  charge  information,  can
be used for  information encryption45.  It  is  worth noting
that  with  the  increase  of u,  the  cross-phase  can  cause
splitting  in  the  spatial  distribution  of  |μ(ρ,–ρ)|,  and  the
concentric  dark  ring  distribution  will  gradually  evolve
into  the  distribution  with  multiple  isolated  dark  rings.
The number of  isolated dark rings  (N1=1,  2,  3  and 4)  is
equal to the magnitude of the carried topological charge
(|l|=1, 2, 3 and 4) [see Fig. 2(a3), 2(b3), 2(c3) and 2(d3)].
The sign  of  topological  charge  is  determined  by  the  ar-
rangement  direction  of  separated  dark  rings46. The  ver-
tical  direction  indicates  that  the  topological  charge  is
positive  and  the  horizontal  direction  indicates  that  the
topological charge is negative.

Above  splitting  property  can  be  explained  by  the
pseudo-mode  superposition  principle47 and  cross-phase
induced mode conversion37. Figure 3 shows the schemat-
ic  diagram  of  the  pseudo-mode  superposition  principle
and  cross-phase  induced  coherence  structure  splitting.
The cross-spectral  density function given by Eq.  (6) can
be  constructed  from  a  certain  number  of  individual
Laguerre  Gaussian  mode  superpositions  with  different
mode  weight  [see Fig. 3(a),  here  we  take K=400  sub-
modes], and more details  could be found in the supple-
mentary material. Either free space or a turbulent atmo-
sphere is a linear space, therefore, the propagation prop-
erties of a PCLG beam can be viewed as the result of the
superposition of  sub-pseudo-modes  propagated  separ-
ately (the analytical expression for the propagation of in-
dividual  pseudo-mode  is  shown  in  the  Supplement).
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Following  ref.37,  the  fully  coherent  Laguerre  Gaussian
mode  gradually  evolute  into  Hermitian  Gaussian  mode
with  the  help  of  the  cross-phase.  Therefore,  we  can  see
from Fig. 3(a) and Fig. 3(b) that each individual Laguerre
Gaussian  mode  with  doughnut-shaped  distribution  in
the source plane splits  on propagation due to the cross-
phase,  and  finally  present  the  Hermitian  Gaussian-like
patterns at the focal plane. Further, the number of main
lobe spots obeys N2 = |l|+1 (here l=1). It is worth noting
that  the  light  intensity  distribution  of  each  sub-mode  is
basically the same except the position and mode weight,
and the total light intensity of the superimposed compos-
ite  light  field  is  also  consistent  with  the  light  intensity
distribution  of  the  sub-modes  [see Fig. 3(b) and Fig.
3(c)].  Similarly,  the  spatial  distribution  of  |μ(ρ, –ρ)|  of
the  superimposed  synthetic  light  field  (i.e.,  a  PCLG
beam) also  maintains  the  Hermitian  Gaussian-like  pro-
file. For example, in Fig. 3(d), there are obvious two (i.e.,
l+1) main lobes (see the part marked by the green line),
and  an  isolated  dark  ring  structure  is  formed  between
each  of  the  two  main  lobes.  The  splitting  of  individual
Laguerre Gaussian mode is the formation mechanism of
dark ring structure. Therefore, due to the cross-phase, we
can  see  that  the  spatial  distribution  of  |μ(ρ,–ρ)|  of  a
PCLG beam with larger topological charge will gradually
evolve  into  the  distribution  with  multiple  isolated  dark
rings [see Fig. 2(b3), 2(c3) and 2(d3)].
 

a

K=1 K=2 K=3 K=400

K=1 K=2 K=3 K=400

Source plane

Focal plane
d

c

b

Fig. 3 | The schematic  diagram  of  the  pseudo-mode  superposi-
tion principle and cross-phase induced spatial-coherence struc-
ture  splitting. (a)  The  intensity  distribution  of  each  individual

Laguerre Gaussian sub-mode embedded with cross-phase for u=12

mm−2 and l=1  in  the  source  plane.  (b)  The  intensity  distribution  of

each individual Laguerre Gaussian sub-mode embedded with cross-

phase for u=12 mm−2 and l=1 in the focal plane. (c) The average in-

tensity  of  a  partially  coherent  Laguerre  Gaussian  beam  embedded

with cross-phase for u=12 mm−2 and l=1 in the focal  plane.  (d)  The

distribution of modulus of the degree of coherence of a partially co-

herent  Laguerre  Gaussian  beam  embedded  with  cross-phase  for

u=12 mm−2 and l=1 in the focal plane. The green line is used to mark

the main lobe structure.
 

By comparing  the  first  and  third  columns,  it  is  obvi-
ous  that  the  distribution  embedded  with  cross-phase  is
more intuitive  and  recognizable  for  measuring  topolo-
gical charge than that without cross-phase, especially for
the  case  of  beams  carrying  higher  topological  charge
(e.g., l=4). As u further increases, the isolated dark rings
gradually  get  smaller  [see Fig. 2(a4), 2(b4), 2(c4) and
2(d4)]. This is due to the beam splitting and self-disper-
sion  properties  induced  by  the  cross-phase.  It  is  worth
noting that this splitting property holds for different co-
herence  conditions.  The  lower  the  coherence,  the  larger
the value of u required. Therefore, this also reveals to us
a new phase coupling effect, namely: cross-phase enables
the  separation  of  the  coherent  singularities  induced  by
the vortex phase, and this cross-phase based splitting ef-
fect opens the door for efficient measurement of the to-
pological charge in partially coherent vortex beams.

 Robust measurement of the topological
charge of a PCLG beam under amplitude
perturbation and phase perturbation
In  this  section,  we  will  investigate  the  spatial-coherence
structure of  a  PCLG  beam  under  amplitude/phase  per-
turbation  and  display  the  anti-amplitude/anti-phase
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l=
1

l=
2

l=
3

l=
4

a2 a3 a4

b1 b2 b3 b4

c1 c2 c3 c4

d1 d2 d3 d4

Fig. 2 | The evolution  for  the  modulus  of  the  degree  of  coher-
ence  of  a  partially  coherent  Laguerre  Gaussian  beam  carrying
different topological  charges  in  the  focal  plane  versus  the  val-
ues of u.
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disturbance  characteristics  of  the  spatial-coherence
structure with the help of the cross-phase.

We  first  place  the  obstacles  with  occlusion  angle α=
π/3 and α= π/2 in the source plane of a PCLG beam and
investigate  the  corresponding  spatial  distribution  of
|μ(ρ,–ρ)| of a PCLG beam in the output plane. We calcu-
late  in Fig. 4(a1–a4) and 4(b1–b4) the spatial  distribu-
tion of |μ(ρ,–ρ)| of a PCLG beam without cross-phase in
the focal plane when the obstacle is placed in the source
plane.  One finds that in the absence of cross-phase (i.e.,
u=0  mm−2),  the  spatial  distribution  of  |μ(ρ,–ρ)|  of  a
PCLG beam in the focal plane is severely damaged when
it  is  partially  blocked  by  an  obstacle  at  the  light  source,
implying a  large  loss  of  information  carried  by  the  spa-
tial  distribution  of  |μ(ρ,–ρ)|.  Specifically,  compared  to
the case when the obstacle is removed in the first column
of Fig. 2 (i.e., α=0), the  occlusion  due  to  obstacles  des-
troys the  original  concentric  dark  ring  structure,  result-
ing  in  the  discontinuity  of  the  dark  rings.  Especially  for
the case with higher topological charge, the spatial distri-
bution of |μ(ρ,–ρ)| will eventually show speckle distribu-
tion characteristics [Fig. 4(a4, b4)], which makes it  diffi-
cult or  even impossible  to extract  topological  charge in-
formation from the spatial distribution of |μ(ρ,–ρ)|.
 
 

a1 0.12 mm 0.12 mm 0.12 mm 0.12 mm

α=π/3 α=π/3 α=π/3 α=π/3

a2 a3 a4

b1 0.12 mm 0.12 mm 0.12 mm 0.12 mm

α=π/2 α=π/2 α=π/2 α=π/2

b2 b3 b4

l=1 l=2 l=3 l=4

Fig. 4 | The distributions of modulus of the degree of coherence
of  partially  coherent  Laguerre  Gaussian  beams  without  cross-
phase in  the  focal  plane  when  obstacles  with  different  occlu-
sion angles α are placed in the source plane. The illustrations in

the lower right corner represents the corresponding intensity distribu-

tion  in  the  source  plane  when  obstacles  with  different  occlusion

angles α are placed in the source plane.
 

To be able to identify the topological charge under the
disturbance  of  the  amplitude  type  obstacle  above,  we
coupled  the  cross-phase  into  a  PCLG  beam. Figure 5
shows the  effect  of  the  cross-phase  on the  spatial  distri-
bution of |μ(ρ, –ρ)| under the amplitude perturbation. By
comparing Fig. 2 [Figs 2(a3), 2(b3), 2(c3) and 2(d3)] and
Fig. 5, it can be readily seen that with the introduction of

a cross-phase, the spatial distribution of |μ(ρ, –ρ)| in the
presence  of  the  obstacle  basically  maintains  the  original
characteristic distribution without the obstacle, i.e.,  pos-
sessing a set of distinct and separated dark rings equal in
number  to  the  magnitude  of  the  topological  charge.  By
comparing  the  results  in Fig. 5 with  the  distributions
arising from severe damage by obstacles, as shown in Fig.
4, shows that the cross-phase endows a PCLG beam with
a certain ability to resist amplitude perturbation. On the
one  hand,  this  is  because  in  such  cases,  the  obstacle
transmittance  area  is  larger  than  the  spatial-coherence
area  of  the  partially  coherent  vortex  source  (approxim-
ately 1 mm2), obeying the condition for beam self-recon-
struction16,31. On the other hand, this is because the split-
ting  of  the  light  intensity  caused  by  cross-phase  makes
the  spot  larger  thereby  weakening  the  diffraction  effect
caused by  obstacles,  making  it  robust  against  the  ob-
struction  of  obstacles.  Thus,  by  modulating  the  cross-
phase,  the  topological  charge  of  the  partially  coherent
vortex  source  can  still  be  detected  in  case  of  amplitude
disturbance.
 
 

a1 0.28 mm 0.28 mm 0.28 mm 0.28 mm

α=π/3 α=π/3 α=π/3 α=π/3

a2 a3 a4

b1 0.28 mm 0.28 mm 0.28 mm 0.28 mm

α=π/2 α=π/2 α=π/2 α=π/2

b2 b3 b4

l=1 l=2 l=3 l=4

Fig. 5 | The distributions of modulus of the degree of coherence
of  partially  coherent  Laguerre  Gaussian  beams  with  cross-
phase (u=12 mm−2) in the focal plane when obstacles with differ-
ent occlusion angles α are placed in the source plane. The illus-

trations in the lower right corner represents the corresponding intens-

ity distributions in the source plane when obstacles with different oc-

clusion angles α are placed in the source plane.
 

To  further  reveal  the  effect  of  the  cross-phase  on  the
spatial-coherence structure, we show in Fig. 6 the spatial
distribution  of  |μ(ρ, –ρ)|  of  PCLG  beams  with  and
without cross-phase for different topological charges and
occlusion angles of the obstacle (i.e., α= 0, α= π/2) in the
presence of turbulence. The first row and the second row
of Fig. 6 show  the  spatial  distribution  of  |μ(ρ, –ρ)|  of
PCLG  beams  carrying  different  topological  charges
without  cross-phase  under  phase  perturbation  and  the
common  disturbance  of  phase  and  amplitude,
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C2
n = 3× 10−11 m−2/3

respectively. The structure constant for the turbulence is
chosen  as .  Compared  to  the  case
without phase perturbation in the first column of Fig. 2,
one finds that due to the influence of phase disturbance
(turbulence),  the  original  circular  symmetry  structure  is
obviously  distorted  in Fig. 6(a1–a4).  Furthermore,  we
found that under the joint intervention of amplitude dis-
turbance  (obstacle)  and  phase  disturbance  (turbulence),
the  spatial  distribution  of  |μ(ρ, –ρ)|  is  much  more
severely damaged [see Fig. 6(b1–b4)] than when they ex-
ist alone, making it impossible for us to obtain topologic-
al  charge information.  This  is  due to  the  complex effect
of obstacles and the turbulent atmosphere on the vortex
phase, which leads to the annihilation and generation of
coherent vortices,  destroying  the  concentric  ring  distri-
bution structure that can originally represent topological
charge information.

Fortunately,  after  we  additionally  introduce  a  cross-
phase,  it  can  be  seen  from Fig. 6(c1–d4) that  the  spatial
distribution of  |μ(ρ, –ρ)| still  maintains the original  dis-
tribution characteristics (i.e., the cases without perturba-
tions) even under the double perturbations of amplitude
and phase. Especially the structural distribution, used to
characterize  topological  charges,  is  still  clearly  visible
(i.e., N1=|l|). This is  because in such cases,  the improve-
ment  in  the  self-healing  ability  and  the  anti-diffraction
property of the beam source brought about by the cross-
phase  are  enough  to  resist  the  adverse  influence  of  the
annihilation and generation of coherent vortices. In oth-
er words,  cross-phase resists  the distortion and destruc-
tion  caused  by  occlusion  and  turbulence,  the  coherent
structure  can  still  be  stably  transmitted  to  the  far  field,
thereby  achieving  effective  measurement  of  topological
charges, even if the amplitude and phase are disturbed.

 Robust measurement of the topological
charge of a PCLG beam under amplitude
and phase perturbations: experimental
verification
In this section, we carry out a proof-of-principle experi-
ment to show the robust measurement of the topological
charge  in  the  far-field  transmission. Figure 7(a) shows
the experimental setup for generating a PCLG beam car-
rying a cross-phase with different values of u and meas-
uring its distribution of modulus of the degree of coher-
ence in a complex environmental path. A coherent beam
emitted by a He-Ne laser at a wavelength of λ = 632.8 nm
passes through a neutral density filter and a linear polar-
izer and is then focused by a lens L1 (f1 = 250 mm) onto a
rotating  ground  glass  disk.  Based  on  the  van
Cittert–Zernike theorem, the generated incoherent beam
becomes  a  Gaussian  Schell-model  beam  after  passing
through a collimation lens L2 (f2 = 250 mm) and a Gaus-
sian amplitude filter48.  Then this beam arrives at a beam
splitter.  The  transmitted  beam  goes  towards  the  spatial
light  modulator,  which  acts  as  a  phase  grating,  to  load
the required amplitude and phase information designed
by the  method of  computer-generated holograms46.  The
modulated beam passes through a 4-f optical system con-
sisting of lenses L3 and L4 (f3 = f4 =250 mm) to select the
+1st order with the help of the circular aperture. The rear
focal  plane  of L4 is  regarded  as  the  source  plane  of  the
generated  PCLG  beam  carrying  the  cross-phase.  The
generated beam passes through a sector shaped obstacle
and  a  thin  lens L5 (f5 =  400  mm)  and  then  arrives  at  a
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Fig. 6 | (a1–a4) The distributions of modulus of the degree of coher-

ence of  partially  coherent  Laguerre  Gaussian  beams without  cross-

phase in the focal plane in the presence of turbulence. (b1–b4) The

distributions of  modulus  of  the  degree of  coherence partially  coher-

ent Laguerre Gaussian beams without cross-phase in the focal plane

in the presence of an obstacle with occlusion angle α=π/2 and turbu-

lence.  (c1–c4) The distributions of  modulus of  the degree of  coher-

ence  of  partially  coherent  Laguerre  Gaussian  beams  with  cross-

phase in the focal plane in the presence of turbulence. (d1–d4) The

distributions of  modulus  of  the  degree  of  coherence  of  partially  co-

herent Laguerre Gaussian beams with cross-phase in the focal plane

in the presence of an obstacle with occlusion angle α=π/2 and turbu-

lence. The  illustrations  in  the  lower  right  corner  represents  the  cor-

responding  intensity  distributions  in  the  source  plane  obstructed  by

obstacles with different occlusion angles α.
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charge  coupled  device  located  in  the  focal  plane  of L5,
which is used to measure the distribution of modulus of
the  degree  of  coherence32.  Here  the  sector  shaped
obstacle is used to realize the amplitude perturbation. In
addition, to study the influence of turbulence, a hot plate
with a length of 300 mm along the transmission path will
be  placed  between  the  source  plane  and L530.  The  hot
plate controls the strength of the turbulence by adjusting
its temperature  setting.  According  to  the  protocol  de-
scribed by Vallone et al.49, we have measured the refract-
ive index  structure  constant  and  beam  wander  corres-
ponding  to  different  hot  plate  temperatures  under  the
current experimental configuration. The quantitative re-
lationship  between  the  strength  of  turbulence  and  hot
plate  temperature  has  been  given  in Fig. 7(b). The  res-
ults  show  that  the  higher  the  temperature,  the  stronger
the turbulence  generated,  that  is,  the  corresponding  at-
mospheric  refractive  index  structure  constant  and
beam wander  are larger.

In the experiment, obstacles with different central oc-
clusion angles α are placed in the source plane of a PCLG
beam carrying a cross-phase for u=12 mm−2. The experi-
mental results  for  the  modulus  of  the  degree  of  coher-
ence |μ(ρ, –ρ)| in the focal plane for different values of α
and  topological  charges  are  presented  in Fig. 8.  The
beam parameters  set  in  the  experiment  are ω=σ=1 mm,
p=0, l=1,  2,  3,  4.  One  finds  from Fig. 8 that our  experi-
mental results  agree  well  with  our  theoretical  predic-
tions in Fig. 2 and Fig. 5, i.e., when the spatial-coherence
area is smaller than the obstacle transmittance area, due
to  the  effect  of  the  cross-phase,  the  distribution  of  |μ(ρ,
–ρ)| always possesses a set of distinct and separated dark

rings equal in number to the magnitude of the topologic-
al  charge,  regardless  of  occlusion.  The  results  indicate
that  the  cross-phase  makes  that  the  spatial-coherence
structure of a partially coherent vortex beam can indeed
be used for transmitting the topological charge informa-
tion in the transmission link with obstacles.
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Fig. 8 | The  experimental  results  for  the  modulus  of  the  degree
of  coherence  of  a  partially  coherent  Laguerre  Gaussian  beam
carrying a cross-phase for u=12 mm−2 in the focal plane. (a1–a4)

The  experimental  results  for  the  cases  with  different  topological

charges l when the obstacle is  removed.  (b1–b4)  The experimental

results  for  the  cases  with  different  topological  charges l when  the

obstacle  with  occlusion  angle α=π/3  is  placed  in  the  source  plane.

(c1–c4) The experimental results for the cases with different topolo-

gical  charges l when  the  obstacle  with  occlusion  angle α=π/2  is

placed in the source plane.
 

To further verify the robustness of its transmission, we
also conducted corresponding experiments under turbu-
lence  perturbation. Figure 9 presents  the  experimental
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Fig. 7 | (a) Experiment setup for the generation of a partially coherent Laguerre Gaussian beam with a controllable cross-phase and the meas-

urement of the distribution of modulus of the degree of coherence of this beam, when obstructed by an obstacle in the far field propagation in free

space (without  hot  plate)  as well  as in  a turbulent  atmosphere (with hot  plate).  Laser,  a He-Ne laser  with wavelength 632.8 nm; NDF, neutral

density filter; LP, linear polarizer; RGGD, rotating ground glass disk; L1, L2, L3, L4, L5, thin lenses; GAF, Gaussian amplitude filter; BS, beam split-

ter; SLM, spatial light modulator; CA, circular aperture; SP, source plane; HP, hot plate; CCD, charge-coupled device. (b) Measured atmospheric

refractive index structure constant  and beam wander through the turbulence cell as a function of the control temperature of the hot plate.
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results  for  the  distribution  of  modulus  of  the  degree  of
coherence of a PCLG beam, carrying a cross-phase with
u=12  mm−2,  obstructed  by  an  obstacle  with  occlusion
angle α in  the  presence  of  turbulence  with  temperature
T=50 °C in the focal plane for different values of α and l.
The experimental results are consistent with our predic-
tion that the spatial-coherence structure can stably trans-
mit and  retain  topological  charge  information,  regard-
less  of  the  presence  of  atmospheric  turbulence  and
obstacles  in  the  transmission  link.  This  also  proves  that
in such cases, the self-healing ability and anti-diffraction
properties  conferred  by  the  cross-phase  are  indeed
enough  to  help  spatial-coherence  structure  resist  the
negative effects  induced  by  obstacles  and  turbulent  at-
mosphere. Afterwards,  we  examine  the  effect  of  turbu-
lence  condition  on  the  measurements  by  adjusting  the
hot  plate  temperature,  and  the  experimental  results  are
shown in Fig. 10. It is found that in all cases, the topolo-
gical charge  can  be  recognized  well  and  the  measure-
ment  accuracy  is  robust  within  100  °C.  This  indicates
that the cross-phase makes the modulus of the degree of
coherence a robust parameter for transmitting the topo-
logical charge/OAM  information.  In  addition,  the  con-
sistency of the measurement results under the above four

different  transmission  conditions  (in  free  space,  in  the
transmission  link  with  an  obstacle,  in  the  transmission
link with  a  turbulent  atmosphere  and  in  the  transmis-
sion link with both obstacle and a turbulent atmosphere)
illustrates the robustness of our scheme.
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Fig. 10 | Experimental  results  for  the  effect  of  the  temperature

on the modulus of the degree of coherence of a partially coher-

ent Laguerre Gaussian beam carrying a cross-phase for l=2 and

u=12 mm−2 in the focal plane. (a1–a3) The experimental results for

the  cases  in  the  presence  of  turbulence  with  temperature T=75  °C

when  obstacles  with  different  occlusion  angles α are  placed  in  the

source plane. (b1–b3) The experimental results for the cases in the

presence  of  turbulence  with  temperature T=100  °C  when  obstacles

with different occlusion angles α are placed in the source plane.
 

 Conclusions
In  summary,  we  have  presented,  with  the  help  of  the
cross-phase,  a  robust  protocol  that  significantly  reduces
the requirements for the pertinent transmission environ-
ment  for  a  measurement  of  the  topological  charge  of  a
partially coherent  Laguerre  Gaussian  beam.  Measure-
ments of the number of dark rings in the modulus of the
degree of coherence are conducted to characterize the to-
pological  charge  of  the  generated  partially  coherent
Laguerre  Gaussian  beam.  The  results  revealed  that  the
magnitude of the topological charge is equal to the num-
ber  of  isolated  dark  rings.  Furthermore,  we  found  that
the introduction of a cross-phase enables the topological
charge of a partially coherent Laguerre Gaussian beam to
be  detected  in  different  perturbing  environments  (e.g.,
obstacles occlusion, atmospheric turbulence disturbance,
or even both),  which greatly improves the robustness of
the  measurement.  The  experimental  results  agree  well
with  the  theoretical  predictions.  Our  results  provide  a
convenient way to detect the topological charge of a par-
tially  coherent  vortex  beam  under  amplitude  and  phase
perturbations and hopefully will  pave the way to optical
communication in complicated natural environments.

 

a1 0.24 mm 0.24 mm 0.24 mm 0.24 mm

α=0π

T
=

5
0
 °

C
T

=
5
0
 °

C
T

=
5

0
 °

C

α=0π α=0π α=0π

a2 a3 a4

b1 0.24 mm 0.24 mm 0.24 mm 0.24 mm

α=π/3 α=π/3 α=π/3 α=π/3

b2 b3 b4

c1 0.24 mm 0.24 mm 0.24 mm 0.24 mm

α=π/2 α=π/2 α=π/2 α=π/2

c2 c3 c4

l=1 l=2 l=3 l=4

Fig. 9 | Experimental  results  for  the  effect  of  the  obstacle  and
turbulence on the modulus of the degree of coherence of a par-
tially coherent Laguerre Gaussian beam carrying a cross-phase
in the focal plane for u=12 mm−2. (a1–a4) The experimental results

for the cases in the presence of turbulence with temperature T=50 °C

when the obstacle is removed. (b1–b4) The experimental results for

the  cases  in  the  presence  of  turbulence  with  temperature T=50  °C

when the obstacle with occlusion angle α=π/3 is placed in the source

plane.  (c1–c4) The  experimental  results  for  the  cases  in  the  pres-

ence of turbulence with temperature T=50 °C when the obstacle with

occlusion angle α=π/2 is placed in the source plane.
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