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100 Hertz frame-rate switching three-
dimensional orbital angular momentum
multiplexing holography via cross convolution
Weijia Meng1,2, Yilin Hua1,2*, Ke Cheng1,2, Baoli Li1,2, Tingting Liu1,2,
Qinyu Chen1,2, Haitao Luan1,2, Min Gu1,2* and Xinyuan Fang1,2*

The orbital angular momentum (OAM) of light has been implemented as an information carrier in OAM holography. Holo-
graphic information can be multiplexed in theoretical unbounded OAM channels, promoting the applications of optically
addressable dynamic display and high-security optical encryption. However, the frame-rate of the dynamic extraction of
the information reconstruction process in OAM holography is physically determined by the switching speed of the incid-
ent OAM states, which is currently below 30 Hz limited by refreshing rate of the phase-modulation spatial light modulator
(SLM). Here, based on a cross convolution with the spatial frequency of the OAM-multiplexing hologram, the spatial fre-
quencies of  an elaborately-designed amplitude distribution,  namely  amplitude decoding key,  has been adopted for  the
extraction of three-dimensional holographic information encoded in a specific OAM information channel. We experiment-
ally  demonstrated a  dynamic  extraction frame rate  of  100 Hz from an OAM multiplexing hologram with  10 information
channels indicated by individual OAM values from –50 to 50. The new concept of cross convolution theorem can even
provide the potential of parallel reproduction and distribution of information encoded in many OAM channels at various
positions which boosts the capacity of information processing far beyond the traditional decoding methods. Thus, our res-
ults provide a holographic paradigm for high-speed 3D information processing, paving an unprecedented way to achieve
the high-capacity short-range optical communication system.
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 Introduction
Holography provides  a  method  to  record  and  recon-
struct  both  phase  and  amplitude  of  objects,  which  has
achieved great success in various areas of data storage1−4,
three-dimensional  display5,6,7 and  microcopy8−10,  etc.
Various  physical  dimension,  such  as  time11,
polarization12−16,  wavelength17 and spatial  or  angle  posi-

tion18,19,  has been employed as independent information
channels20,21.  Such  optically  multiplexing  holography
supports high-capacity  holographic  information  pro-
cessing which  can  find  applications  in  optical  encryp-
tion22,  color  display23 and  dynamic  display24.  Among
these applications, information channels play significant
roles. For instance, safety performance in encryption and 
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frame numbers  in  holographic  display  can  be  both  im-
proved by  increasing  the  information channels.  Abund-
ant  information  channels  in  the  holographic  display
could even support holographic video protocol.

To  meet  the  ever-increasing  demand  for  high-capa-
city optical  devices  in  both  classical  and  quantum  in-
formation optics, the theoretical unbounded physical di-
mension  of  the  orbital  angular  momentum  (OAM)25,26

has  been used for  optical  multiplexing27−30, optical  com-
munication31,32 and  quantum  communication33,34. Re-
cently,  OAM  has  been  implemented  as  an  information
carrier  in  holography,  resulting  in  the  concept  of  OAM
holography. In  OAM  holography,  the  holographic  in-
formation can only be reconstructed by the reconstruct-
ive beam with  a  specific  helical  phase  distribution.  Ow-
ing  to  the  high-dimensional  feature  of  the  OAM,  such
OAM  holography  has  attracted  enormous  interests  in
both linear holography35,36 and nonlinear holography37,38,
even  for  the  quantum  OAM  holography39.  Notably,  the
information  extraction  rate  from an  OAM multiplexing
hologram is a significant parameter, since the frame rate
of a dynamic holographic display and the code rate of a
holographic  encryption  system  are  both  dominated  by
this  parameter.  Currently,  the  information  extraction
rate  is  mainly  determined  by  the  dynamic  generation
methods of the reconstructive beam with a specific OAM
state.

Dynamically  generating  OAM carrying  beams  can  be
implemented  based  on  various  mechanisms:
mechanical40,  thermal41,  optical42,43 and  electrical44,  etc.
Traditional method for the information extraction is in-

exp (−ilφ)

exp (ilφ)

exp (−ilφ)

troducing  an  opposite  phase  term  of  to de-
code the information in a specific channel of a hologram
with  a  spiral  phase  term  of .  Therefore,  phase-
modulation spatial light modulators (SLMs) are the most
commonly used device to generate OAM carrying beams
for  information  retrieval.  However,  the  decoding  rate  is
limited to  below  30  Hz  determined  by  the  dynamic  re-
fresh rate  of  the device.  In fact,  this  information extrac-
tion  process  leads  to  a  convolution  result  between  the
vortex  phase  term  of  and  the  desired  images
in  the  spatial  frequency  domain35,36.  Here,  we  develop  a
cross convolution  theorem  in  the  spatial  frequency  do-
main  to  achieve  high-speed  information  extraction  in
OAM  holography.  We  design  an  amplitude  modulated
pattern  as  a  decoder,  which  is  defined  as  an  amplitude
decoding  key  (ADK).  In  the  spatial  frequency  domain,
convolution between  a  series  of  spatial  spectrum  com-
ponents of the ADK with the desired images takes place
in our scheme to achieve the information extraction. As
shown  in Fig. 1, the  OAM  multiplexing  Fourier  trans-
form hologram  (FTH)  is  encoded  with  ten  Arabic  nu-
merals ranging from 0 to 9 with different OAM charges
ranging from –50 to 50, respectively. The different color
refers to different  information channel  indicated by dif-
ferent OAM charge. Amplitude decoding keys are loaded
on the digital micro-mirror device (DMD) to retrieve the
information in these information channels. The lens near
the DMD realizes a Fourier transform for the product of
the hologram and the ADK, leading to a  cross  convolu-
tion  between  the  spatial  frequency  of  the  OAM-multi-
plexing hologram and the spatial frequencies of the ADK
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Fig. 1 | The schematical diagram of the high-frame-rate information extraction from an OAM multiplexing hologram. Ten images of the

Arabic numerals ranging from 0 to 9 are encoded with OAM charges ranging from –50 to 50. Different colors represent different information chan-

nels indicated by specific OAM charges. Amplitude decoding keys are loaded on the DMD sequentially with corresponding decoding OAM charge

for reproduction of the images. The lower right inset represents the time sequence for obtaining each image of the Arabic numeral by switching

on the corresponding decoding patterns on DMD. Acquisition of the first few significant digits of the value π is illustrated in this figure.
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and  reproduce  the  image.  By  rapidly  switching  patterns
(ADKs)  according  to  the  time  sequence  listed  on  the
lower right inset (color represents the corresponding in-
formation channel similarly), the imaging plane will  dy-
namically display a sequence of Arabic numerals. An in-
formation extraction  frame  rate  of  100  Hz  is  demon-
strated in our experiment for the transmission of the first
100 significant digits of the value  and the three-dimen-
sional display of an image is verified based on this cross
convolution theorem.  In  addition  to  the  high  informa-
tion  extraction  speed,  our  scheme  can  further  support
the reproduction of an image in any desired position cor-
responding to a certain spatial spectrum component and
parallel  reproduction of images in different positions by
employing multiple spatial spectrum components simul-
taneously, which greatly improves the flexibility and ca-
pacity of information processing in OAM holography.

 Theoretical principle of the cross
convolution theorem
The  feasibility  of  rapid  amplitude  modulation  provides
the  possibility  to  decode  the  information  in  each  OAM
channel  with  a  high  frame  rate.  Therefore,  design  of  a
specific amplitude distribution to serve as an ADK is the
key component of this method. Decoding of an OAM se-
lective  hologram  is  first  introduced  to  comprehend  the
physical principle of this method, as can be described in
Fig. 2(a). Generation of an OAM selective hologram is il-
lustrated  on  the  inset  map  above  the  hologram  in Fig.
2(a). The complex amplitude distribution of an OAM se-
lective optical digital hologram can be described as: 

H (x, y) =
M∑
u=1

M∑
v=1

O (u, v)exp [j2π (ux+ vy)]·exp
(
jlsnφ1

)
,

(1)
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Fig. 2 | The schematic diagram of the information extraction from an OAM selective hologram and an OAM multiplexing hologram via
cross convolution. (a) The principle of the cross convolution theorem for an OAM selective holography. For an OAM selective holography, the

image (here, a music symbol) is sampled, Fourier transformed and superposed with a specific helical phase to form an OAM selective hologram.

By applying corresponding ADK on the DMD, reproduction of the image can be displayed on the imaging plane. The ADK will result in a series of

images due to its spatial frequency distribution. But only when the cross convolution theorem holds, these images are separated clearly and an

exclusive image with basic Gaussian pixels will appear in a specific diffraction order. (b) The encoding and decoding process of OAM multiplex-

ing holography. For OAM multiplexing holography, various images (four letters of an alphabet) are encoded in a single hologram with four OAM

information channels indicated by OAM charge of –10, –5, 5 and 10. By applying the corresponding ADKs of these information channels, the im-

ages can be reconstructed.
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here  and  represent the  orthogonal  coordin-
ates  in  the  hologram  plane  and  the  image  plane  and

 is the target image.  is the topological charge of
the  encoding  OAM  mode  and  is  the  azimuth  in  the
polar coordinates.

ldm
θ

An ADK is loaded on the DMD to pertinently extract
information in  this  hologram.  The  amplitude  distribu-
tion pattern in the DMD can be considered as an inter-
ference  of  two  beams  of  light,  one  of  which  is  a  vortex
light  carrying  a  topological  charge  number ,  and  the
other is an oblique plane wave, which has an angle  with
respect  to  the z-axis  of  the  propagation  direction.  Since
the DMD  is  a  binary  amplitude  type  device,  its  opera-
tion function can be expressed as: 

a (ϕ) =
{

1, mod (ϕ, 2π) ⩽ π
0, others

, (2)

ϕ

ϕ = ldmφ1 − kxsinθ

where  is the angular position in polar coordinates, de-
pending  on  the  interference  result  of

45, as displayed on the top inset of the
DMD in Fig. 2(a). According to the Fourier series expan-
sion, it can be rewritten in another form: 

a (ϕ) =
+∞∑

b=−∞

Abexp (ibϕ) , (3)

Ab

here, b is  the  Fourier  expansion  order  of  the  amplitude
pattern  and  is  the  Fourier  expansion  coefficient,
which can be expressed as: 

Ab =
sin (bπ/2)

bπ
exp

(
− ibπ

2

)
. (4)

This  expansion results  in  a  series  of  spatial  frequency
distributions in the following imaging plane where many
diffraction orders appear.

circ (r1/R) ·H (x, y) · a (ϕ) r1 =
√
x2 + y2

When  the  incident  light  is  a  plane  wave  with  finite
aperture  described  by  a  circular  aperture  function  (R
stands for the radius), the light field at the near the rear
surface  of  the  DMD  has  a  form  of

,  where  repres-
ents the radial coordinate on the plane of incident light.
Therefore, the far field diffraction pattern at the imaging
plane of the last lens is: 

W (u, v) = c1 · F
[
H (x, y) · circ

( r1
R

)
· a (ϕ)

]
, (5)

c1 = exp (jkf) · exp (jku2/2f) · exp (jkv2/2f)/jλf

F
H (x, y) circ (r1/R) · a (ϕ)

where 
represents a constant term irrelevant to the integral  and

stands  for  Fourier  transform  operation.  The  Fourier
transform of  a  product  of  and 
can  be  expressed  as  a  convolution  between  two  spatial

spectrums of these two terms, as can be described as: 

W (u, v) = c1 · F [H (x, y)]⊗F
[
circ

( r1
R

)
· a (ϕ)

]
. (6)

circ (r1/R) exp (ilφ)
Vpp |l = circ (r1/R) exp (ilφ)

For the simplicity of the calculation results, we define
the  product  of  and  as

,  and  its  Fourier  expression
can be expressed as: 

F [Vpp |l ] = 2π(−j)lexp (ilφ) R2

(l+ 2) l!

(
kRr2
2f

)l

· 1F2

[
l+ 2
2

,
l+ 4
2

, l+ 1;−
(
kRr2
2f

)2
]

,

(7)

1F2where  represents the confluent hypergeometric func-
tion46,47.  The  final  far  field  distribution  in  the  imaging
plane can be calculated from the above expression with a
form of: 

W (u, v) =
+∞∑

b=−∞

Ab · c1 ·
M∑
u=1

M∑
v=1

O
(
u+

bksinθ
2π

, v
)

⊗F (Vpp |lsn+bldm ) . (8)

Except for the constant part that will not affect the res-
ults, we can clearly see that the straightforward convolu-
tion result in Eq. (6) has been developed to a cross con-
volution48 result,  that  is,  the light  field is  composed of  a
cross convolution of the confluent hypergeometric func-
tion with the target image. This cross convolution result
originates  from  the  spatial  frequency  of  the  hologram
and the spatial frequencies of the ADK, which are expan-
ded as a series of diffraction orders according to Eq. (3).

ldm

exp
[
i (lsn + bldm)φ2

]
O (u+ bksinθ/2π, v)

From this result,  two critical  issues emerge as the key
to the success  of  our protocol,  which is  defined as  cross
convolution theorem.  The  first  issue  is  OAM sensitivity
for the reproduction of  the image.  We can find that  the
appearance of the image is related both by the spatial fre-
quency  distribution  (the  diffraction  orders  displayed  in
the imaging plane) and the OAM charge of . The con-
fluent  hypergeometric  function  and  the

 term, commonly depend the recon-
structed  pixels  feature,  and  the  term  of

 depends  displaced  images  which
are  introduced  by  spatial  frequency  distribution  of  the
ADK according to the Eq. (8).

We can  intuitively  deduce  the  OAM selection  rule  of
this protocol from Eq. (8) with a form of: 

lsn = −bldm . (9)
It indicates that only the encoding OAM value and the
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decoding OAM charge satisfy the above relationship can
we  obtain  a  clear  image,  in  which  each  reconstructed
pixel features the basic Gaussian mode dictated by a sol-
id-spot  intensity  distribution,  as  can  also  be  seen  from
the  imaging  results  on Fig. 2(a).  If  the  OAM  selection
rule is  not  satisfied,  each  pixel  of  the  reconstructed  im-
age  has  an  intensity  distribution  of  doughnut  type  (as
can be  seen  on  the  other  diffraction  orders  of  the  ima-
ging  results  in Fig. 2(a),  the  detailed  discussion  of  the
results  with the mismatched decoding OAM charge can
be  found  in  Supplementary  information).  The  energy
distribution of the displaced images is determined by the
Fourier  expansion  coefficient  of  the  diffraction  orders.
For a high-quality holographic display,  concentration of
the most energy to a specific diffraction order should be
implemented  by  the  designing  of  the  Fourier  expansion
coefficient of the ADK.

d2

d1

d1 = 1/p
d2 = ksinθ/2π p

sinθ > λ/p

Since  the  image  appears  periodically  in  the  imaging
plane, the second issue is to prevent the overlap of these
images.  In  the  spatial  frequency  domain,  represents
the frequency spacing of the adjacent images, and  rep-
resents the frequency bandwidth of the hologram, as can
be found in Fig. 2(a). We can calculate that  and

,  where  represents  the  minimum  pixel-
cell size  of  the  hologram.  The minimum frequency spa-
cing should exceed the frequency bandwidth of the holo-
gram, so we can derive an equation  that en-
sures the  separability  of  those  images  from  this  minim-
um spatial frequency condition. The OAM selection rule
and  the  minimum  spatial  frequency  condition  together
constitute the two basic prerequisites of the cross convo-
lution theorem, which lead to a clear image displayed in
a specific location.

b = 1

The cross  convolution  theorem  can  be  naturally  ap-
plied  to  an  OAM multiplexing  holography to  extremely
enhance the information extraction speed than the previ-
ous method.  Multiple  corresponding ADKs for  each in-
dividual information channel are designed and switched
to realize this function. As can be illustrated in Fig. 2(b),
for each of the four letters, the OAM selective hologram
was numerically engineered with different OAM charges
of  –10，–5，5，10, respectively,  and then directly  su-
perimposed resulting  in  an  OAM-multiplexing  holo-
gram (the details of generation of an OAM multiplexing
hologram can  be  found  in  the  Supplementary  informa-
tion).  By  dynamically  switching  four  elaborately-de-
signed ADKs with the decoding OAM charge of 10, 5, –5
and –10, one can successfully extract the information at
the  first  diffraction  order  ( ),  which  satisfies  the

cross convolution theorem. The information acquisition
speed  can  be  as  high  as  kilohertz  with  the  switching
speed of the ADKs by using the DMD.

 Experimental results of three-dimensional and high-
frame-rate OAM holography

ls = 1
zi

The experimental setup for high-frame-rate information
retrieval  from  an  OAM  selective  hologram  is  illustrated
in Fig. 3(a) according  to  the  schematic  diagram  of Fig.
2(a).  We  start  with  a  reproduction  of  the  three-dimen-
sional (3D) image of “IPC” (the abbreviation of the Insti-
tute of  Photonic  Chip)  using  the  OAM  selective  holo-
graphy.  To  implement  a  three-dimensional  holographic
display, several two-dimensional images that describe the
shapes of the different cross sections of a 3D image must
be projected to  a  series  of  planes  and they should be  all
encoded  in  a  single  hologram.  As  demonstrated  in  the
ref.49, the Fourier transform hologram of these individu-
al  images  of  the  letter  “I ”,  “P ”  and  “C ”  are  first  per-
shaped with  a  parabolic  phase  and then encoded with  a
same  OAM  charge  ( ),  which  can  ensure  that  the
three  images  only  reappear  at  each  independent  co-
ordinate  clearly  through  Fresnel  holography  with  the
correct OAM selection rule. Therefore, the hologram has
a form of: 

Hn (x, y) =
3∑

n=1

{
M∑
u=1

M∑
v=1

On (u, v) exp [j2π (ux+ vy)]

· exp (jlsφ)

}
· exp

[
−j

π
λzn

(x2 + y2)
]
,

(10)
On (u, v)

zn

ldm = −1
b = 1

where  stands for  three  complex  amplitude dis-
tributions  of  the  three  images  and  is  the  position
where the image is projected at. The hologram is loaded
in  the  SLM  and  is  illuminated  by  a  CW-laser  with  a
wavelength  of  532  nm.  The  lens  F1,  F2 and pinhole  be-
fore the SLM constitute the collimation and filtering sys-
tem that filters the undesirable modes and provides a fi-
nite aperture of the light field. The ADK is loaded on the
DMD with a  decoding OAM charge  of  and to
match the most diffraction energy at . The SLM and
the  DMD  are  both  reflective  devices  so  that  two  beam
splitters (BSs) combine these two devices to the main op-
tical path. The lens F3 and F4 for a 4f system so that the
hologram and the ADK meet the accurate imaging rela-
tionship. The last lens F5 is a Fourier transform lens and
the CCD is used to display the reconstructed image.

Different from  the  Fourier  holography,  Fresnel  holo-
graphy  can  operate  at  virtually  any  distance  but  the
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wavefront  of  this  type  of  hologram  will  become  locally
flat  at  a  specific  distance  determined  by  the  parabolic
phase encoded. It can be described as following:
 

W (u, v, zi) = c2 · F
{
Hn (x, y) · circ

( r1
R

)
· a (ϕ)

·exp
[
j
π
λzi

(x2 + y2)
]}

. (11)

zi
c2 = exp (jkzi) · exp (jku2/2zi) ·

exp (jkv2/2zi) /jλzi
zi = zn

where  is any distance between arbitrary imaging plane
with  the  lens  F5 and 

 represents  a  constant  term.  We  can
find  that  only  when ,  the  parabolic  phase  can  be
compensated and we can obtain a similar result as that of
the theoretical model. A huge noisy term appears on the
image  in  other  positions  which  makes  the  image  drawn
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Fig. 3 | Three-dimensional  holography  based  on  the  cross  convolution  theorem. (a) The  experimental  setup  of  three-dimensional  holo-

graphy with an OAM selective hologram via cross convolution. Three images of the letter “I”, “P” and “C” with different z coordinates form a 3D

image. They are first per-shaped with different parabolic phases and then encoded with a same OAM charge (ls = 1) in an OAM selective holo-

gram. The lens F1, F2 and pinhole before the SLM constitute the collimation and filtering system which provide a plane wave illumination of the

hologram with  a  finite  aperture.  The SLM and DMD are loaded with  OAM selective  hologram and corresponding ADK,  respectively.  They are

coupled to the main optical path through two beam splitters and they meet the accurate imaging relationship through the two lenses of F3 and F4.

CCD is moved to obtain the reconstructed images of the letters through the imaging lens of F5. (b) The simulation and experimental results of this

holographic 3D display based on cross convolution theorem.
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in the noise49. Therefore, by scanning the CCD in a spe-
cific position and following the cross convolution theor-
em,  the  three  letters  will  appear  in  three  positions  with
the z coordinates of 0.138 m, 0.2 m and 0.262 m, respect-
ively. The experimental results are completely consistent
with  the  simulation  results  which  can  be  found  in Fig.
3(a) and Fig. 3(b),  leading  to  a  holographic  display  of  a
3D  image.  In  fact,  our  scheme  can  be  extended  to  the
realization  of  the  reproduction  of  a  more  complex  3D
object with continuous z profiles by combining plenty of
two-dimensional images in an OAM selective hologram.
However, the  crosstalk  between  the  reconstructed  im-
ages  may  reduce  the  imaging  quality  (the  details  of  the
discussion  on  the  realization  of  OAM  holography  of
a  real  3D  object  can  be  found  in  Supplementary
information).

Due  to  the  high-frame-rate  switching  feature  of  the
ADKs, a high-speed information retrieval from an OAM
multiplexing hologram can be implemented. We take the

π

ldm = −lsn, b = 1

π

rapid retrieval of the first 100 significant digits of the  as
an example, which represents a fast information transfer
network  can  be  established  with  OAM  multiplexing
holography. Figure 4(a) is  the  OAM  multiplexing  FTHs
which encode 10 types of Arabic numerals ranging from
0 to 9 with different OAM charges ranging from –50 to
50. Choosing the OAM spacing of 10 to encode each im-
age of Arabic numeral can ensure the negligible crosstalk
and increase the signal to noise ratio for information re-
production (see the detailed discussion of the OAM spa-
cing  chosen  in  the  Supplementary  information).  The
CCD is fixed at the focal plane of the lens F5 so this is a
standard Fourier  holography.  All  of  the  ADKs  are  de-
signed to  concentrate  the  most  energy  on  their  first  or-
der. Therefore, by following the cross convolution theor-
em and switching the corresponding ADKs with the op-
posite  decoding  OAM  charge  ( )  with
correct  time sequence (as  illustrated in lower right  inset
of Fig. 1), the first 100 significant digits of the  appear at
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π
the CCD sequentially. The experimental result of obtain-
ing  the  first  a  few  significant  digits  of  is  displayed  in
Fig. 4(b).  The switching rate is  set  to 100 Hz so that the
100 significant digits can be transferred in a duration of
one second. Current switching rate in our experiment is
mainly  restricted  by  the  refresh  rate  of  the  CCD  rather
than  the  switching  speed  of  the  ADKs.  By  applying  the
ultra-high-speed camera  as  the  display  device,  the  in-
formation retrieval  frame  rate  can  be  enhanced  to  kilo-
hertz. Compared  to  the  maximum  decoding  rate  of  be-
low 30 Hz in OAM multiplexing holography35 which was
limited by the phase modulated SLM, two orders of mag-
nitude enhancing in decoding rate can be realized using
our protocol.

Fig. 4(c) indicates  the  signal  to  noise  ratio  (SNR)  for
each  Arabic  numeral  during  the  transmission.  We  can
see that  although different  information channel  has  dif-
ferent SNR in holography, identification of all  these Ar-
abic  numerals  is  still  possible  in  our  experiments. Fig.
4(d) displays  a  specific  numeral  “3”  we  obtained  in  the
experiment. We  can  find  that  an  undesirable  pixel  ap-
pears in the experimental result, while it is absent in the
simulation. This point is caused by the random phase ad-
ded on the FTH or the phase noise generated in the op-
tical path in practical experimental process. For example,
the phase linearity matching error of the SLM or the un-
evenness  of  the  SLM  liquid  crystal  reflective  surface
could  both  introduce  this  random  phase  added  on  the
FTH. It is proved by the simulation result when consid-
ering the  random phase  added on the  FTH,  since  it  has
similar results  as  that  of  the experiment.  By compensat-
ing the unwanted phase noise caused either by the SLM
or  the  devices  used  in  the  optical  path  could  eliminate
the effect and improve the imaging quality.

 Discussion

lsn = −bldm

ldm

A fascinating phenomenon of our protocol is that OAM
selection  rule  in  cross  convolution  theorem  is

,  leading  to  the  appearance  of  the  image
emerging  periodically  in  the  spatial  frequency  domain.
But only the correct value of b and  can ensure a per-
fect image composed of basic Gaussian pixels, so that op-
timization  of  the  spatial  frequency  distribution  of  the
ADK can improve the imaging efficiency in holography.
Thus, the energy can be concentrated on this correct spa-
tial  frequency position.  On the other hand, by adjusting
the  spatial  frequency  distribution  such  that  each  spatial
frequency position  occupies  a  considerable  energy,  re-

bldm lsn
ldm

lsn

production of  the  images  can  be  simultaneously  imple-
mented  at  different  positions  as  long  as  the  product  of

 is equal to the encoding OAM charge of . For one
switch that  is fixed, different b stands for different in-
formation  terminal  to  receive  information  encoded  in
different  OAM  channels  with  corresponding .  For  a
hologram with  plenty  of  information  channels,  switch-
ing the ADKs can even lead to the presentation of the re-
freshed  information  at  different  terminals.  It  provides  a
possibility to  parallelly  extract  and  distribute  informa-
tion encoded  in  many  OAM  channels  to  multiple  loca-
tions at one time with light in a short range, just like the
scenery described  by  the  wireless  communication  sys-
tem,  so  called  Lifi50.  In  this  way,  our  protocol  based  on
the cross convolution theorem can boost the capacity for
information processing which has the potential to be ex-
tended  to  other  applications  such  as  construction  of  a
high-capacity short-range  optical  communication  sys-
tem.  The  cross  convolution  protocol  has  better  to  be
slightly  adjusted  in  this  case  by  replacing  the  amplitude
decoding key to a similar phase decoding key which con-
tains the same spatial spectrums, i.e., employing a second
SLM to carry this phase decoding key. The advantage of
this operation is a huge improvement in diffraction effi-
ciency51,52 of  different  spatial  spectra  which  is  beneficial
to clear  display  of  multiple  images  simultaneously,  al-
though the refresh rate is reduced to tens of Hertz.

It is  worth mentioning that some advanced technolo-
gies  such  as  meta-holography53,54 and high-speed  ima-
ging will  further  improve  the  performance  of  our  pro-
tocol.  For example,  through involving a  metasurface for
recoding  OAM  multiplexing  hologram,  a  more  frame
number of images can be encoded and the spatial band-
width product of the transmitted images could be greatly
enhanced owing to its subwavelength resolution55,56, giv-
en  that  encoded  OAM  range  increases  directly  with  the
improvement of  the  resolution  (see  the  detailed  discus-
sion  in  the  Supplementary  information).  Moreover,  the
frame-rate of the information extraction in our system is
currently  limited  by  the  frame-rate  of  the  camera.
However, the recent progress in high-speed imaging us-
ing  various  high-performance  cameras  has  exceeded  a
frame rate of kilohertz57,58 which could match the switch-
ing frame-rate of the ADKs.

 Conclusions
In  summary,  a  high-frame-rate  dynamic  extraction  of
the  information  encoded  in  the  OAM  multiplexing
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hologram  is  demonstrated  using  a  novel  protocol  of
cross convolution. Based on the cross convolution theor-
em, an experimental reproduction of a 3D image is veri-
fied using  the  OAM  selective  holography,  and  the  in-
formation transfer of the first 100 significant digits of π is
demonstrated  with  a  frame-rate  of  100  Hz  using  OAM
multiplexing  holography.  Current  OAM  multiplexing
holography  based  on  cross  convolution  theorem  has
huge potential  to  further  improve  the  information  re-
trieval  frame-rate  by  introducing  high-speed  imaging
system.  Combination  of  the  advantage  of  high-speed
imaging  system  and  high  frame-number  meta-holo-
graphy technology with our protocol will lead to a high-
speed  transmission  of  massive  information  using  OAM
holography,  which  can  find  applications  ranging  from
dynamic display to short-range optical communication.
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