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1 Introduction

An optical or electrical vortex beam has a doughnut-shape intensity and a helical phase that
carries orbital angular momentum (OAM) per photon. The OAM value for such a beam is equal
to [, where [ is the OAM mode index and # is the reduced Planck constant.! Because the mode
index [ can be an unlimited integer value in theory and a beam carrying an OAM mode cannot be
created from a linear combination of beams carrying other OAM modes, OAM affords a new
physical dimension or a new degree of freedom for data transfer.”> For example, an enormous
information channel capacity can be achieved via OAM encoding, OAM modulation, and OAM
division multiplexing. In these applications, OAM beams are generated by techniques that use a
spiral phase plate, phase hologram, fiber-based devices, photonic integrated devices, and meta-
materials. The beams are loaded with multiple channels of information, mixed and transmitted
through a single physical channel. At the receiving end, they are demultiplexed and decoded to
restore the information by the same techniques used to generate them but in the opposite way.*
OAM modes must be known before designing and choosing OAM decoding/demultiplexing.
However, in many nonprotocol communication systems, OAM modes are generally unknown.
Therefore, it is a promising task to detect the modes of OAM multiplexing in the absence of prior
knowledge.

In the past decade, some methods have been proposed to indirectly detect OAM modes based
on first measuring the helical phase of the vortex beams and then identifying their topological
charge. For phase measuring methods, coherent diffraction imaging (CDI) is a convenient
method that does not need interferometry,'!! holographic grating,'>'* or other special designed
devices,'*! showing great scalability for phase recovering. In CDI, after an object is illuminated
by a light beam, the exiting light (either in reflection or transmission) is diffracted for a given
distance, producing a diffraction intensity pattern. Then, the complex field of the exiting light
can be solved using a computational phase retrieval algorithm with the constraint of diffraction
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intensity. Consequently, an outstanding algorithm named ptychographic interactive engine has
been proposed to overcome the inherent defects of CDI when only one diffraction pattern is
recorded; the model is known as coherent diffraction ptychographic imaging (CDPI).!*"'® In
CDPI, a thin-beam scans an object region by region, and two adjacent regions are partially over-
lapped. The far-field diffraction intensity patterns for the illuminated regions are then recorded.
Because the complex solution must be consistent with multiple intensity constraints under over-
lap illumination, the solution can be rapidly converged to the true solution. In Ref. 19, CDPI was
introduced to reconstruct the helical wavefront of a vortex beam using a pinhole (just as for a
probe with an aperture boundary and constant intensity) to scan the profile of a vortex beam.
A single OAM mode can be recognized from a helical wavefront image. Following the configu-
ration of CDPI, a multi-state ptychographic algorithm (MsPA) was proposed in which station-
ary mixed states of any origin, such as a multiwavelength beam”' and the dynamics of objects,
can be reconstructed. Consequently, Esashi et al.>* used this remarkable method to reconstruct
the wavefront of two OAM modes, which exist in a bichromatic vortex beam and are carried on
different wavelengths. However, in the iteration process of Ref. 23, the initial guess for the beam
should be given according to the prior knowledge for the mode index I. However, it is impossible
to know the OAM modes in practical applications. Recently, time-resolved imaging** demon-
strated that MsPA is suitable not only for spatial incoherent multiple states but also for temporal
incoherent multiple states. Wengrowicz et al.> used this method to reconstruct nine frames with
nine different helical phase distributions temporally superposed in a beam. However, the nine
OAMs still needed to be measured before the experiment to be used as an initial guess for the
probe beam in MsPA.

For practical communication applications, the OAMs for a vortex beam can be rapidly var-
ied according to the transmitted signal. Therefore, to design a phase reconstruction approach
for a time-varying vortex beam without any prior knowledge of its OAM modes is of great
significance. In this paper, CDPI with MsPA is introduced for wavefront reconstruction for
a time-varying multi-OAM vortex beam. To remove the requirement for the OAM-mode-
selective response of the illuminated object, we proposed a modified MsPA for the detection
of monochromic double OAM modes. A monochrome bi-OAM beam refers to a single-wave
coherent beam that contains two mutually incoherent OAMs. The mutual incoherence means
distinct modes will be preserved and no crosstalk occurs between them when they travel mixed.
It can be guaranteed by polarization multiplexing,” optical fiber guided mode multiplexing,**
wavelength division multiplexing,’ or time-division multiplexing.”> When this beam irradiates
an object, the object responds to individual OAM beams uniformly at the same time since a
single wavelength is used. The mutual incoherence of OAM beams makes the far-field dif-
fraction intensity of the exited field equal to the sum of the individual intensities obtained
from the production of each OAM by the object. Multiple intensity patterns are produced and
recorded when the beam scans the object with adjacent illuminated regions overlapping par-
tially. Then, a modified MsPA is performed to reconstruct the wavefront of each OAM mode,
with the object function as a known constraint. We found that two OAM modes in a multi-
plexing beam can be separated independently with high spatial accuracy, despite the modes
having a different amplitude modulation or time-varying helical phase. Simulated results show
that our proposed algorithm can recover the mode in a time-varying vortex beam, indicating
great robustness.

2 Principle of Multi-OAM Detection by MsPA

A schematic diagram for detecting multiple OAMs by CDPI is shown in Fig. 1. A monochro-
matic multi-OAM beam contains multiple optical vortexes with different helical phases in time
or space, which are themselves fully coherent but mutually incoherent.

A single typical vortex beam is expressed with polar coordinates (p,8) as follows:

P,(p.0) = A, exp(il,0), M

where P,, is the probe function of the n’th vortex beam and [, is the topological charge of the
helical phase or the mode index of the OAM. A,, is the amplitude of the beam, which can be a
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Fig. 1 Schematic diagram for the detection of multiple OAMs by CDPI: (a) diffraction intensity
production from a multi-OAM beam; (b) transverse scanning of an object by the beam.

typical ring-shape-like Laguerre—Gaussian beam or a 2D spatial varying amplitude distribution.
The beam is always bounded by an aperture, so there is a support region function when the
transmission area of the aperture is S.

1. s
S, (r) = { re @)

0, otherwise’

where r is the position vector transverse to the propagation direction.
The exit wave field generated after an object is illuminated by each vortex beam is written as

(/’mn(r):Sp(r)'Pn(r)'O(r_rm)7 3)

where O(r — r,,) is the object function at the transverse position r,,. For the purpose of beam
measurement, the reference object should have a geometrically simple structure and be free from
phase modulation.

A Fourier lens transforms the exit field to the spatial frequency domain at its back focal plane,
producing a Fourier spectrum that is proportional to the far-field diffraction of the exit field:

Won(v) = F{@un(r)}, @)

where F denotes the Fraunhofer propagation or a Fourier transform operator in a mathematical
computer, with the reciprocal coordinate ». Therefore, the diffraction intensity distribution
obtained at position 7,, for N mutually incoherent probes is expressed as follows:

N N
In(0) =D Bul®un (@) =Y BulFomu (D} Bu€[01], D B=1,
n=1 n=1

where 5, denotes the power ratio of the n’th probe to the total intensity of the beam.

The mixed beam stepwise translates on the object for M times, resulting in M intensity pat-
terns. Since the acquisition time for scanning ptychography is too long for real-time applications,
single-shot ptychography has been developed. This uses a microlens array to slit the probe into
a beam array, producing ptychographic intensity in a lattice fashion that is obtained in a single
camera exposure.'>*> However, in simulation, we still use the scanning method to obtain the
intensities.

The neighboring illuminated regions must overlap partially to ensure convergence for the
phase retrieval iteration, as shown in Fig. 1(b). This iteration seeks an exit field constricted
by the diffraction intensity patterns, support function boundary, and overlap object modulation.
In this iterative phase retrieval algorithm, an operation called “Fourier magnitude projection” is
executed, wherein a current exit wave estimate is modified by replacing its Fourier magnitude
with the square root of the measured intensity 7,,, while keeping the phase untouched. In MsPA,
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the exit field corresponding to each P, of the Fourier magnitude projection is modified as
follows:

V() = F {0 (0) - VI, (0)/V/ 1,0 }. ©)

where ¢,,, is an estimate of the exit field and ¢,,, is a refreshed estimate after substituting the
measured intensity I,

To upgrade and separate P, from ¢,,,, the relaxed averaged alternating reflections-algorithm
is used to calculate the descent of the gradient for convergence,’®*’ and the support region con-
straint in the space domain is applied simultaneously:

Prlz = Pn +’7p0*(r_ rm)/max|0(r— rm)‘z : [Sp : (z(plgﬂ’l _(pmn) _(plzm]’ (7)

where the parameter 7, is an empirical real number with a range of (0,1).
The procedure used for multi-OAM recovery via MsPA is demonstrated in Fig. 2. We list the
points that need special attention as follows:

1. There is no special setting for the initialization of P! at the beginning of the iteration.
A random complex matrix is the right choice.

2. The diffraction intensity from each P, should be calculated individually first; only after
that can the sum diffraction intensity be obtained. Then, the Fourier projection for each
P, can be performed.

3. There is a special ambiguity called mode degeneracy that occurs when two or more modes
have equal power; any linear combination of these modes is a possible solution.”® To avoid
this ambiguity, the power ratios for the probes to be retrieved are estimated to be a set of
random fractions, which are different from each other, have a sum of 1, and are refreshed at
every iteration.

4. Every P, is updated with the recorded pattern I, at the m’th scanned region and set as a
new estimate of the probe for the (m + 1)’th position. So before the (m + 1)’th projection
of the k’th iteration, each P, has been updated Mk + m times.

5. The iterative cycle is continued until a predefined number of iterations K are completed
or an error threshold is achieved. The mean relative error (RE), or the distance between

Algorithm outline

Input: the raw diffraction intensity patternsZ, (v)
Output: independent probes P, ()

i initialize A probe functions £/ (r)with random complex matrixes
for k=0:K (iteration times)

assign a set of random real values with a sum of 1 to estimated power ratios £,

for n=1: N (number of OAM modes)

calculate the exit field corresponding to the 7t/ probe at the mth position
P (1) =5, (r)- B (r)-O(r =,

2
3
4 for m=1:M (illumination times)
5
6

7 calculate its far-field diffraction “1",,,,,=F{¢,,,,,}
8 end .

get the incoherent sum intensity at /mth location 1, =Zﬂ” |‘P,,.., f
10 for n=1: N (number of OAM modes) "
11 multi-state Fourier projection for the nth probe ~ ¢,=F" {‘P,,,,,\/IT/\/IT}
12 update the guess of P***"* into P**™ for the next scanned position

B = P 4,0 (-1, ) fmax|0(r =1, | [, (20 = Pun) = P

i1 end
14 end
15 end

Fig. 2 Algorithm outline for multi-OAM reconstruction.
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the reconstructed diffraction intensity and the actual diffraction intensity at each iteration,
is calculated using Eq. (8):

!

I~ net Bl
Ek:_ m n=1 n mn 2. 8
Mﬂ; i ®)

3 Simulated Results

Some experiments are designed to test the ability of MsPA to detect OAM modes for different
types of OAM-based multiplexing. The first experiment tests for the independent reconstruction
of multiple stationary OAMs in OAM broad field modulation multiplexing. The second tests
the detection of multiple time-varying OAMs in OAM pulse modulation multiplexing. The third
experiment performs a synthesis reconstruction for a broad and time-varying multi-OAM beam
in an OAM broad field and pulse modulation multiplexing. The scalability of this approach in the
case of more than two modes needing to be detected is tested in the fourth experiment. And the
performance of the method under non-ideal conditions, involving the imbalance of signal chan-
nel, the diffraction intensity patterns polluted with noise, is commented in the final experiments.

3.1 OAM Broad Field Modulation Multiplexing

In this case, a helical phase is modulated by a spatially varying amplitude. Such multiple modu-
lated wave fields are incoherently combined together into a beam, propagating synchronously.
The wavefront of the beam is stationary at a certain distance. This modulation was employed for
OAM holography and image encryption.

The configuration in this simulation experiment is set as Fig. 1. The USAF1951 resolution
image with a normalized grayscale of [0, 1] shown in Fig. 1(b) is treated as a reference pure-
amplitude object to be scanned. For the simulation experiment, we generated two complex light
probes, with phases that are helixes with different topographical charges and amplitudes that are
grayscale images of the digital pattern (same as its topographical charge value). A modulation
function A,, for the n’th probe is a 2D real value array with a range of [0, 1]. The mixed beam
(two vortex probes are separated schematically) shown in Fig. 3(a) and the complex fields for the
wavefronts of the two probes are mapped as grayscale images in Fig. 3(b).

The diameter of the mixed vortex beam W is set to 100 pixels. The scanning pitch p is
25 pixels, which guarantees that the overlap ratio between two neighboring scanned regions
is 75%. The size of the reference object (512 x 512 pixels) is much larger than that of the beam,
so the probe illumination times, or the amount of diffraction intensity patterns, is M = 16 X 16.

First, we generate diffraction patterns by simulating the capture procedure of ptychography.
The basis of this operation is an assumption that the OAM modes are mutually incoherent for the
OAM multiplexing, which is applied in combination with time-division multiplexing;> this
proves an absence of interface among OAM modes. At one location, the mixed vortex beam
illuminates the object, and the diffraction intensity pattern is the incoherent sum of the far-field
diffraction intensity corresponding to each of the OAM probes multiplied by the object, as
Eq. (5) described, i.e., calculating the intensities of the two modes and summing them pixel
by pixel. The basis of this operation is an assumption that the OAM modes are mutually inco-
herent for the OAM multiplexing and should be applied in combination with other multiplexing
technologies,”™ which proves an absence of interface among OAM modes.

In the simulation and Fourier projection, the size of the diffraction calculation was chosen to
be 3 Wx3 W to avoid spectrum aliasing caused by the discrete Fourier transform.

Since these light probes carrying OAM modes are assumed to be equal, the real power ratios
B are all 0.5 in the generation of raw diffraction patterns I;, to ensure that the beam has a
normalized power.

Second, we reconstruct the probes via MsPA after 20 iterations. The results obtained are
shown in Fig. 3(c), with the initial guess for each probe being of a 2D random complex ampli-
tude field and the power ratios for them being 0.5. The first row and the third row are the recon-
structed complex light fields corresponding to / =9 OAM and [ = -9 OAM, respectively.
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Fig. 3 Experiment for detecting OAMs in broad field modulation multiplexing: (a) OAM broad field
modulation multiplexing; (b) complex fields for the original vortex probes; (c) reconstructed vortex
probes when the estimated power ratio of each probe is 0.5; and (d) reconstructed vortex probes
when the estimated power ratio of each probe is a random fraction refreshed periodically.

A reconstructed amplitude image is followed on the right by a curve of the correlation coefficient
(CC) between the original amplitude and the reconstructed amplitude, with the update times
(probes are updated at every Fourier projection, 16 X 16 x 20 = 5120 times). A phase distribu-
tion image in the profile is followed on the right by a line of the phase value along the azimuthal
angle at a certain radius. To the farthest right is the mean RE of the reconstructed diffraction
intensity patterns compared with the actual patterns with iterations.

The reconstructed results obtained by refreshing the power ratios of the probes as random
fractions at every iteration cycle are demonstrated in the same format in Fig. 3(d).

One can see from Fig. 3(c) that there is no independent reconstruction of the two OAM
modes. The amplitudes of / = 9 OAM and [/ = —9 OAM are superimposed onto the amplitude
of the other OAM and coupled with its phase. That is, a crosstalk between two OAM modes
presents in reconstructions. The crosstalk is considered to be caused by a solution ambiguity
called mode degeneracy, not from an interface between two modes since they are assumed
to be mutually incoherent. This is a typical ambiguity between two modes having equal power.
The phase spirals for OAMs are irregular and seriously deformed. The amplitudes in Fig. 3(d) are
perfectly recovered with weak background noise.

The CC curves in Fig. 3(d) are higher than that in Fig. 3(c) and are close to 1, which means
that the reconstructed amplitudes in Fig. 3(d) are identical to the original amplitudes. The lines
for the phase value along the azimuthal angle at a certain polar radius in Fig. 3(d) are straighter
and sharper than in Fig. 3(c) and show better agreement with the linear phase item exp(il,0).
These lines indicate that the reconstructed phases are regular helixes, which is of benefit for
topographic charge identity. Despite the RE curve in Fig. 3(d) being greater than that in Fig. 3(c),
it still shows an oscillatory convergence to a small value. A comparison of Figs. 3(c) and 3(d)
clearly indicates that, for the monochromic beam, MsPA can reconstruct the two OAM modes
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independently and the ambiguity between the two modes is broken by randomizing their esti-
mated power ratios at every iteration.

3.2 OAM Pulse Modulation Multiplexing

Another type of OAM division multiplexing that we also take into account is OAM pulse modu-
lation. In this case, a vortex beam is modulated by a string of binary signal pulses, so an OAM is
a symbol that is used to represent one bit or more (in an OAM mode coding technique). Multiple
information channels are built simultaneously in a physical channel and distinguished by
different OAM modes. The modulation function for the »n’th probe at one pulse is expressed
as follows:

p ‘lnl p2
A,=b,|— exp( ——5 | exp(jAd,), 9)
@ @

where o is the waist of the L_G beam and b,, is a bit value (1 or 0) modulating the probe P,,. The
exp(jAd,) term implies that the pulses start at a time with a random initial azimuthal angle AG,,.

We randomly generated two strings of binary pulses and used them to modulate two different
OMA probes, as shown in Fig. 4(a). Figure 4(b) shows the wavefronts for the two probes at one
pulse. It is worth noting that the helical phase will rotate to a random azimuthal angle at other
pulses. According to time-resolved imaging, an object is illustrated by a burst of pulses that is
much faster than the integration time of the sensor, and multiple frames are reconstructed from
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Fig. 4 Experiment for detecting OAMs in pulse modulation multiplexing: (a) OAM pulse modula-
tion multiplexing; (b) complex fields for OAM probes at one pulse; (c) reconstructed OAM modes
when the estimated power ratio of each mode is 0.5; and (d) reconstructed OAM modes when the
estimated power ratio of each mode is a random fraction refreshed periodically.
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the intensity patterns obtained from the sum of all of the pulses.**** The duration of one pulse is
assumed to be 1/10 of the exposure time of the sensor used. Therefore, once an object is irra-
diated by this beam and during sensor exposure for capturing a pattern, the diffraction of an exit
field is generated by 10 pulses for each probe, with the pulses having a helical phase with differ-
ent rotation angles. Therefore, in diffraction patterns generation, diffractions from each pulse for
each OMA mode superpose and incoherently add up to a total diffraction intensity pattern, with
the real power ratio for all being 0.5.

The experimental configuration is the same as that used for OAM broad field modulation
except for illuminating times of M = 20 X 20. It should be noted that the twisting of the phase
front into a corkscrew shape results in a doughnut-like intensity profile due to phase singularity
at the center of the light beams. As a result, after the object is illuminated by a vortex beam, the
center of the exit field is zero, which reduces the redundancy for the intensity data that is neces-
sary in ptychography. Therefore, the amount of intensity patterns should increase.

The reconstruction results obtained for the OAM pulse modulation experiment are shown in
Figs. 4(c) and 4(d), with Fig. 4(c) showing the case of all OAM mode power ratios being 0.5
constantly in all iterations, and Fig. 4(d) corresponding to the case of random fractions refreshed
at every iteration cycle. Since the amplitudes of the two original OAMs are both bright rings, it is
not easy to judge an intermode ambiguity, but one can judge the coupling of amplitude and phase
from the petal-like amplitudes in (c). The independent and high-quality reconstruction of the
two time-varying OAMs is obtained by setting the power ratios to random fractions, as shown
in Fig. 4(d). It is worth noting that this approach can only be used to detect the OAM modes
presented in the beam, rather than the timing of their pulses. The fact that a rotating helical phase
will not affect OAM mode detection in OAM pulse modulation multiplexing is confirmed in
this experiment.

3.3 OAM Broad Field and Pulse Modulation

The third OAM multiplexing experiment involves a combination of the two above-mentioned
types of multiplexing, OAM broad field and pulse modulation. For this kind of multiplexing,
an OAM pulse sequence carries a spatially varying amplitude. That is, each OAM pulse has a
rotating helical phase and a specific amplitude, as shown in Figs. 5(a) and 5(b).

Two different OMA probes modulated by different amplitudes in space and by strings of
binary pulses in time are combined into a bi-OAM vortex pulsing beam. The experimental con-
figuration used is identical to that in the second experiment, as is the generation of diffraction
patterns. The results obtained are demonstrated in Figs. 5(c) and 5(d) in the same style as above.

It should be noted that, in Fig. 5(c), reconstruction under an equal OAM power ratio used in
phase retrieval iterations fails since the amplitude images carried by each OAM mode are not
clear or independent and the phase distortions are too serious to recognize the helix charge.
However, under random OAM power ratios refreshed at each iteration cycle, a perfect recon-
struction is obtained, resulting in superior amplitude images and normative helical phases.
Double OAM mode detection still works even though the modes have a spatially varying ampli-
tude and time-varying phase.

3.4 Detection Scalability

In the above sections, we demonstrated numerical experiments for the detection of two OAM
modes in monochromic dynamic bi-OAM multiplexing and the reconstruction of the wavefront
of individual vortexes in a mixed beam whenever such modes are amplitude modulated or phase
rotated. In addition, it is significant to investigate how many OAM modes this method can detect
in parallel. A simulation experiment to detect more than two OAM modes, exactly three here, in
OAM multiplexing by our method is performed, with the generation of configuration and dif-
fraction patterns being the same as the ones in broad and pulse modulation multiplexing. Three
different OMA probes modulated by different amplitudes in space and by strings of binary pulses
in time are combined into a tri-OAM vortex pulsing beam in simulation. Without any prior
knowledge of them, the three OAM modes in this beam will be measured and reconstructed by
our approach. Figure 6 gives the distribution images of three OAM modes at the original stage in
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Fig. 5 Experiment for detecting OAMs in broad field and pulse modulation multiplexing: (a) OAM
pulse modulation multiplexing; (b) Complex fields for OAM probes at one pulse; (c) reconstructed
OAM modes when the estimated power ratio of each mode is 0.5; and (d) reconstructed OAM
modes when the estimated power ratio of each mode is a random fraction refreshed periodically.

Fig. 6(a) and at the reconstructed stage in Fig. 6(b), following a line of the phase values along the
azimuthal angle. It is worth noting that all of these results are obtained under periodically refresh-
ing random fraction power ratios. A phase reconstruction mistake and an intermode ambiguity
emerge in the result demonstrated in Fig. 6(b).

However, it is interesting that, when one of the three modes is known and substituted into
MsPA as the initial value of one probe, the other two probes can be reconstructed correctly and
independently. As Fig. 6(c) shows, when the / = 1 helical phase distribution of the first probe
(of the OAM mode index and digital pattern amplitude that is the same as its number) is known
in advance and is introduced at the initial iterations while the other probes are still initialized by
random complex matrices, after the MsPA, the second probe and the third probe can be recon-
structed correctly and independently. The RE curve in Fig. 6(c) is lower than that in Fig. 6(b),
which means that reducing the amount of modes to be detected can improve the convergence and
reliability of the algorithm.

These results indicate that detecting three or more OAM modes in parallel is beyond the
extent of the method. If necessary, increasing prior knowledge and limiting the unknown modes
to two is an effective way to improve the detection rate.

3.5 Performance Under Non-Ideal Conditions

It has been demonstrated that multi-OAM modes can be reconstructed independently with high
quality under perfect conditions. However, in practical application, there are many unfavorable
factors that affect the reconstruction quality, such as noise in diffraction intensity recording on
photoelectric sensors and information channel disequilibrium. To verify the robustness of our
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Fig. 6 Experiment for detecting three OAMs in broad field and pulse modulation multiplexing:
(a) complex fields for the three original vortex probes; (b) reconstructed three OAM modes without
any prior knowledge of these modes; (c) reconstructed OAM modes when one mode (/ = 1 probe)
is known.

method, the effect of these two main factors on the multi-OAM detection by MsPA will be exper-
imentally examined.

The information channel disequilibrium is discussed first. As mentioned above, the multi-
plexed signals are always considered to be equal; that is, none of the signals has the dominant
power. So the real power ratios for the two OAM probes in previous simulations were assumed to
both be 0.5. An imbalance among the multiplexed signals may occur when carrier OAM beams
are emitted from different sources. To simulate this situation, in diffraction intensity patterns
generation, the power ratio | for the 1st OAM probe increases from 0.1 to 0.9, reverse of the
power ratio 8} for the second OAM probe since the sum of f, is 1. Using these diffraction
patterns, the reconstructions by MsPA with random estimated power ratios refreshed periodically
are arranged in Fig. 7(a). It is obvious that the lower the power ratio is, the worse the recon-
struction quality is. This trend indicates that no reliable reconstruction of an OAM mode can be
obtained unless the mode has enough power. Qualitatively, the threshold of the power proportion
of a mode in a mixed beam should not be <0.3.

In the above experiments, the simulated diffraction patterns are imaged perfectly. But the
diffraction patterns are always polluted by noise due to the defects of the imaging system itself.
The performance of our method with noisy diffraction intensity patterns will be tested by adding
White Gaussian noise to the raw data, or the diffraction intensity patterns plus random intensity
matrices. The ratio of the mean power of the raw date to that of the noise is expressed as a signal
to noise ratio (SNR). A simulation experiment on bi-OAM detection in broad field and pulse
modulation multiplexing, using noisy diffraction intensity patterns with a decreasing SNR, is
executed and a part of the results is shown in Fig. 7(b).
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Fig. 7 Performance evaluation under non-ideal conditions (in broad field and pulse modulation
multiplexing): (a) reconstructed OAMs under different real power ratios of probes and (b) recon-
structed OAMs with noisy diffraction intensity patterns;

As the SNR decreases, the reconstructed amplitude images carried by each OAM mode
become increasingly dimmer and the reconstructed helical phases grow fuzzy, resulting in losing
sharp edges where jumping the phase by 2z. For a reorganization of helical phase and an iden-
tification of its topological charge, an SNR in diffraction patterns above 10 dB should be ensured.

4 Conclusion and Discussion

In this work, we investigated the detection of OAM modes in a multiplexing beam. We separated
two OAM modes independently, which are of time-varying helical phase and incoherently mixed
to propagate simultaneously, by our proposed method. The scalability of the method to detect
more than two modes, as well as the robustness on channel imbalance and detector noise, was
examined by numerical experiments.

In summary, dynamic multi-OAM mode detection by ptychography affords a new exploi-
tation for OAM multiplexing applications. This approach can be applied as an early step in
OAM-mode-demultiplexing to provide a basis for subsequent information channel separation.
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