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In this study, we propose a scheme to capture the amplitude and phase profile

of the orbital angular momentum (OAM) beam based on coherent detection. In

the scheme, the OAM beam to bemeasured is interfered with a local plain wave

which is prepared at the receiver, and two charge-coupled devices (CCDs) are

used to record the constructive and destructive interference patterns. By setting

the phase of the plain wave to π/2 and π, one can extract the amplitude and

phase profile of the OAM beam from the two interference patterns. We verify

the feasibility of the scheme by simulation and experiments. The results show

that both amplitude and phase profiles of single OAM and OAM superposition

modes can be captured by using the proposed scheme, and the proposed

scheme shows strong robustness even under the presence of atmospheric

turbulence.
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1 Introduction

Orbital angular momentum (OAM) of light is an attractive degree of freedom for

fundamental studies in classical communications [1, 2] and quantum information

processing [3–5]. Since the first demonstration of that, an eiℓθ vortex phase structure

of a circularly symmetric beam was found to have ℓZ units of OAM in 1992, where Z is

Planck’s constant [6], OAM has become a useful information carrier in a variety of

applications [2, 7–9]. It is shown that OAM can be used together with polarization to

increase the channel capacity of communication systems [10]. The usage of OAM multi-

level encoding bases can increase the tolerance of quantum key distribution (QKD)

systems against eavesdropping [11]. The multiplexing of OAM modes is also

demonstrated to greatly increase the bandwidth efficiency both in free-space (FSO)

and fiber optical communication systems [2, 12, 13].

Therefore, it is important to detect the OAM mode at the receiver end. Until now,

there have been a lot of works focusing on this task [14–16]. The simplest way to detect an

OAM beam is performing a projection measurement [2], where the OAM mode with ℓ

topological charge is first transferred to a flat phase beam by being illuminated on a forked
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hologram with − ℓ and then detected by a power detector. Later, a

technique for separating OAMmodes by using a Mach–Zehdner

interferometer at the single-photon level was presented [17]. To

efficiently sort N OAM modes simultaneously, Berkhout et al.

proposed a separating method based on the transformation from

Cartesian to log-polar [18]. Also, the separation diffraction

limitation was overcome by using the fan-out technique [19].

Simulations and experiments demonstrated that the separating

method could distinguish the different OAM modes

simultaneously with a detector array [20–22]. Thereafter, an

efficient separating orbital angular momentum mode with

radial varying phase was proposed [23]. Then, multiplane-

light conversion, spiral transformation, and metasurfaces for

combined OAM and SAM analysis were used to detect the

OAM mode [24–28]. Recently, deep learning techniques were

used to detect the OAM mode [29]. Also, the amplitude and

phase quadratures of vortex beams are detected for testifying the

quantum entanglement of vortex beams [30–34]. However, there

are fewer studies carried out on capturing both the amplitude and

phase profile of the OAM beam simultaneously.

In this study, we propose a scheme to capture the amplitude

and phase profile of the OAM mode based on the coherent

detection method. In the scheme, the receiver uses a beam splitter

to integrate the OAM beam to be measured with a plain wave

modulated with different phases to produce two interference

patterns. Also, two charge-coupled devices (CCDs) are used to

capture these patterns. By changing the phase of the plain wave

with π/2 and π, one can obtain the amplitude and phase profiles

of the OAM modes, including the single OAM mode and the

superposition OAM mode, from the two CCD patterns.

There are some advantages of our scheme: 1) the proposed

scheme could capture the amplitude and phase profile of the

OAM mode simultaneously, 2) the proposed scheme can detect

the single/superposition OAM modes, and 3) the scheme has

strong robustness even under atmospheric turbulence.

2 Theory

Figure 1 shows the schematic diagram of the proposed

scheme to capture the amplitude and phase profile of the

orbital angular momentum mode based on the coherent

detection method. The receiver uses a beam splitter to

integrate the OAM beam to be measured Ein with a plain

wave ELO modulated with different phase φPM to produce the

interference patterns. The plain wave ELO is generated by a local

oscillator and is then modulated by a phase modulator to obtain

the phase φPM. The interference patterns E+ and E− are exported

from the two outputs of the beam splitter. Two CCDs are used to

capture the interference pattern from the two outputs of the

beam splitter. By changing the phase φPM of the plain wave with

π/2 and π, one can capture the amplitude and phase profile of the

OAM beam Ein based on the interference pattern obtained from

the CCDs.

The OAM mode to be measured Ein is assumed to be

described as

Ein r, θ, t( ) � R r( )exp jℓθ( )exp jωt( ), (1)

where r and θ are the radial and azimuthal coordinates,

respectively; R(r) and exp(jℓθ) denote the amplitude and

spatial phase of the beam, respectively; ℓ is the OAM

topological charge, which is an integer; R(r) could be different

mode structures, such as Laguerre–Gaussian modes or

Bessel–Gaussian modes; and ω is the frequency of the

OAM beam.

A plain wave ELO is generated by a local oscillator (LO) at first

and is defined as

ELO r, θ, t( ) � exp jωt( ). (2)

Then, it is modulated a phase by a phase modulator (PM),

FIGURE 1
Scheme to capture the amplitude and phase profile of the
OAM mode based on the coherent detection method. LO: local
oscillator. PM: phase modulator. BS: beam splitter.

FIGURE 2
Experiment setup for the proposed scheme.
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ELO r, θ, t( ) � exp j ωt + φPM( )( ), (3)

where φPM is the phase modulated by the phase modulator.

After that, a beam splitter is used to combine the received

OAM beam Ein and the plain wave ELO to produce interference

patterns. The interference patterns E+ and E− are exported from

the beam splitter, i.e.,

E+ r, θ, t( ) � jEin r, θ, t( ) + ELO r, θ, t( ), (4)

and

E− r, θ, t( ) � Ein r, θ, t( ) + jELO r, θ, t( ). (5)
Two CCDs are used to detect the interference patterns. The

interference pattern obtained by CCD1 should be |E+(r, θ, t)|
2,

and the interference pattern obtained by CCD2 should be |E−(r,

θ, t)|2. One can obtain the difference between |E+(r, θ, t)|
2 and |

E−(r, θ, t)|
2 as

FIGURE 3
Simulation and experimental results of the proposed scheme to capture the amplitude and phase profile of single OAM beam Ein.
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|E+ r, θ, t( )|2 − |E− r, θ, t( )|2
� |jEin r, θ, t( ) + ELO r, θ, t( )|2 − |Ein r, θ, t( ) + jELO r, θ, t( )|2
� 2jR r( ) exp jℓθ − jφPM( ) − exp jφPM − jℓθ( )[ ].

(6)
During detection, φPM is given two values for two measurements.

For the first time, the modulated phase φPM is set to π/2. For the

second time, the modulated phase φPM is set to π. Since Eq. 6 is

related with φPM, we define the difference |E+(r, θ, t)|
2 − |E−(r, θ,

t)|2 as a function f(φPM), i.e.,

f φPM( ) � |E+ r, θ, t( )|2 − |E− r, θ, t( )|2
� 2jR r( ) exp jℓθ − jφPM( ) − exp jφPM − jℓθ( )[ ]. (7)

By setting the phase φPM of the plain wave to π/2 and π

individually, we can obtain the light field distribution of the

OAM beam Ein based on the interference pattern obtained from

the two CCDs, that is,

f π/2( ) � 2jR r( ) exp jℓθ − jπ/2( ) − exp jπ/2 − jℓθ( )[ ]
� 4R r( )cos jℓθ( ), (8)

FIGURE 4
Simulation and experimental results of the proposed scheme to capture the amplitude and phase profile of OAM superposition beam Ein.
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f π( ) � 2jR r( ) exp jℓθ − jπ( ) − exp jπ − jℓθ( )[ ]
� 4R r( )sin jℓθ( ), (9)

and

Ein r, θ( ) � R r( )exp jℓθ( ) � 1
4

f π/2( ) + jf π( )[ ]. (10)

Therefore, the amplitude profile should be

Amplitude Ein{ } � R r( ) � abs
1
4

f π/2( ) + jf π( )[ ]{ }, (11)

and the phase profile should be

Phase Ein{ } � ℓθ � angle
1
4

f π/2( ) + jf π( )[ ]{ }. (12)

3 Results and discussion

In this section, we discuss the performance of the proposed

scheme. The experimental setup for the proposed scheme is

shown in Figure 2. A linear fundamental mode Gaussian beam

(waist radius ω0 = 0.8mm) at a wavelength of 633 nm is generated

by a He–Ne laser (Thorlabs, Model HRP020-1). After being

reflected by two mirrors, the beam passes through a half-wave

plate (HWP1) to adjust the intensity ratio of the two Gaussian

beams after splitting. A polarization beam splitter (PBS) is used

to separate and polarize the incident Gaussian beam to two

beams. Then, each Gaussian beam passes through a half-wave

plate (HWP1 and HWP2) to match the polarization direction of

the Spatial LightModulator (SLM1, Hamamatsu, Model X10468-

07, SLM2, Holoeye, Model PLOTO-VIS-006-A). After that, each

Gaussian beam is diffracted by a computer-controlled SLM.

SLM1 carries a phase hologram of π/2 or π (the same

function as the phase modulator), and SLM2 carries a special

phase hologram for the LG mode of different topological charges

ℓ. The Gaussian beam needs to pass through another half-wave

plate (HWP3) to equalize the polarization of the two beams so as

to satisfy with the superposition conditions. At the same time,

one aperture is used to filter out the first-order diffracted light

from the diffracted beam, and two convex lenses (focal length

f1 = 100 mm, f2 = 200 mm) are used to amplify the Gaussian

beam. Thereafter, the two outcoming beams interfere at a beam

splitter (BS1). For simultaneous measurement, two mirrors and

beam splitter (BS2) are used to focus the two output beams of

BS1 on a plane so that the two output beams can be captured by

one CCD (Thorlabs, Model BC106N-VIS/M, 989 × 745 pixels of

8.8 mm × 6.6 mm size) at one time.

Then, we demonstrate the proposed scheme for the single

OAM mode in Figure 3. The upper part is the simulation

results, and the lower part is the experimental results. The

topological charges ℓ for the measured OAM mode are setup to

ℓ = −2, ℓ = 2, ℓ = 4, and ℓ = 6. In order to compare the

performance, we also list the intensity and phase distribution of

the input OAM beam (z = 0) and the input OAM beam (z =

1000 m) at the first two rows, where z is the propagation

distance. It is can observed that the intensity and phase

distribution are diverged with the propagation distance in

comparison with for the input OAM beam (z = 0). Images

obtained by CCD1 and Images obtained by CCD2 are the

interference patterns obtained by CCD1 and CCD2,

respectively, representing the constructive and destructive

interference patterns, and Reconstructed results are the

amplitude and phase profile of the OAM beam recovered by

the proposed scheme. The simulation and experimental results

show that our scheme has the ability to capture the amplitude

and phase profile of the input OAM beam Ein accurately. For

example, the interference patterns formed by the input OAM

beam with ℓ = 2 is a “pinwheel-shaped” pattern with two stripes

FIGURE 5
Inner product results of OAM superposition beams with (A)ℓ = 2, − 4 and (B)ℓ = 2, − 4, 8.
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FIGURE 6
Simulation and experimental results of the proposed scheme to capture the amplitude and phase profile of the OAM beam (ℓ = 5) under the
presence of atmospheric turbulence.
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and clockwise rotation both in simulation and experiment,

while they are “pinwheel-shaped” pattern with two stripes

and counterclockwise rotation for the input OAM beam with

ℓ = −2. Comparing with the simulation results, the experimental

results show the same characteristic distribution of the

interference patterns and phase patterns, including the

rotation direction and number of “pinwheel-shaped” stripes,

but with some blurring in the patterns, which is caused by the

noise in experiment. Light irradiance distribution further

demonstrates the consistency among the input OAM beams,

the simulation results, and the experimental results. Here, the

input OAM beams are those OAM beams with propagation

distance (z = 1000 m). Since there always exists the propagation

of the beams in experiment, we use the input OAM beams with

propagation distance for comparison.

Then, we further verify the case when the incident beam is

an OAM superposition beam in Figure 4. Here, the selected

OAM superposition beams are composed by two or three OAM

modes, such as ℓ = −3, 3, ℓ = 2, − 4, ℓ = 3, 8, and ℓ = 2, − 4, 8.

Also, the intensity and phase profile of the superposition OAM

beams are demonstrated in the first and the second row,

followed by the interference patterns obtained at CCD1 and

CCD2, and the last row is the recovered results by using the

proposed scheme. Different from the single OAM mode, the

intensity profile of the superposition OAM modes becomes

bright and dark petal patterns, and the singular points in the

phase profile are more complex, especially for the superposition

mode composed by more OAM modes. The upper part is the

simulation results, and the lower part is the experimental

results. The simulation and experimental results show that

both interference patterns and captured amplitude and phase

patterns have the same distribution, including the number and

shape of petals. It is indicated that our proposed scheme also

has the ability to capture the amplitude and phase profile of the

OAM superposition beam Ein accurately. Light irradiance

distribution also demonstrates the similarity among the input

OAM beams, the simulation results, and the experimental

results.

Based on the mutual orthogonality of OAM beams with

different topological charges, we can obtain the topological

charge composition of OAM superposition beams according

to the reconstructed amplitude and phase profile. Firstly, the

amplitude and phase profile are combined into an OAM

beam, and then the topological charge composition of OAM

superposition beams can be obtained by inner product with

OAM beams with different topological charges (ℓ = 10, − 9,

. . ., 9, 10). Figure 5 shows the inner product results of OAM

superposition beams with ℓ = 2, − 4 and ℓ = 2, − 4, 8. It can be

seen from the figure that we can detect the topological charge

of OAM superposition beams based on the reconstructed

amplitude and phase profile. There are some differences

between the simulation and experiment detection results.

The reason is that it is hard to locate the center of the

experimental “reconstructed result”, and an insignificant

misalignment will cause mode crosstalk. However, one can

still judge the topological charge composition according to

the experimental intensity distribution.

Next, we discuss the robustness of the proposed scheme

when the OAM beam is propagated under atmospheric

turbulence (AT) in Figure 6. Here, we use random phase

screen model simulating atmospheric turbulence [35, 36]. The

simulated parameters for the random phase screen are set as

follows. The wavelength λ is 633nm, the space Δz between the

two random phase screen is 200m, the beam waist ω0 is 0.1m,

the outer scale is L0 = 50m, and the inner scale is l0 = 0.001m.

The topological charge of the input OAM beam is ℓ = 5. The

atmospheric refractive index structure constant C2
n (usually

used to describe the intensity of atmospheric turbulence) is set

to 10−15, 10−14, and 10−13m−2/3. Here, one random phase screen

is used for simplicity. In the experiment, the random phase

screen representing atmospheric turbulence is superimposed

on the OAM generating phase mask so that the input OAM

mode contaminated by atmospheric turbulence is obtained

when the Gaussian beam is illuminated on the SLM2 loaded by

the superimposed phase distribution. It can be seen from

Figure 6 that the amplitude and phase of the measured

OAM beam are distorted by AT, and the stronger AT is,

the larger distortion the measured OAM beam has. However,

our scheme has the ability to capture the amplitude and phase

profile of the OAM beam Ein even in this case. The simulation

and experimental results show that our proposed scheme has

strong robustness even under the presence of atmospheric

turbulence.

The peak signal-to-noise ratio (PSNR) is often used to

quantitatively estimate the recovered image quality [37],

which is defined as

TABLE 1 Peak signal-to-noise ratio of simulation and experimental results.

PSNR ℓ C2
n

−2 2 4 6 −3, 3 2, −4 3, 8 2, −4, 8 10−15 10−14 10−13

Amplitude 19.4 19.07 16.26 14.71 17.78 18.97 18.29 18.37 15.72 16.69 17.08

Phase 13.04 12.5 8.95 9.37 11.07 12.97 9.44 10.76 9.96 10.88 9.5
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PSNR � 10lg
MAX2

I

MSE
( ), (13)

where MAXI is the maximum possible pixel value of the

image. MSE is the mean square error of the image, which is

defined as

MSE � 1
M × N

∑M−1

i�0
∑N−1

j�0
f xi, yj( ) − g xi, yj( )����� �����2, (14)

where g(xi, yj) and f(xi, yj) are gray-values in (xi, yj) for the

original and reconstructed images, respectively. M × N is the

pixel of the image. Generally, the higher PSNR is, the better

quality of reconstructed image is.
Finally, we calculated the peak signal-to-noise ratio

(PSNR) of amplitude and phase profile captured by

simulation and experiment results mentioned above to

illustrate the similarity between simulation and

experiment results. Table 1 shows the peak signal-to-noise

ratio of the simulation and experiment results. “Amplitude”

denotes the PSNR for recovered amplitude part, and “phase”

denotes the PSNR for the recovered phase part. C2
n represents

the strength of the atmosphere turbulence. The results show

that the simulation and experimental results have a high

degree of similarity.

4 Conclusion

In this study, we have proposed a scheme to capture the

amplitude and phase profile of the incident OAM beam

based on the coherent detection. With the interference

between the measured OAM beam and a local plain wave,

the amplitude and phase profile of the measured OAM beam

could be captured by the calculation on the detection results

in CCDs. The simulation and experimental results have

showed that both amplitude and phase profiles can be

detected by using the proposed scheme not only for the

single OAMmode but also for the OAM superposition mode.

Furthermore, the amplitude and phase profiles of the

measured OAM beam can even be detected under the

presence of atmospheric turbulence. Our method can

capture the amplitude and phase profile of the input

OAM beam, regardless of whether the input beam passes

through atmospheric turbulence or not. At the same time,

compared with the previous method which can only obtain

the amplitude profile, our method can obtain amplitude and

phase profile simultaneously, that is, our method can obtain

more information about the beam, so it will be more

conducive for detecting topological charges in strong

atmospheric turbulence environment.
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