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A B S T R A C T   

As approximate non-diffracted beams, Bessel Gaussian (BG) beams are more suitable to be used in free-space 
optical (FSO) communication system than Laguerre Gaussian (LG) vortex beams because of its self-recovering 
property. However, due to the limitation of its detection method, the multiplexing communication based on 
multiple Bessel Gaussian beams (mBGBs) has not been investigated deeply. In this paper, we propose a method 
for simultaneous demodulation of 36-mBGBs using 6 × 6 multiplexing phase hologram (MPH). To solve the 
problem that the energy of some BG beams are too low at the demodulation end, a method is proposed to 
optimize the pinhole size of the pinhole plate at the demodulation end. Compared with the traditional decom
position method, the proposed method not only improves the decoding efficiency greatly, but also has better 
robustness. In addition, the communication performance of 32-mBGBs encoded with four ASCII codes has been 
constructed and investigated numerically. The results show that the transmitted information can be clearly 
decoded by setting a reasonable threshold value, which is beneficial to the practical application of mBGBs in FSO 
communications.   

Introduction 

In the traditional free-space optical (FSO) communication systems, 
the modulation and multiplexing of information carrier is mainly based 
on plane wave, which revolves around the dimension resources of op
tical wave, such as amplitude, wavelength, time and polarization [1–5]. 
However, the capacity crisis of optical communication technology still 
exists and needs to be solved urgently because the development of these 
existing dimensions has almost reached their limits. In 1992, Allen et al. 
demonstrated that the Laguerre-Gaussian (LG) beams with helical wave- 
front carried the orbital angular momentum (OAM) [6], which contains 
phase factor of exp(ilφ) and carries lℏ OAM for each photon, where l 
called the OAM mode value or topological charge (theoretically infinite 
values), and φ is the azimuthal angle, ℏ is reduced Planck constant [7]. 
Theoretically, vortex beams carrying different OAM modes are orthog
onal to each other, so they can be used in the FSO communication to 
increase the capacity of information [8–12]. 

Similar to LG beams, high-order Bessel beams also have helical phase 
structure. However, in practical application, Gaussian truncation 

modulation is often used to obtain approximate Bessel beams, and these 
new beams are called Bessel Gaussian (BG) beams [13]. As an approx
imate non-diffracted beam, BG beams has the recovery characteristics in 
a specific propagation range, which impel researchers to use BG beams 
in OAM-FSO communication systems [14–17]. Current researches on BG 
beams mainly focus on various generation methods [18–21] and their 
intensity distribution and mode crosstalk in turbulent environment 
[22,23] or inhomogeneous medium [24–26]. At present, geometrical 
transformation [27,28] and mode decomposition [29,30] are still used 
in BG beams demodulation. The study of BG beams communication 
involved only considers the case of single receive [15–17], and the 
research on the information transmission performance of multiple Bessel 
Gaussian beams (mBGBs) in the FSO communication system is still 
relatively lacking [14]. At present, scholars have proposed a variety of 
different OAM demodulation schemes based on the characteristics of 
OAM beams. Common traditional schemes mainly include schemes 
based on helical phase plate [31], diffracted optical element [32–35], 
phase hologram [36,37], interference or diffraction [38–40], optical 
geometric transformation [41], mode conversion method [42], OAM 
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spectrum analysis [43], machine learning [44–47], etc. These schemes 
can be also used in BG beams to increase its demodulation speed and 
accuracy. 

In this letter, by designing a novel multiplexing phase hologram 
(MPH), we present a high-efficiency mBGBs demodulation for FSO 
communication system. Just make the designed mBGBs incident at the 
MPH, from which the propagation directions of OAM states can be 
manipulated. Then, use the CCD camera to capture light intensity of the 
diffraction array, which is selected by a mask with a pinhole array for 
obtaining the demultiplexing energies of every OAM states. In this way, 
we can judge whether there are incident OAM modes in transmitted 
mBGBs. In addition, we have also found that the size of diffraction 
pattern at the Fourier diffraction plane is related to the radial wave 
vector of the incident BG beams. By adjusting the intensity pattern of the 
diffraction surface, more OAM states can be demodulated at one time. 
However, for smaller OAM states, the conversion energy in the center 
region of the diffraction order is too small. Therefore, the size of the 
pinhole in the mask can be optimized for making sure the transmittance 
intensities corresponding to different OAM states close to each other. 
Finally, 32-OAM states from ± 18 to ± 3 were selected to encode the four 
ACSII codes. By selecting an appropriate threshold, the demodulation 
terminal could easily demodulate the corresponding 32-bits informa
tion. This proves the superiority of the demodulation mBGBs method in 
the actual FSO communication system. 

Methods 

First of all, the light field distribution of the mBGBs with a set of 
target OAM states of {l1,l2,⋯,lm} in cylindrical coordinates (r,φ,z) can be 
expressed as follows [29]: 

EM(r,φ, z) =
∑lm

l=l1

̅̅̅
2
π

√

Jl(
zRkrr

zR − iz
)exp

(
iw2

gk2
r z − 2kr2

4(zR − iz)

)

exp(ilφ − ikzz). (1)  

where Jl is the lth order first-kind Bessel function, l is the topological 
charge, wg is the waist radius of the Gaussian beam that confines the BG 
beam, zR = πw2

g/λ is the Rayleigh range, kr = k*sin(a/k) is the radial 
wave vector, kz = k*cos(a/k) is the longitudinal wave vector, k is the 
wave number, and “a” is the axicon parameter [48,49]. 

Previous mBGBs demodulation techniques often lead to severe 
pattern crosstalk [27–30]. In 2019, J. Pinnell et al. proposed and 
demonstrated that an inner product algorithm could be used to calculate 
the mode proportion of a vortex beam, as long as the radial amplitude 

and directional phase of the vortex beam can be separated [30]. This 
method not only can detect only one OAM state with one anti-phase 
plate, but also the central light intensity expression at the Fourier 
plane is related to the order l of the first kind of Bessel function when the 
BG beams pass through the corresponding anti-phase plate directly. 
Therefore, if we want to make full use of the advantages of BG beams 
channel multiplexing, we need a new optimization method to solve the 
problem of low-detection efficiency and uneven energy spectrum 
distribution. 

As a method to demodulate multiple topological charge states at the 
same time, the MPH has been widely used in demodulation of LG beams 
[37]. However, no one has yet attempted it to demodulate mBGBs. In 
fact, our research shows that MPH is actually more suitable for mBGBs. 
The phase of MPH can be described as: 

ϕ(x, y) =
∑N

n=1
exp(i(ksinαnx + ksinβny + lnφ)). (2)  

where N is the number of OAM beams, x and y indicate the horizontal 
and vertical coordinates respectively, α and β represent the horizontal 
and vertical angles respectively. 

As shown in Fig. 1, the MPH is designed by combining the helical 
phase mask and the grating phase to form the fork grating. The mBGBs is 
incident on the inverse helical phase mask exp(ilφ), and go through the 
Fourier transform, from which the BG mode can be converted to a bright 
spot in the concrete center [48]. The grating phases have the parameters 
of α and β, which allow to easily control the propagating directions 
vertically and horizontally of the desired OAM beams respectively. By 
conveniently choosing α and β in the grating phase, we are able to 
manipulate the relative diffraction positions of the OAM beam in x-y 
detection plane. By adding all types of fork-shaped grating phase, the 
multiplexing phase hologram can be obtained for the generation or 
detection of multiple OAM states, in which their propagating can also be 
manipulated simultaneously. 

When the incident mBGBs illuminate the MPH and is transformed by 
a Fourier lens, the light field at the focal plane of the lens satisfies: 

U(x, y) = F{ϕ(x, y) × E(x, y) }

=
∑N

n=1
F{exp(i(ksinαnx + ksinβny) × exp(ilnφ) × E(x, y) }

= F{exp(i(ksinαnx + ksinβny)} ⊗
∑N

n=1
F{exp(ilnφ) × E(x, y) }

(3)  

where E(x,y) is the mBGBs equation at the MPH, F indicate Fourier 

Fig. 1. Method of generating the MPH.  
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transform, and ⊗ means convolving two functions. In fact, based on the 
shifting theory of Fourier transform, F{exp(i(ksinαnx + ksinβny)) } only 
changes the center position of the light field on the Fourier plane and has 
no effect on the shape of the light field. When the BG beam passes 
through the MPH and then goes through a Fourier lens (corresponds to 
the far field diffraction result), the shapes of the regions corresponding 
to different diffraction orders of the field in the focal plane are consistent 
with the image shapes obtained by mode decomposition method [30]. 

The schematic diagram of the transmission system is shown in Fig. 2. 
At the transmitter, a Gaussian beam with the wavelength of λ = 1550 nm 
and beam waist wg = 1 cm (as shown in Fig. 2(a)) is sent onto a spatial 
light modulator (SLM) encoded with a transmission function of an axi
con [29,47]. Phase masks corresponding to different OAM modes are 
loaded on the SLM1 to modulate Gaussian beam into the mBGBs (as 
shown in Fig. 2(b)). After the 1000 m transmission, at the receiver, the 6 
× 6 MPH loaded onto the SLM2 will control the propagating directions 
and also multiplies mBGBs with different inverse phases for detection. 
The processed BG beams are then passed through a Fourier lens (Lens 1, 
focal length: f1), while a pinhole plate is placed at the focal plane (the 
Fourier plane) to filter out diffraction pattern except for the central in
tensity (as shown in Fig. 2(d)). Finally, Lens 2 (focal length: f2) will focus 
the light beam through the pinhole plate to the CCD camera, which is 
used to record the light intensity transmitted by each aperture at the 
focal plane, and the computer is used to calculate the OAM states carried 
in the channel. 

Results 

As shown in Fig. 3(a), in order to explore the cause of uneven energy 
distribution in the detection of different topological charges, we incident 
the mBGBs with l = 14, 9, 4, − 2, − 7 and − 12 at MPH to observe the 
energy distribution at different diffraction positions. Fig. 3(b) shows the 
intensity distribution of the mBGBs’ diffraction pattern in the Fourier 
plane after passing through MPH. The green dot circles indicate the 
diffraction region corresponding to the OAM states contained in the 
incident mBGBs. Consistent with the theoretical analysis, bright spots 
appear in the center of the diffraction pattern only when the contained 
OAM spectrum exists, and there is almost no energy distribution in the 
center of the other positions. Fig. 3(c) magnifies the energy distribution 
of the corresponding diffraction pattern in the six circles in Fig. 3(b). 

The fact that we chose 6 × 6 MPH for demodulating the mBGBs, does 
not maximize the performance of our designed MPH. Because after the 
BG beam multiplied by the additional phase and the Fourier transform, 
the order of Bessel function in the BG beam equation is different from the 
topological charge of vortex phase. Therefore, it is not possible to 
simplify the beam equation by the following equation: 

∫ ∞

0
Jl(uρ)Jl(vρ)ρdρ =

1
u

δ(u − v) (4) 

In other words, the BG beam equation cannot be reduced to the Dirac 
function, and the BG beam cannot be transformed into a perfect vortex 
where the radius is independent of the topological charge and the energy 
is confined to the ring [48]. But we find that the radius of the beam is 
still related to “a”, the radial wave vector of the incident BG beams. 
Fig. 3(b) shows the mBGBs incident to MPH with an axicon parameter of 
a = 20. Fig. 4(a) and 4(b) respectively show the diffraction patterns of 
the mBGBs with an axial parameter a = 30 and 10 respectively. The 
maximum quasi-non-diffracting transmission distance of mBGBs corre
sponding to these axicon parameters are 11.5, 7.7 and 23 km [49], 
respectively, which meet the requirements of long-distance trans
mission. Therefore, we can manipulate the axicon parameter to reduce 
the radius of diffractive vortices at the Fourier diffraction plane, so that 
when more vortices are demodulated simultaneously, the mutual 
crosstalk can be minimized. Theoretically, the number of OAM states of 
BG beams simultaneously demodulated by MPH can reach 7 × 7, 8 × 8, 
or even more. Nevertheless, it is worth to note that when “a” is a large 
value, the diffraction pattern is large, and the diffraction pattern in 
adjacent areas may overlap with each other, which will have a great 
impact on the detection results. When the value of “a” is small, the size 
of the center bright spot will also decrease, which requires higher 
machining accuracy for the pinhole plate, and its robustness is weak. 
Therefore, for different required MPH, we need to choose appropriate 
axial parameters. 

Although our proposed 6 × 6 MPH can simultaneously demodulate 
36 different OAM states (-18 to + 18) from left to right and top to bottom 
in different diffraction regions (as shown in Fig. 2(c), Fig. 3(b) and Fig. 4 
(a, b)), which greatly improves the channel capacity. However, it also 
faces the problem that the central strength of different OAM states 
demodulation has a big difference, just like the mode decomposition 
method [30]. To solve this problem, they propose two methods to 
average the spectrum distribution of each OAM channel in Ref. 30. One 
is to modify the incident spectrum distribution, and the other is to divide 
by the designed OAM states-dependent factor at the receiver. However, 
in practical application, the former is inconvenient to adjust at the 
transmitter, and the optimal energy ratio needs to be calculated in 
advance for different channel combinations. Meanwhile, when the 
incident energy ratios of different OAM states are different, the channel 
interference will also have different influences on the detecting perfor
mances. Moreover, too much energy will aggravate the influence on the 
energy distribution in the surrounding area for the demodulation with 
diffraction plate; the latter modification of the spectral distribution by 
several orders of magnitude would greatly weaken the robustness of the 
system. 

Fig. 2. Schematic diagram of the transmission system. (a), (b), (c) and (d) respectively correspond to Gaussian beam, mBGBs, far-field diffraction pattern after MPH 
and the mask with pinhole array. 
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Fig. 3 (c1-c6), Fig. 4 (c1-c6), Fig. 4 (d1-d6) respectively correspond 
to the cases of a = 20, 30, 10 and topological charges from 14 to − 12. It 
can be seen that when the value of OAM state is smaller, the range of 
bright spot in the center is larger, and the intensity at the most center is 
lower (independent of symbol). It can be reasonably speculated that the 

reason why the demodulating center energy of small-OAM BG beam is 
small, is that the center highlight spot would be diffused into a relative 
larger-area center bright spot, and the smaller the OAM state, the more 
serious the diffusion. In view of this phenomenon of energy diffusion, 
the best solution is undoubtedly to change the pinhole sizes in the mask 

Fig. 3. The generated mBGBs (a) and the corresponding diffraction pattern by MPH (b) with l = 14, 9, 4, − 2, − 7 and − 12. (c1, c2, c3, c4, c5, c6) The zoom-in 
intensities profiles for l = 14, 9, 4, − 2, − 7 and − 12 respectively with a bright spot in their centers. 

Fig. 4. Far-field diffraction pattern of mBGBs of (a) a = 30, (b) a = 10 and l = 14, 9, 4, − 2, − 7 and − 12 (c1, c2, c3, c4, c5, c6 and d1, d2, d3, d4, d5, d6) after 
incident MPH. 
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at different positions (for different OAM states). But at first, we need to 
determine the possible effects of other factors on the center energy 
(especially the energy crosstalk between different diffraction orders). To 
qualify the proportion of detection energy of OAM channel l, we define 
the relative power ηl as: 

ηl =
Il

∑N
n=1In

(5) 

where N is the number of OAM states, In represent the intensity of the 
nth OAM state in the OAM demultiplexing array. 

Fig. 5(a) shows the relative power distributions on the central axis 
after demodulation with a single anti-phase plate in the case of all OAM 
states from − 18 to 18. Fig. 5(b) shows the relative powers distribution 
after using pinhole plate filtering after simultaneously demodulating 
these OAM states in different diffraction regions using our designed 
MPH (pinhole size in each position is the same). Through comparison, 
the relative power distributions in Fig. 5(a) and Fig. 5(b) are basically 
the same. Although the powers of some specific OAM states are incon
sistent due to diffraction, it is within the acceptable range compared 
with the influence of the size of OAM states on the energy proportion. 
We then modified the pinhole size in the mask, so that the region with 
relatively small OAM state can pass through a larger-area center bright 
spot light for obtaining more energy. After the correction, the relative 
power distributions transmitted by the demodulation terminals in each 
OAM state has been shown in Fig. 5(c), which are not exactly the same, 
because the size of each pinhole plate cannot be arbitrarily set due to the 
limitation of resolution in the simulation calculation (the simulation 
pattern is discrete into 1000x1000 pixels, and the aperture area of the 

pinhole plate is 1–9 pixels, the shape of the aperture is irregular circle). 
But in the actual applications, through precision machining, the size and 
shape of each pinhole in the pinhole mask can be set to what we want, so 
that the demodulation terminal can receive the same relative power for 
every OAM states. 

Discussion 

To further evaluate the feasibility of using our proposed “MPH +
improved pinhole mask” demodulation mBGBs communication system, 
we have designed four kinds of 8-bit ASCII codes for simultaneous 
transmission, 32 coaxial single-OAM BG beams with l= “-18 to − 11′′, 
”-10 to − 3′′, “3 to 10′′ and ”11 to 18′′ are used to form the mBGBs with 
the OAM modes determined by the value “1′′ of the binary code. Taking 
the word “HFUT” as example, the 8-bit ASCII codes are 01001000B, 
01000110B, 01010101B, 01010100B. The mBGBs used to transmit the 
letter “HFUT” contains 12 OAM states of l = -17, − 14, − 9, − 5, − 4, 4, 6, 
8, 10, 12, 14 and 16. For the mBGBs transmitting the word “HFUT”, 
using our designed MPH and optimized pinhole mask demodulation, the 
relative powers of the OAM modes are shown in Table 1. The maximum 
and the minimum relative powers of the OAM states contained in the 
multiplexed BG beams are 0.1148 and 0.0568, respectively. And the 
maximum relative powers of non-target OAM states is 0.0159, which is 
much smaller than 0.0568. The results show that the relative powers of 
binary codes “1” corresponding to the OAM states are high, while the 
relative powers of binary codes “0” corresponding to the OAM states are 
close to zero. The difference between the energies for the OAM states 
encoded as “1”, is mainly due to the design of the pinhole mask which 

Fig. 5. The relative powers of each channel of BG beam with l = 18 to − 18 is demodulated by (a) anti-phase plate, (b) MPH and (c) MPH + improved pinhole plate.  
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still has some defects. The slight energy for the OAM states encoded as 
“0”, is due to the energy leakage of other diffraction levels. Nonetheless, 
we can take 1/3 of the maximum relative powers of all OAM states as a 
threshold, and all OAM states with relative powers above this threshold 
are considered to exist (“1”) in the channel, while others are not (“0”). 
The decoding results are in good agreement with the expectation, which 
indicates that the demodulation speed of this method can reach 32 times 
of that of the mode decomposition, and meanwhile the communication 
system has higher reliability. 

It’s worth mentioning that, after demodulating by the MPH, the size 
of diffraction patterns for each OAM state (BG beams) in diffractive 
region can be manipulated by the value of “a” effectively. Therefore, the 
number of detectable OAM states in BG beams demodulated by the MPH 
can be more than that of LG beams at one time (the current maximum 
MPH size for demodulating the multiplexing LG beams is 5x5). In 
addition to mBGBs’ self-recovery property, our proposed method pro
vides a new scheme for FSO communications with high channel capacity 
and high accuracy. 

Conclusion 

In conclusion, we present a new method for improving the demul
tiplexing performances of the mBGBs. Compared with the traditional 
method using mode decomposition to demodulate BG beam, our method 
can not only significantly reduce the demodulation times and improve 
the demodulation speed, but also make the demodulation results more 
robust by introducing an improved pinhole mask. In additions, we have 
also proposed that the light intensity distribution on the diffracted plane 
could be manipulated by changing the axicon parameters (“a”) of the 
incident BG beam, so as to further increase the number of detectable 
OAM states. Finally, we use that proposed method to demodulate 36- 
OAM-mBGBs with l = -18 to 18 simultaneously, and apply it to a 
communication system that can transmit four ASCII codes simulta
neously. We demonstrate that the information carried by all four ASCII 
codes can be accurately demodulated simultaneously by setting the 
threshold to 1/3 of the maximum relative energy. This mBGBs demod
ulation method based on MPH combined with an improved pinhole 
mask will provide a new and efficient option for high-speed self-recov
ery FSO communication system. 
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