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A method of measuring the vortex beam topological charge (TC) is proposed based on a device that can directly extract
the plane wave form from the vortex beam in which the different propagation angles of the plane waves are uniquely related
to the different TCs. Then the TC can be obtained by simply comparing the energy values perceived by two fixed sensors in
the detection location with the help of twin omnidirectional energy absorbers (OEAs). Because the settled detection relies
only on the simple quantitative value at two fixed positions, neither pattern recognition nor field analysis procedure is ap-
plied, thus allowing faster measurement. Some features of the methodology are investigated, and the numerical simulations

verify the feasibility and robustness of the system.

Keywords: vortex beam, topological charge, settled measurement

PACS: 42.25.—p, 42.30.Kq, 41.20.Jb

1. Introduction

Vortex waves with orbital angular momentum (OAM)!!!
have attracted considerable attention due to their unique
beam characteristic of a continuous spiral phase exp(il0),
where [ is the topological charge (TC), and 0 is the az-
imuthal angle.  The special properties of such optical
vortices possess widespread applications, such as in op-
tical manipulation,!”) optical tweezers,*! quantum infor-
mation processing and cryptography,[*-! free-space infor-
mation transfer and communications,[’* super-resolution

[10] [11

imaging,['°! astronomical coronagraphy,!'!! and detection of

[12-141 Accordingly, the determining of the

rotating objects.
OAM states, usually characterized by the TC, is important in
several OAM applications. For example, in wireless commu-
nication that uses electromagnetic vortex technology, the mul-
tichannel information is encoded into multiple OAM states for
transmission due to the orthogonality of different OAM states.
The effective demodulation of the OAM states is a crucial is-
sue in such a multiplexing system.

Several methods of TC detection and recognition have
been reported. These were developed basically along two
routes from the signal processing perspective, that is, by de-
tection in the spatial domain and in the frequency domain
or Fourier spectrum. Direct detection of the TC in the spa-
tial domain is difficult due to requiring some manipulation
of the beam, such as interference or diffraction correlation,
to generate different wave field patterns according to differ-
ent TCs. The vortex wave can easily interfere with the plane

DOI: 10.1088/1674-1056/abec32

wave, spherical wave, or conjugate light wave.!!>1%] More-
over, the diffraction or interference intensity modes can be

obtained by using various diffractive apertures,[!’-2!1 slits, or

[22-28

pinholes. I Recently, the multipoint interferometer (IMI)

for measuring the OAM of an optical vortex with high topolog-

el29

ical charge!*®! and digital micromirror device for probing the

OAM of Laguerre-Gaussian (LG) beams*! were also pro-

posed. Some special gratings have been used to produce mis-

[31-34] Other devices or tech-

35-42

cellaneous diffraction patterns.
nologies, such as specific prisms or phase plates,| I have
also been investigated.

Regarding detection in the frequency domain, the key
idea is to accomplish the Fourier transform (FT) of the input
vortices. With the help of optical geometric transformation,
the OAM states can be observed in the Fourier spectrum, in
which the vortex beam is translated into plane wave before
the FT.[*3] The lateral and tilt misalignment information of the
input beam can be reformatted, and the OAM spectrum after
the FT can be measured.** In addition, a special transforma-
tion that maps spirals into parallel lines can be used to obtain a
plane wave for the FT, which results in a high-resolution OAM
mode. 3! The intensity distribution of the FT can be combined
with the orthogonality of the Laguerre polynomials to detect
the TC.#] The coordinate transformation method can be used
to obtain the diffraction field distribution for the FT to identify
the fractional TC.[47l In addition, an axicon,*¥! tilted spheri-
cal lens,!**! and circular plasmonic lens% were proposed to
be used to obtain the spatial spectrum of the intensity pattern
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in measuring the TC.

These technologies, whether the detection is carried out
in the spatial domain or in the spectrum domain, are based
on the analysis of the wave field distribution in a region and
require the varying distribution patterns to be identified to ob-
tain different TC information, such as counting the stripe num-
bers, categorizing the vein sharps, and sorting the peak posi-
tions. This task may consume more resources and presents a
challenge to real-time detection. In view of this, some meth-
ods or devices with low requirements for calculation or anal-
ysis in wave field measurement were proposed. For example,
the method of measuring the real-time phase of optical vor-
tices has been achieved based on the pixel micro polarizer ar-
ray (PMA), where the acquisition of phase only needs to pass
through one frame image;®!! the plasmonic photodiode de-
vice based on holographic method can selectively detect the
orbital angular momentum of light;1>?! the silicon integrated
OAM detector based on the microscale waveguide can detect
the OAM of the vortex beam in real time.>3] These systems,
though they have less or simpler valuation processes, are still
limited by the step of wave field analysis and usually need
complex configurations.

In the present work, a new TC measurement method with-
out the pattern recognition procedure is proposed, in which the
TC is measured by detecting the values of the wave energy at
two fixed positions. The method of TC detection based on a
few fixed positions is called settled detection or measurement
to distinguish it from techniques based on field pattern recog-
nition or wave field analysis. This method offers a fast and
easy way to measure the vortex beam TC and can have po-
tentially wide applications in relevant fields. The rest of the
report is organized as follows: Section 2 presents the design
of the proposed device and the analyses of its properties. Sec-
tion 3 performs the numerical simulations to verify the device
performance. The discussion and conclusions are presented in
Section 4.

2. Design of settled detection device

In general, the complex amplitude of a canonical optical
vortices can be expressed as

U(x,y,z) =Aexp(ilO(x,y)), (D

where A and 6 are the amplitude and the azimuthal angle rang-
ing from O to 27, [ is the TC and an integer in a range between
—oo and oo, which determines the number of 27 phase shifts
that occur across one revolution of 8. The azimuthal angle
can be written in Cartesian coordinates as

0(x,y) = arctan <i> = arctan(7), 2)

If |7] = |y/x| <1 or |8] < 7/2, the Taylor expansion of

arctan(t) is as follows: >4

o (=1)" 201
tan(7) = ) ——7", 3
arctan(7) Lo 3)

where if |7| is sufficiently small, the high order term in the
Taylor expansion can be ignored, thereby resulting in

0 = arctan(7) = 7 = % 4)

Then
exp(il6) = exp(ilt) = exp (ilxy) , (5)
0

where x is a constant, and |y| is far less than |xo|, which means

that the spiral wave front f = exp(i/0) is transformed into a
tilted plane wave front f' = exp(ily/xo) at location x = xo. Un-
der this condition, the OAM modes with different TC values
are transformed into a plane wave with a different propaga-
tion angle, which can be further detected and processed more
easily.

Figure 1 presents such a spiral-to-plane transfer system
without loss of generality. Take a thin layer, here in this study
called a detection layer, to be parallel to the optical (z) axis,
and set such an input aperture on the layer that it satisfies the
previous approximation condition, that is, x is a fixed value
|xo|, and the aperture width is far less than |xp|. To guide suf-
ficient wave into the detection layer, the wavelength should be
small enough compared with the size of the input aperture.

‘Z

detection

Fig. 1. Structural diagram of spiral-to-plane transfer system, where xq is
fixed in value aperture width T < |xo|, and detection layer thickness H is
small enough.

To further clarify the relation between the vortex beam
TC and the plane wave propagation direction, the phase term
is rewritten as

exp(ily/xp) = exp(ikycos(f)), (6)
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where k =21 /A is the wave number, cos(f) is the direction
cosine along the y direction, and A is the wavelength: it is easy
to obtain from

. 27x0

= - cos(fB). (N

The vortex beam TC is found to be directly proportional
to the direction cosine of the plane wave, and the different

propagation directions lead to different wave distributions in
the detection place. Thus, the TC can be obtained from these
differences. The different energy proportions perceived by
some fixed sensors in the detection location are proposed to be
used to characterize and identify the wave distributions based
on a simple quantitative value without pattern recognition. In
particular, to avoid using a sensor array or vast sensors, two
omnidirectional energy absorbers (OEAs)>! can be symmet-
rically blocked on the wave propagation path in the detection
layer to guide the whole propagating wave into the absorp-
tion cores. The waves in the detection layer are supposed to
be attracted into the twin absorption positions, and the dif-
ferent propagation directions, which correspond to different
TCs, can be determined by the different energy proportions
perceived by the two sensors fixed respectively at the two ab-
sorption cores.

The optical OEAP! consists of a shell that controls the
ray trajectory and a core that absorbs the wave energy. The

screen

vortex plane
beam
exp(ikycos(B)
Ry

refractive index of the OEA is

R m
no (7> , R.<r<R, )
no, r >R,

n=

where r is the radial coordinate of the OEA, R is the outer ra-
dius of the OEA, R. is the absorption core radius, and ny is
the refractive index of the background (detection layer). From
the transformation perspective, the function of this device is
equivalent to mapping the wave field at infinity to the central
position>®! to enable it to absorb all the wave fields that en-
ter into both the outer boundary and the inner absorption core.
A larger value of m implies that the system is more attractive
and that an incident beam will fall more rapidly into the core,
whereas m = 2 denotes a critical condition in which the beam
can be captured. To mimic the enough layer width, the domain
boundary condition can be set to be the scattering boundary
condition (SBC) to avoid the reflection. The core (r < R.)
has a sensor for collecting the electromagnetic energy. Fig-
ure 2 shows the settled detection device diagram based on twin
OEAs. Figure 2(a) is the whole configuration (for details, see
Fig. 1) and figure 2(b) is a top view of the detection layer in
Fig. 2(a) where the two blue ring areas are OEA devices with
sensors fixed at their cores, respectively.

Fig. 2. Diagram of settled detection device based on twin OEAs: showing (a) the whole structure of the device and (b) detailed structure of detection
layer, where input aperture width is 7' and distance between sensors A and B is S.

The advantage of this method is that the TC can be ob-
tained directly by quantitatively measuring the energy value
of the wave field at the fixed position but not by recognizing
the wave field distribution patterns, thus enabling fast mea-
surement.

Further study of the relation between the TC and the en-
ergy proportion detected in the sensors is important. Accord-
ing to Huygens—Fresnel diffraction integral theory, the diffrac-
tion field distribution satisfies the Fresnel diffraction over a

short transmission distance.’”] The Fresnel diffraction of the
observation plane is expressed as

i

E(xl,YI»Z) = AZ CXp(lkZ)/ Tl(xay)U(xﬂy’O)

ik
x exp{;—Z[(x—xl)%(y—yl)zl}dxdy, ©9)

where the wave propagates along the z direction, and U (x,y,0)
is the input signal, T (x,y) is a window function, and (x,y;)
is the coordinates of observation plane. The propagation di-
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rection or direction cosine is related to the coordinates in in-
put and observation planes, such as cos(a) = (x —x1)/z =
0,cos(B) = (y —y1)/z. In two-dimensional (2D) space, such
as in the y—z plane, the final Fresnel diffraction is reduced to

i

e exp(ikz) / Ti(y)U(y,0)

X exp{i;;[zcos(ﬁ)]z}dy. (10)

E(y1,2) =

From the perspective of signal processing, the Fresnel
diffraction of the optical field is equivalent to the fractional
Fourier transform (FrFT) of the input signal. The order of the
FrFT can be observed at a distance b from the screen. As
b is increased from O to oo, the order of the fractional trans-
form increases from 0 to 1.0%3° The order of the FrFT can
be explained as the degree of a signal transform from its spa-
tial domain to the frequency domain; thus, a small order or
short propagation distance means that the signal is similar to
its original profile. Figure 3 shows the detection principle.
The wave field in the detection line can be divided into two
parts by the central point C, denoted by p and g, respectively.
The wave that propagates to the two areas enters into the twin
OEAs, respectively. The length ratio between part p and part
q approximately corresponds to the ratio between the values
of wave energy in the two sections if the input wave field is
uniform.

sensor B

Fig. 3. Distribution structure of wave field absorbed by twin OEAs where
p(1) and ¢(I) denote wave energy values absorbed into twin OEAs, respec-
tively, with / being TC when I # 0, p(I) # q(1).

From Eq. (7) it is obtained that

B = arccos (2?)@) an

From Fig. 3, the offset distance of the wave field in the
detection area caused by / is M = dtan(y), where

-3

Substituting Eq. (11) into Eq. (12), when y or IA /27xy is

small,
arccos 12 z
27'[)60 2

tan(y) =y =

IA IA
= i = . 13
arcsin (27rxo ) 7% (13)
Therefore, approximately, we have
dir
M=dt =dy= . 14
an(y) =dy =5 (14)

In this case, the ratio between p and g, i.e., the energy
ratio (ER) is

_p)  pO)+M

~q(h) q(0)—M
d
=(14+— 11— 1
( + MOSUL)/( d/7xoSIA), (15)
where p(0) = ¢(0) = S§/2 and S is the length of the detection

line. The Taylor expansion of the above formula gives®"!

d d 2
K=1+2 — JIA +o[ —=IA ] . (16)
nxoS 7ZZ)COS

Ignoring the higher order terms,

2d 13 (17)

K=1 .
+7'L'X()S

This equation shows that the ER has an approximate lin-
ear relationship with the TC (I) and the wavelength (A). Al-
though the linear approximation cannot be established when
the detection surface is far away, 7 is large, or the input wave
field is not uniform, a corresponding relation between the TC
and the ER still exists, which can still be used to determine
the TC, but the settled detection scheme will work in a more
complicated way which is beyond the present discussion.

The structure of the system is simple, however some of its
properties should be further investigated in order to optimize
the performance in various circumstances. As shown in Fig. 3,
the distance d from the sensors to the input aperture should be
suitable for the application. If d is large, the offset distance
M for the same input should be large, which means that the
system has higher TC distinguishability according to Eq. (15).
On the other hand, the long d will limit the maximal TC that
can be detected. If M is too large (approaches to S/2), almost
all wave fields will come into one OEA but no input energy en-
ters into the other one, thus Eq. (15) does not hold any more.
The input aperture width 7" also needs a balanced size. Small
T satisfies the spiral-to-plane transfer condition Eq. (4) better,
however, for the same reason the number of TCs the system
can perceive will decrease. In addition, the system size should
be larger enough than the wave length for normal propagation:
small 7" will limit the working wave length. In our study, we
choose the aperture width to be close to the OEA diameter and
the simulation result shows that it has no significant difference
from that with half the width. The OEA cannot be perfect in
practice. Suppose that its absorption ratio is Ar (0 < Ar < 1),
then an interesting and important conclusion will be that this
imperfection will not influence the system if the two OEAs

104203-4
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are the same. This can be shown by multiplying both p(I) and
q(I) by Ar in Eq. (15), and K = p(I)Ar/[q(1)Ar] = p(1)/q(1)
still holds true. Another interesting property of the system is
that one detection layer uses only a fraction of the input facet,
so it is possible to take advantage of the abundant space to
achieve multiple detection layers for enhancing the detection
robustness or efficiency.

3. Numerical simulations
3.1. Validity of proposed method

To verify the performance of the device, a numerical
simulation based on COMSOL Multiphysics is carried out.
Because the working principle depends only on the rela-
tive size of the device relative to the wavelength, the length
unit is ignored here; this can be set to be mm or pum, for
example, if need be. As shown in Fig. 2, the radius of

the plane with the vortex beam input is Ry = 2.12 and the

Arg[rad] Arglrad]

Max

Mm —2. 12

Max

—2. 12

input aperture width of the input plane is 7 = 1.2. The
detection layer has length L = 3, width W = 2.4, height
H = 0.3, and detection distance d = 2, and the detection
layer is located at xop = 1.5 and refractive index ng = 1.

ewfd.normE

1.5

0.6

—0.6

—1.5

Fig. 4. Refractive index profile of detection layer with twin OEAs.

Arg[rad] Max Arg[rad]

2.12

Mm —2. 12

Fig. 5. Phase distributions of input vortex signals.

1.54

—-1.5
—2

ewfd. normE

ewfd.normE

Max

1" Min

ewfd.normE ewfd.normE

Fig. 6. Wave field distributions on top surface of detection layer.
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The parameters of the twin OEAs are R = 0.6 and R, = 0.15.
The attractive parameter m = 2 is chosen in the twin OEAs be-
cause the lower refractive index gradient is more practical in
engineering. Figure 4 shows the refractive index distribution
of the detection layer. Figure 5 presents the phase distributions
of the input vortex signals with the TC ranging from 0 to 4.

Because the detection layer is thin, the difference in en-
ergy between the top and bottom surfaces is not obvious. Thus,
only the wave fields on the top surface are considered here in
this work. Sensors A and B are located at the two absorption
cores, respectively. Figure 6 shows the wave field distribu-
tions when the wavelength of the input electromagnetic wave
is A = 0.4. As shown in the figure, when [ = 0, the input light
wave is evenly absorbed into the sensors. When [ # 0, the
wave fields absorb different amounts of energy by sensors A
and B according to the varying /. Therefore, the TC can be
determined by the ratio between the wave energy values in the
two sensors.

Table 1 shows the ratio between the high and low energy
values in sensors A and B shown in Fig. 6 when the length unit
is chosen as pm.

Table 1. Numerically calculated values of ER and TC.

TC  Energyin A (V/um) EnergyinB (V/um) ER (large/small)
—4 68.26 34.82 1.96
-3 66.25 39.93 1.66
-2 63.47 45.87 1.38
-1 59.85 51.61 1.16
0 55.37 56.58 1.02
1 50.25 60.55 1.20
2 44.76 63.52 1.42
3 39.25 66.00 1.68
4 34.38 68.48 1.99

Figure 7 presents the data in Table 1, which shows that the

ER has an approximate linear relation with the TC at a fixed

wave length, which is in agreement with Eq. (17).

The wavelength can be additionally set to be A = 0.5 and

A = 0.6 separately. Table 2 presents the ER corresponding to
the TC ranging from O to 4 at different wavelengths; their fit
curves are shown in Fig. 8. The results are also in agreement
with Eq. (17).

2.0
. +A=04 .~
18| P
1.6 N e

1.4 R o

1.2 s A

Energy ratio K

1.0 '

0.8
—4

—2 0 2 4
Topological charge [

Fig. 7. Numerically calculated relation of ER with TC.

Table 2. Numerically calculated values of ER and TC at different wave-
lengths.

TC (1) ER (A =0.4) ER (A =0.5) ER (A =0.6)
0 1.02 1.01 1.04
1 1.20 1.27 1.37
2 1.42 1.61 1.79
3 1.68 2.00 2.30
4 1.99 2.42 2.86
3.0 ' ' ' ' ' ' ' ¥
+A=04 -1
OA=0.5 o7
<« O xa=0s oL
) Lo ’,*"
s 2.0f P -0 +
5] - .- --
= A _ " ="
> Y e -
&6 ROP s Bl
E 1.5}f 4(:‘,: .z E
A o
1o0p-*" 1
0.5 - -
0 1 2 3 4

Topological charge [

Fig. 8. Numerically calculated relation of ER with TC at different wave-
lengths.

To evaluate the accuracy of the proposed model, the the-
oretical and simulation values of the ER are compared with
each other. The theoretical results are obtained from Eq. (17),
whereas the field width S is approximately set to be the input
aperture width 7. Table 3 presents the comparison, indicating
that the mathematical model is in accordance with the numer-
ical simulation.

Table 3. Comparison between theoretical and simulation values of ER for different TCs.

TC (1) ER (A =0.4) ER (A =0.5) ER (4 =0.6)
TV SV RE TV SV RE TV SV RE
0 1.00 1.02 2% 1.00 1.01 1% 1.00 1.04 4%
1 1.30 1.20 7% 1.37 1.27 7% 1.45 1.37 5%
2 1.59 1.42 11% 1.74 1.61 8% 1.89 1.79 5%
3 1.89 1.68 11% 2.11 2.00 5% 2.34 2.30 2%
4 2.19 1.99 9% 2.49 2.42 3% 2.78 2.86 3%

Notes: TV: theoretical value; SV: simulation value; RE: relative error.
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3.2. Robustness of proposed method

In practical applications, sometimes the beam or test en-
vironment is in a non-ideal situation, which may affect the
performance of existing TC detection systems. For example,
TC detection methods based on geometric transformation face
problems such as crosstalk, inherent defects of beam trans-
formation, and power loss. It is important to check the per-
formance of the proposed method working in some imperfect
conditions and the robustness examination may benefit the fu-
ture applications. All the simulations here are carried out at a
dimensionless wavelength of 0.4.

3.2.1. Beam incidence direction deviation

In an ideal situation, the vortex beam input is vertical to
the detection device, or the propagation direction of the beam
is strictly along the optical axis (z axis), so the input angle
deviating from the optical axis is 0°. However, in practice,
a small angle deviation may exist, so its influence degree of
TC detection is discussed. Obviously, the influence depends

Deviation 5°
(a)

on the incidence direction deviation that occurs in the x-axis
direction or y-axis direction, and the general cases can be de-
rived from these two special circumstances.

In the examination, the input deviations of 1°, 3°, and 5°
are set to be along the x-axis direction and so are they along the
y-axis direction The wave field distributions in the detection
layer are shown in Fig. 9. The corresponding relation between
the ER and the TC number is shown in Table 4, where the TC
number is 0—4. The line diagram is presented in Fig. 10.

It can be seen from this demonstration that the system is
much more sensitive to the input direction inclination along
the y-axis direction than x-axis direction as expected, because
the detection mechanism itself relies on the wave propagation
direction in the y-axis direction. However, a tiny input angle
error along the y-axis direction, e.g., 1° in this simulation, can
still be tolerated by the system. As the linear relation remains
at different deviations, for those rougher systems, it is a good

idea to make corresponding calibration before formal testing.

Min

Max

Min

Max

Min
Max
Min

Deviation 5°

(b)

Fig. 9. Wave field distributions in detection layer when input angle deviations occur along (a) x-axis direction and (b) y-axis direction.

Table 4. Numerically calculated values of ER and TC of input vortex waves with different input angle deviations.

ER (nonideal)
TC ER (no deviation)

Input wave deviation in x direction

ER (nonideal)

Input wave offset in y direction

Deviation 1° Deviation 3°

Deviation 5°

Deviation 1° Deviation 3° Deviation 5°

0 1.02 1.02 1.02
1 1.20 1.21 1.21
2 1.42 1.43 1.44
3 1.68 1.70 1.72
4 1.99 2.02 2.06

1.02 0.95 0.81 0.69
122 1.12 0.96 0.82
1.46 1.32 1.13 0.97
1.75 1.56 1.33 1.15
2.11 1.85 1.58 1.36
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Fig. 10. Numerically calculated relation of ER with TC of input vortex light wave with certain deflection angles in (a) x-axis direction and (b) y-axis direction.

3.2.2. Input beam center offset

The ideal model requires the center of the beam to be ex-
actly located at the center of the input disc (see Fig. 1). How-
ever, in practice, this condition may not be so perfectly sat-

isfied and tiny position offset may exist. To evaluate the in-

Center offset —0.2
(a)

Fig. 11. Wave field distributions in detection layer when input beam center offset along (a) x direction and (b) y direction.

fluence of such an error, here in the simulation the deviation
distances of the input wave along the x-axis and y-axis direc-
tions are both set to be —0.2, —0.1, 0.1, and 0.2 dimensionless
length, the wave fields can be found in Fig. 11 and the relation
between the ER and the TC is shown in Table 5. Here, the TC
is in a range of 0—4, and the linear relation is shown in Fig. 12.

Max

Min
Max

Min
Max

Min
Max

Min
Center offset —0.2
(b)

Table 5. Numerically calculated values of ER and TC of input vortex light wave with different center offsets.

ER (nonideal)

TC ER (ideal) Beam center offset along x direction

ER (nonideal)
Beam center offset along y direction

Center offset

Center offset

Center offset

Center offset

Center offset

Center offset Center offset

Center offset

-0.2 -0.1 0.1 0.2 -0.2 -0.1 0.1 0.2
0 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02
1 1.20 1.19 1.19 1.22 1.23 1.20 1.20 1.20 1.20
2 1.42 1.37 1.39 1.45 1.48 1.41 1.42 1.42 1.41
3 1.68 1.59 1.63 1.74 1.80 1.67 1.68 1.68 1.67
4 1.99 1.86 1.92 2.07 2.16 1.96 1.98 2.00 1.99
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Fig. 12. Numerically calculated relation of ER with TC of input vortex light
wave with different offsets along (a) x-axis direction and (b) y-axis direction.

It can be seen from Fig. 12 that when the input beam cen-
ter has a small position offset along the x-axis or y-axis direc-
tions, the linear relation between the ER and the TC is kept and

Here we assume that the nonuniformity is caused by the
random noise. Set the signaltonoise ratio (SNR) of the input
beam to be 0 dB, —9.542 dB, and —15.563 dB (the corre-
sponding amplitude ratios between signal and noise are 1/1,

1/3, and 1/6) respectively, and compare the relations between
the ER and the TC numbers under ideal condition and nonideal
condition. The noised input beam fields with different TCs (0—
4) are shown in Fig. 13. The wave fields in detection layer are
shown in Fig. 14. The numerical results are shown in Table 6
and the corresponding line diagram is shown in Fig. 15.

the system can still work well. This can be explained from the

derivation in Section 2 that a small position offset will cause a
small error of variable 3, thus the error of M is also small and

in turn the error of energy ratio (K) in Eq. (17) is small.

3.2.3. Nonuniform input wave fields

We suppose that the input wave field is uniform in deriv-
ing the linear relation between ER and TC, nevertheless the
noise will break this ideal condition, so we need to assess the
performance of the system in such cases of nonuniform input

wave fields.

SNR 0,

SNR —

SNR

Fig. 13. Input noised fields with different TCs (0—4) at different SNRs.

SNR —15.563 dB

Max

Min
Max

Min

Max

Min
Max

Min

Fig. 14. Wave field distributions in detection layer at at different SNRs.

Table 6. Numerically calculated values of ER and TC in uniform light
field and non-uniform light field.

ER (nonideal)
TC ER (ideal) SNR SNR SNR
0dB -9.542 dB —-15.563 dB
0 1.02 1.01 1.08 1.13
1 1.20 1.17 1.11 1.06
2 1.42 1.38 1.32 1.26
3 1.68 1.64 1.57 1.5
4 1.99 1.95 1.87 1.77
2.0 T
+ ideal ,’1
| 0 SNR 0 dB %"
1.8 o, ﬁ
* SNR —9.542 dB L7
B * SNR —15.563 dB P S
o L1.6f A Y 1
'J:; » /, /’ -~ ‘*¢
S . P /’ ” Phe
Co14f o ok
2 PO 4
) DR e *
5 1.2F 2 2
2
p 27 @
1.0r’
0.8 P
0 2 3 4

Topological charge [

Fig. 15. Numerically calculated relations of ER with TC of uniform light
field and non-uniform light field at different SNRs.
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It can be seen from Fig. 15 that the system has good anti-
noise property and it works well even in 0-dB SNR for random
noise. If the noise is very strong, e.g., the SNR lower than
—1 dB as adopted in this instance, the linear relation of ER
and TC numbers may be distorted and the system may have
lower precision.

3.3. Multi-detection layers

There is enough space to set multidetection layers to be
in the system, so, it is interesting to find the benefits of such
configurations. All the simulations here are carried out at the
dimensionless wavelength of 0.4. First we investigate the mul-
tiple detection layers stacked in the same orientation. This
stacking configuration can be used to detect the input wave
fields with ring structure (such as the Gaussian-type vortex
beams). The multidetection layers can cover more textures
across the ring so they may obtain better detection without
moving the detection layer. The single detection layer and
three stacking detection layers for a Gaussian-type input vor-
tex beam are checked and the simulation results are shown in
Fig. 16.

O M i W W Wi Z
¥ S il z
N - wﬂm/ ’////W Wi z

Detection layer 3
Three detection layers

Fig. 16. Wave field distributions in single detection layer and three stacking

detection layers.

Table 7. Numerically calculated values of ER and TC of single detection
layer and three stacking detection layers.

TC (1) ER (single layer) ER (three layers)
-4 1.94 2.05
-3 1.63 1.77
-2 1.35 1.46
-1 1.15 1.20
0 1.00 1.01
1 1.16 1.23
2 1.36 1.50
3 1.64 1.80
4 1.97 2.10

The ER of the stacking detection layer is obtained by av-
eraging those of the three detection layers. The comparison

between the ER results of the two devices is shown in Table 7
and the relations of ER with TC are plotted in Fig. 17. The
simulation values and theoretical values of ER from the two
devices are compared with each other in Table 8.

2.2 T y T T T T
# three detection layers »
2.0+ single detection layer PR
- - -
X 1.8 o
- -
bt AP
S 16f gt
> - :./ -
E‘_P 1.4 -, : L
() - ‘-
= > 2
H 1.2 PR
s
P e
1.0?»
0.8 L L 1 . I .
0 1 2 3 4

Topological charge [

Fig. 17. Numerically calculated relation between ER and TC for single de-
tection layer and three stacking detection layers.

Table 8. Comparison between theoretical and simulation values of ER
for single detection layer and three stacking detection layers.

Single detection layer Three detection layers

TC (1) TV
SV RE SV RE
0 1 1.00 0% 1.01 1%
1 1.3 1.16 11% 1.23 6%
2 1.59 1.36 14% 1.50 6%
3 1.89 1.64 13% 1.80 5%
4 2.19 1.97 10% 2.10 4%

Notes: TV: theoretical value; SV: simulation value; RE: relative error.

These results show that the accuracy of TC measurement
of the Gaussian-type vortex beam can be improved by us-
ing the stacking multi-detection layers. The stacking system
simplifies the process of finding the best input aperture loca-
tion that a single detection layer system should have for non-
uniform (such as ring structured area) input wave field.

G e W e

- | Min
Noisy single position detection device

Max

7 8 !mm,.}j;; i e Wi I
IV Wl W D e

Detection layer 2
Noisy multiposition detection device

Fig. 18. Wave field distributions on upper surface in noisy single position
detection device and noisy multiposition detection device.
Then another configuration of multidetection layers
where the layers are azimuthal-equally located is checked. Itis
expected that the broader detection location may enhance the
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stability of the system in random noise environment. Here the
distributed multidetection layers are composed of two single
detection layers placed 180° apart, and the SNR of the input
beam is —9.542 dB. The wave field distribution on the upper
surfaces of both the single detection layer and the distributed
two detection layers are shown in Fig. 18. The comparison be-
tween the ER results of the two systems is shown in Table 9.
The relations between ER and TC are plotted in Fig. 19.
Table 9. Numerically calculated values of ER and TC for noisy single

position detection devicenoisy multiposition detection device and ideal
single detection device.

ER (noisy single ER (noisy multiposition ER (ideal single

TC detection device) detection device) detection device)
-4 2.29 2.15 1.96
-3 1.90 1.58 1.66
-2 1.56 1.52 1.38
-1 1.29 1.13 1.16
0 1.08 1.09 1.02
1 1.11 1.23 1.20
2 1.32 1.28 1.42
3 1.57 1.72 1.68
4 1.87 1.80 1.99

The ER of the multiposition system is the average of those
of the two layers. In Fig. 19, the fitting line of the multiposi-
tion detection system is closer to the ideal one than the single
position detection one, which means that the noise effect is
lower in the system. However, the number of the detection po-
sition should be a tradeoff between the system complexity and
effect, which is worth further exploring.

2.0 : : : : : : :
¢ ideal single position detection device s
1.8F @ noisy multiposition detection device PRe
. + noisy single detection device . -2
-
i Dt
x 1.6 PPt
T
e} ‘.7
i~ e
*5 1.4F P
= 7 -
~
- -
h>f) . t
5 1.2 -
g 2
=] zZ27 .
1.0
1 | 1 .
0-8g 1 2 3 4

Topological charge [

Fig. 19. Numerically calculated relations between ER and TC for noisy sin-
gle position detection device, noisy multiposition detection device, and ideal
single detection device.

4. Discussion and conclusions

A new method of detecting the TC of the vortex beam,
called settled measurement, is proposed. In contrast to previ-
ously reported methods, which rely on pattern recognition of
the manipulated wave field in a region, the proposed method
requires only the detection of the wave energy at two fixed
points, thus enabling fast and automatic measurement. The
key concept of this method is to directly extract the plane wave

from the vortex beam by using a simple configuration, after
which the plane wave is guided and split into a system of twin
OEAs. A different TC will lead to a different ER in the twin
OEAs; in turn, the TC can be obtained by quantitatively detect-
ing the two sensors inside the twin OEAs. It should be noted
that the OEA is not inevitably based on the proposed spiral-
to-plane wave extraction idea. Although the energy allocation
can still be distinguished in the detection line even without
the OEA, the cost of a sensor array or vast sensors might lose
the conciseness as that of the proposed device. The detec-
tion needs some prior information about such as wavelength,
device size, efc., however it is not a challenge for practical
application. The simulation results verify the effectiveness of
the proposed device. In addition, the robustness of the pro-
posed system working in a non-ideal condition is investigated,
including the incidence direction deviation, input beam center
offset, and nonuniform input wave field. Generally speaking,
the tiny scale of such system errors will not remarkably influ-
ence the device, and if the errors are considerable large, the
system may need calibrating correspondingly in advance. Al-
though this method is not perfect, it has important potential ap-
plications in the field of communication or industrial because
of its simple and compact structure.

The fractional order vortex structure is distorted, and if
the two fractional TCs are too close to each other, the differ-
ence between adjacent angles of conversion inclination beam
is not obvious enough, which may lead to inaccurate measure-
ment accuracy so the current method may be not applicable in
such cases.

It is also worth noting that the OEAs in the detection layer
are just two-dimensional (2D), it is possible to manufacture
the devices through using various technologies.>>¢1-3 More-
over, with the current development of three-dimensional (3D)

[64-68

printing technology, I the 2D device with high precision

of refractive index can be fabricated, implying that the method
possesses many potential practical applications. Although at
present there exists no experiment on the verification for the
proposed method, the idea itself is instructive and the sufficient
discussion may lay a good foundation for future experiments,
so the work is meaningful, we think.
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