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Abstract: Full Poincaré beams, as a more complicated class of novel structural beams, lead to impressive
demonstrations recently in Free-Space Optical Communication (FSOC) due to the coupling of spin and orbital
angular momentum in the cross section. However, a noteworthy limiting factor of FSOC system in this process is
the varying atmospheric turbulence which results in beam expansion, drift, light intensity scintillation and other
severe effects. Massive numerical simulations on turbulent atmospheric propagation of full Poincaré beams with
C-point polarization, cylindrical vector beams with V-point polarization and homogeneous scalar polarized vortex
beams through random phase screens were demonstrated. In this process, normalized correlation coefficient and
mode purity were proposed to explore the robustness of full Poincaré beams on different locations of hybrid-order
Poincaré sphere. The results show that full Poincaré beams with coordinates located in the southern hemisphere
remain high robustness under weak and moderate turbulence (7y=0.5 m, 0.125 m) compared with cylindrical
vector beams and scalar vortex beams with similar topological charges and intensity distribution. While the
dominant area shrinks to 20 € [-5n/32, 0] (latitude coordinates) under strong turbulence (r;=0.056 m). These
results will promote the selection of robust transmission media and the development of transmission quality in
free-space communications with long-distance.
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0 Introduction

Free-Space Optical Communication (FSOC) requires
both diversity and robustness of the transmission medium
in the free atmosphere channel. In practice, however, the
space and time-varying refractive index fluctuations in
turbulent atmosphere leads to beam expansion, drift, light
intensity scintillation and other severe effects!" 2. All
issues above in turn lead to beam quality degradation and
the decrease of bit error rate at the receiver. In recent
years, Vector Vortex Beams (VVBs)®*! with the coupling
of the helicoidal wavefront carrying Orbital Angular
Momentum (OAM) and inhomogeneous polarization
carrying Spin Angular Momentum (SAM) in the cross
section, stand out in FSOC system due to multiple degrees
of freedom for modulation!* ™. The two typical VVBs are
C-point polarization Full Poincaré Beams (FPBs)!® and V-
point polarization Cylindrical Vector Beams (CVBs),
which have been proved to maintain information diversity
and high robustness simultaneously compared with
homogeneous polarization Scalar Vortex Beams
(SVBs)" . In this process, the advantages of FPBs are
particularly prominent. Wei et al.'” demonstrated that
FPBs significantly reduce the scintillation index compared
to SVBs under certain conditions. Senthilkumaran et
al."'"" presented experiments on propagation of C-point
polarization FPBs through random phase fluctuations and
investigated the diversity of speckle patterns generated by
polarization components. Then the robustness of FPBs
was verified experimentally based on the signal to noise
ratio and scintillation index compared with V-point
polarization CVBs. The above results give FPBs the
robustness

possibility of achieving high optical

AT

Fe b Jom R 3K

communication. However, most studies have focused only
on FPBs located on the equator of Hybrid-Order Poincaré
Sphere (HyOPS)!"", the non-equatorial region are poorly
investigated. We are motivated to select a class of FPBs
on HyOPS (characterized by latitude and longitude
coordinates) that can achieve high robustness under
different evaluation indexes.

In this manuscript, we demonstrate the high
robustness region of C-point polarization FPBs on HyOPS
compared with V-point polarization CVBs and
homogeneous polarized SVBs. As well as Normalized
Correlation Coefficient (NCC) and Mode Purity (MP) are
firstly employed to evaluate optical performance of
different latitude and longitude coordinates on HyOPS.
The results demonstrate that C-point polarization FPBs
achieve higher robustness when the latitude coordinates
are regulated within a certain range according to different
evaluate indexes, the order of FPBs and turbulence
intensities. Under the settings of this article, both 2™ and
4™ order FPBs located in the southern hemisphere are
more advantageous under weak and moderate turbulence
(r¢=0.5 m, 0.125 m). While the latitude coordinates
corresponding to the dominant region shrink to 2¢0€&

[-5m/32, 0] under strong turbulence approximately
(rg=0.056 m).

1 Principles and concepts

1.1 Full Poincaré beams on hybrid-order Poincaré
spheres
VVBs can be generated by the coherent

superposition of two circularly polarized scalar Laguerre-

Gaussian beams (LGBs) with orthogonal polarization
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states and different topological charges. The light field

can be represented as!'"

—i(pp+6,)
2

i(pp+6,)
2

|.) = explil )0/} exp L)+

exp(il )Wy exp IR) (D

where ) and % denote the radial light field of two
polarization components with initial polarization direction
6, when ¢=0, m and n are the topological charges of two
components. |L)=(e, +ie,) /V2 and R)=(e,—ie,) /\2
denotes the basis vector of left-hand and right-hand
circularly polarization, respectively.

Any VVBs can be mapped to the hybrid-order
Poincaré sphere and characterized by the polarization
order p=(m-n)/2 and the Pancharatnam-Berry topological
charge [,=(m+n)/2. The HyOPS are mapped by
representing the Stokes parameters Sy(j=0, 1, 2, 3) in the

spherical Cartesian coordinates which are defined as!* '
r m 2 n 2
S, AR
Si | | 2lwwlwilcoss
= (2
S, 2|wa||w;] sin 6
S3 2 L2
Rl — lpL
(20,20)

where 26=arctan(S,/S;) and 2o=arcsin(S;/S,) represent the
longitude and latitude coordinates of HyOPS (20 € [-7/2,
/2], 20€[0, 2x]). It’s worth noting that the HyOPS
model has universality for FPBs, CVBs and SVBs.
When »n=0, m#0, the composite beams named full
Poincaré beams, with C-point polarization singularities in
cross section, have multiple polarization types (linear
polarization, elliptic polarization and circular polarization)
simultaneously (see Fig.1). The light fields here are

represent as

Y= sin (a+ g)eE (.2 IRy +
3)
cos (a' + g)e”"’EOO (r,¢,2)|L)

where E, (7, ¢, z) and Ey(r, ¢, z) denote the light field of
LGBs with topological charge m and fundamental
Gaussian beam, respectively. When m=—n#0, the HyOPS
degenerates into the High-Order Poincaré Sphere (HOPS)
which characterizes V-point polarization CVBs with
single type polarization. If either m or n exists (beams
located in north and south poles on HyOPS), SVBs are

represented.

. 1.0

10.5

Fig.1 2" order FPBs (m=2, n=0) with C-point polarization on HyOPS
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1.2 Atmospheric turbulence model based on random

phase screens

In this manuscript, the Atmospheric Turbulence
(AT) channel is described by inserting a series of
independent random phase screens with equal intervals Az
which conforming to sampling rules along the
propagation direction. The initial light field goes
through cycles (superposing random phase screen
information —propagating certain distances forward
under Fresnel diffraction theory—superposing another
phase screen information) until it reaches the final

distances!?.

The random phase screens mimic the
atmosphere by using Zernike polynomials in which the
disturbed wavefront ¢(r, @) caused by AT can be

expressed as

$(rne)= ) a;-Z,(r9) 4
j=1

where Z(r, ¢) represents the Zernike polynomials of item
J (up to 66 terms in our simulation); a; is the coefficients
of the j-th polynomial. The coefficients satisfy the
covariance relationship based on Kolmogorov power

spectrum!'?,

D\"?2.269 8- (—1){+m=2mi)/2
<“"’“">:(_) T((n,—n +17/3)12)
[0+ 1) (n;+ D] (ni+n,-5/3) /2)6.
F((n,-—nj+17/3)/2)1"((;1,-+nj+23/3)/2)
(5)

0

where( a;, aj> represents the covariance between a; and a;;
D is the beam diameter and r, is the atmospheric
coherence length; n and m represent the radial degrees of
freedom and angular frequencies of Zernike polynomials,
respectively. I'(¢) means Gamma function. 8, = (m = m’)N
(WU(m:O)). The turbulence strength can be
described by ry. The smaller the value, the stronger the
turbulence. The difference in coefficients and corre-
spondence lead to the non-unique analytic form of
Zernike polynomials which ensures the randomness of the
phase screens successfully.

1.3 Atmospheric turbulence model based on random

phase screens

We employ normalized correlation coefficient and

mode purity to measure the evolution of intensity

degradation and mode decomposition in turbulence.
Normalized Correlation Coefficient (NCC), to

synthetically evaluate the degree of global intensity

degradation and beam displacement, is defined as!"”
1 =
JII (r,.2)La (r,¢,z)drdg
NCC=2"— (6)
j f L (r,¢,z)drdg
0 -n

where I(r, ¢, z) and L,y(r, @, z) denote the intensity profile
of turbulent beams and ideal beams. The greater the NCC
is, the higher the correlation between the two, as well as
the less AT distortion on optical channel.

Mode Purity (MP), obtained by calculating OAM
spectrum, occupies a pivotal position in evaluating the
performance of optical vortex. The complex amplitude of
optical fields can be expanded in a linear space composed

of harmonic functions exp(ilp) which described as!"®

|
u(r,p,z) = \/_2_7t Z a,(r,z)exp(ilp) (7
|=—c0

where a,(r,z) = u(r,,z)exp(—ilp)dp. Then the

1 JQT[
Var Jo
relative power ratio of harmonic can be obtained by
integrating the absolute value of the coefficient along the
radius, and the MP can be obtained as

0 had o0 2
MP = L lay (r,z)|2rdr/ ,_Z UO lay (r,2)| rdr] (8)
The higher the MP is, the more original components

the distorted beam contains, and the less distortion the

beam suffers.
2 Results and discussion

The parameters used in simulations are listed as
follow. All propagation modes with wavelengths of A=
1550 nm maintain the consistent waist radius w,=10 cm.
Weak, moderate and strong turbulence corresponded to
re=0.5 m, 0.125 m, 0.056 m are selected, respectively.
Multiple phase screens with the resolution of 1080%1080
keep Az=100 m apart from each other, and the maximum

propagation distance is 5 km. For statistical purposes,
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each of the following data points are randomly tested
50 times and averaged to reduce the error.
2.1 Performance comparison between FPBs, CVBs

and LGBs

In order to investigate the robustness performance of
polarization singularity beams with different orders and
polarization distributions compared with homogeneous
polarized vortex beams in turbulent atmosphere, we
introduce two classes based on the consistency of
polarization topological charges and intensity distribution
among C-point polarization FPBs, V-point polarization
CVBs and LGBs. In each correspondence, FPB and CVB
have the same polarization topological charge p and the
same law of polarization direction change along the
angular direction, as well as CVB and LGB have the same
light intensity distribution in the cross section. According
to Fig.2, comparison can be set up between 2™ order FPB
(m=2, n=0), 1* order CVB (m=+1, n=—1) and 1* order
LGB (m=+1) which defined as class 1 (low-order

p=1

correspondence). Specifically, the comparison between 4"
order FPB (m=4, n=0), 2" order CVB (m=+2, n=2) and
2" order LGB (m=+2) is established as class 2 (high-order
correspondence).

Firstly, set FPBs and CVBs position at (2a, 26)=(0,
0) to study the most common patterns. Figure 3 and Fig.4
depicts that NCC and MP of 2™ and 4™ order FPBs
decrease gradually with the increase of propagation
distances and turbulence intensities, which is accom-
panied by beam displacement, light intensity degradation
and mode decomposition. All of which fits well with basic
cognition. It is worth noting that the large topological
charge of high order FPB is more likely to split into small
topological charge. Meanwhile, the greater the value of m,
the larger the hollow area of the right-handed circularly
polarization component, which leads to the inadequate
coupling with the fundamental mode near the center of

light field. In turn, the performance of high-order FPB

decreases.

(a) Low order correspondence

FPB: m=4, n=0

0000000000000

000000000000
000000000000
0000000000000

p=2

(b) High order correspondence

b O
pOO0O000000000)
nnnonnnnnnmnnl

O o

Circular Elliptic

Red region: RCP dominates

Linear

Elliptic Circular

Blue region: LCP dominates

O O

Fig.2 Polarization and intensity of beams in (a) low-order correspondence and (b) high-order correspondence. ID: intensity distribution; RCP: right-

handed circular polarization; LCP: left-handed circular polarization
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Fig.4 OAM components and mode purity of (a) the 2™ order FPB and
(b) the 4™ order FPB under different turbulence intensities at

3 km

Secondly, by comparing the NCC evolution of each
beams of class 1 and 2 after passing through varied AT
(see Fig.5), it is almost certain to argue that beams with
inhomogeneous polarization characteristics have a
stronger ability to resist the light intensity degradation and
displacement, among which FPBs has a more obvious
advantage. The NCC of FPBs, under the same condition,
is significantly higher than that of CVBs and LGBs with

the corresponding order. However, under strong

& FPB,7,=0.125m = CVB,r=0.125m —+ - LGB, r,=0.125 m
o FPB, 7,=0.056m --=- CVB,r,=0.056m + LGB, r=0.056m

Fig.5 Comparison on NCC between (a) class 1 and (b) class 2 under

different distances and turbulence intensities

turbulence and long transmission distances, the advantage
will gradually disappear, as the NCC of three kinds of
beams will tend to be the same at 3.5 km. More seriously,
the curve of FPB is lower than that of others when the
distance is greater than 3.5 km on class 2 according to
Fig.5(b).

Part of similarities emerge about mode degradation
which demonstrate a degree of robustness advantage of
FPBs. According to Fig.6, in general, the MP perfor-
mance of which processes inhomogeneous polarization
(FPB and CVB) is better than that of scalar polarized
LGB, and the advantage within low-order correspondence
(class 1) is more apparent in this respect.

Different from the previous studies, which were

mainly based on scintillation index and signal-to-noise

202102426
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Fig.6. Comparison on MP between class 1 and class 2 under different turbulence intensities at 3 km

ratio, we adopt NCC and MP to verify the advantages of
high robustness of FPBs on equator. The results are
consistent with the previous results. We find that the
tipping point for FPBs advantage is around 3 km, so it
was necessary to keep the propagation distance at 3 km
when discussing the following effects of longitude and
latitude coordinates in order to avoid the interference
caused by longer distance propagation.

2.2 The influence of longitude and latitude coordin-

ates on FPBs and CVBs

Different longitude and latitude coordinates represent
FPBs with different intensity and polarization distribution
as show in Fig.1. We hope to find a class of FPBs with
high robustness and map them to HyOPS to obtain their
characteristics conveniently. After dividing semi-circle
longitude line (20€[—n/2, /2], 26=0) and full circle
latitude line (20€ [0, 2x], 20=0) by 64 equal parts, the
sampling results are as follow.

Figure 7 shows that NCC and MP, under moderate
turbulence, do not change greatly along the latitude line as
well as both of them of FPBs are higher than that of CVBs
which is consistent with the results in Section 2.1. The
results indicates that longitude coordinates have no

obvious effect on the performance of both FPBs and

CVBs. As for latitude variation on FPBs (26=0), the
change of 20 leads to the varied ratio of two superimposed
components, resulting in great differences in spatial
modes and light intensity distribution. CVBs avoid the
effect because of the uniform distribution of light
intensity, which can be embodied in broadly invariability
of the NCC and MP. The remarkable fact is that the
variation tendency of MP about FPBs is gradual decline
(see Fig.8) while that of NCC emerges in sudden change
region in Fig.8(a)-(c). In addition, different turbulence
intensities make the abrupt change on NCC curves
different, and then the intersection coordinates of NCC of
FPBs and CVBs are also displaced.

At weak turbulence, generally, the NCC of FPBs in
class 1 and class 2 which coordinates are located in the
southern hemisphere is higher than that in the northern
hemisphere as well as the overall change is relatively
stable simultaneously (see Fig.8(a)). However, there is a
trip point on curves of FPBs which goes up as the order of
FPB increases. Under the current setting, the trip points of
the 2™ to 4™ order FPBs are located at /8 and 3m/16,
respectively. The similar rule also appears in the case of
moderate turbulence with trip points located at 9n/64 and

11m/64, respectively (see Fig.8(b)). Under strong

20210242-7
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with 20 change (20=0, ry = 0.125 m)
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turbulence, nevertheless, FPBs in the southern hemisphere
lose its advantage in Fig.8(c). The closer it is to the north
and south poles, the lower the NCC is. Meanwhile, the
maximum value appears near 5m/64-11n/64 of latitude
coordinates and the trip point still moves to the right
simultaneously as the order increases. When 2¢>137/64,
the high robustness advantage of both 2™ and 4™ order
FPBs disappears with the similar NCC index compared to
corresponding CVBs.

We think that the reason for the sudden drop of NCC
curves is closely related to the distribution of light
intensity under different latitude coordinates. We further
divide semi-circle longitude line by 256 equal parts, and
collect light intensity distributions of 2™ order FPB in

radial direction (without AT). The results as shown in

MP of class 1 and 2
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Fig.8 The first three rows: NCC and MP performance of class 1 and class 2 when changing coordinates along a latitude line with 26=0 under

(a), (d) weak turbulence (ry=0.5 m); (b), (¢) moderate turbulence (r,=0.125 m) and (c), (g) strong turbulence (7;=0.056 m) respectively. The last

three rows: the dominated longitude and latitude regions of (g), (h), (i) 2™ FPBs and (j), (k), (1) 4" FPBs on HyOPS under weak, moderate and

strong turbulence

Fig.9. In the area of 20 €[n/8, n/4], the radial maximum
light intensity increases rapidly. After reaching the peak,
the position, where the maximum light intensity exists,
begins to be separated from the center of beam. The
phenomenon is accompanied by the reduction of light
intensity in the central region which resulting in
insufficient coupling between the two components used
for superposition.

MP of FPBs overlap with that of corresponding
CVBs near the equator which shows that FPBs are more

robust when their coordinates are located in the southern

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

0.20
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0.05

Relative light intensity

0

0.750
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OSI'tion/,n <0750 ™2 o

Fig.9 Light intensity distributions of 2™ order FPB in radial direction

with 2o change(without AT)
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hemisphere (see Fig.8(d)-(f)). Different from the NCC
tendency, low-order FPBs (2™ order FPBs) have a wider
range of latitude coordinates with performance advantage
compared with high-order FPBs (4" order FPBs). The
dominant regions of the 2™ order FPBs are [—n/2, 9n/64],
[-w/2, 7/32] and [-n/2, ©/64] under weak, moderate and
strong turbulence respectively, while the area of 4™ FPBs
shrink to the southern hemisphere approximately.

We further extract dominated longitude and latitude
regions of 2" and 4" order FPBs from Fig.8(a)-(f) which
satisfy the evaluation based on two indicators
simultaneously. The results are shown in Fig. 8(g)-(1). As
for class 1, under weak turbulence, 2™ order FPBs have
higher robustness than 1% order CVBs when the latitude
coordinate is less than 9n/64. While the area shrinks to
20 € [—n/2, m/32] under moderate turbulence. However,
under strong turbulence, the advantage is only valid when
the latitude coordinate is in the range of —571/32 to n/64. In
class 2, the dominated latitude regions are 20 € [—n/2, 0],
[-n/2, —m/32] and [-137/64, 0] under weak, moderate and
strong turbulence, respectively.

Hence, FPBs with coordinates in the southern
hemisphere can be selected as the transmission medium in
the case of weak and moderate turbulence. Under strong
turbulence, comprehensive consideration should be made

according to the selected evaluation index.
3 Conclusion

In conclusion, combined with normalized correlation
coefficient and mode purity, we have evaluated the
propagation performance of C-point polarization full
Poincaré beams, V-point polarization cylindrical vector
beams and homogeneous polarized vortex beams in the
communication link with atmospheric turbulence. All the
simulation results have indicated that:

(1) The performance of FPBs decreases significantly
with the increase of transmission distances, the order of
FPBs and turbulence intensities.

(2) Full Poincaré beams can achieve high robustness

in comparison with cylindrical vector beams and scalar

vortex beams with corresponding order when the latitude
coordinates are regulated within a certain range. Under
weak turbulence (r,=0.5 m), 2" and 4" order FPBs have
higher robustness than corresponding CVBs when the
latitude coordinate is less than 9n/64 and 0. While the area
shrinks to the [—m/2, w/32] and [-w/2, —n/32] under
moderate turbulence (7y=0.125 m), respectively. However,
under strong turbulence (ry=0.056 m), the advantage is
only valid within a band as the latitude coordinate is in the
range of [-5n/32, n/64] and [—137/64, 0], respectively. In
general, FPBs with coordinates located in the southern
hemisphere can be selected under weak and moderate
turbulence. While the area shrinks to the range of —5m/32
to 0 under strong turbulence.

To sum up, selecting full Poincaré beams as
transmission medium as well as controlling their latitude
and longitude coordinates on HyOPS can achieve higher
robustness and information diversity of free-space optical
communication system. Related research about these
novel phenomena with mathematical and physical internal

mechanisms are deserving of further investigation.
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