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Polarization changes of partially-coherent Airy-Gaussian beams

in a slanted turbulent atmosphere
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Abstract: Investigating polarization changes in a turbulent atmosphere holds great significance because po-
larization is one of the most important parameters in laser communication. Based on the extended Huygens-
Fresnel principle and the unified theory of coherence and polarization, an analytical expression for the de-
gree of polarization (DoP) in partially-coherent Airy-Gaussian beams propagating in a slanted turbulent at-
mosphere is derived. It is then used to study the dependence of polarization changes in turbulent parameter,
coherence length, zenith angle, truncation and distribution factor. The polarization between the slanted and
horizontal paths is also compared. Compared with horizontal turbulence, the beams traverse a longer dis-
tance to recover their initial polarization in slanted turbulence. An increase in the zenith angle, receiving
height and truncation factor, or a decrease in the coherence length can increase the DoP. A smaller distribu-
tion factor or a higher coherence length is beneficial to reducing the effect of the zenith angle on the polariza-
tion. Analysis of the influence of the distribution factor on polarization also shows that maintaining the polar-
ization of a Gaussian beam with higher coherence in a horizontally turbulent atmosphere has a greater ad-
vantage to that of a pure Airy beam from the view of keeping polarization invariance. The results show that
optical information encoding can be achieved by selecting appropriate parameters, which is useful for study-

ing atmospheric communication.
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1 Introduction

The polarization properties of fully coherent
and partially coherent beams in the turbulent atmo-
sphere have been extensively studied owing to their
potential applications in atmospheric communica-
tion and laser detection™®), This is especially true for
the polarization changes of partially coherent beams
passing through different media, which can be de-
scribed using the unified theory of coherence and
polarization!. The polarization characteristic is an
important parameter of a laser beam, which is used
to code information in signal transmissions®. Tre-
mendous effort has been devoted to elucidate the ef-
fect of atmospheric turbulence, coherence length
and aperture diffraction on the polarization changes
or spectral properties of different laser beams!'*'?],
and to explore the condition of polarization main-
tenance in turbulent atmospheres®!. Likewise,
propagation and controlling of a diffraction-free
Airy beam in many linear media have been extens-
ively investigated, owing to its self-healing and self-
bending properties!*'"). Furthermore, Airy beams
modulated by a Gaussian factor, Hermite function,
Bessel wave or vortex core have also been pro-
posed from theoretical and experimental perspect-
ives!"™*, For example, the Airy-Gaussian beam can
be regarded as an Airy beam limited by a Gaussian
factor. Bandres et al." described the propagation of
a generalized Airy-Gaussian beam in ABCD optical
systems. The propagation properties or momentum
evolution of an Airy-Gaussian beam in quadratic-in-
dex medium, Kerr medium, uniaxial crystals and

left-handed materials were further studied by Deng

doi: 10.37188/C0.2020-0095

et all? 23]

The effect of coherence length, the
truncation parameter and propagation distance on
polarization maintenance in an Airy beam in a hori-
zontally turbulent atmosphere was numerically ana-
lyzed by Yang et al.”®. However, in a slanted turbu-
lent atmosphere the competitive relationship
between a Gaussian factor and an Airy function, and
the influence of coherence and zenith angle on the
DoP are worthy of further investigation.

The main purpose of this paper is to explore
the polarization changes of partially a coherent
Airy-Gaussian beams passing through a slanted tur-
bulent atmosphere that results from the propagation
of the actual light wave in optical communication
being a slanted rather than horizontal. The depend-
ence of polarization maintenance on the turbulent
parameter, coherence length, zenith angle, trunca-
tion factor and distribution factor is further ana-
lyzed, and the comparison is made for the DoP
between Gaussian and non-diffraction Airy beams.
The findings in this paper provide the possibility for
laser detection, laser imaging radar and atmospheric
communication using a partially coherent Airy-

Gaussian beam.

2 Cross-spectral density matrix of
partially coherent Airy-Gaussian
beams

Assume that the electric field of an Airy-Gaus-
sian beam at z=0 in the Cartesian coordinate is ex-

pressed as !

. a ?
E(x,y,0) = nAl(f)exp (;X)exp (_b)\i/ 2) s

a0
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where Ai is the Airy function, w, represents the
transverse scale of the Airy beam and a denotes a
positive exponential truncation factor. The paramet-
er b represents the distribution factor, which can
cause the Airy-Gaussian beam to evolve into a pure
Airy beam when it is larger, or a Gaussian beam
when it is smaller.

According to the expression for the electric
field in Eq. (1), the cross-spectral density function
of partially coherent Airy-Gaussian beams in the

plane of z=0 can be described by

W(-xlaxbyl’yz’o) =
E(x,y,0)E (x5, 0 (x, = x5, 9, =y,) , (2)

where u(-)is spatial coherence and can be ex-

pressed by the Schell-model correlator

_ (x, - x2)2 +O _yz)z
207

H(x, =X,y —¥,) = exp

’

(3

with o being the coherence length. Based on the ex-
tended Huygens-Fresnel principle®?”, the cross-spec-
tral density function in the receiving plane of par-
tially coherent Airy-Gaussian beams propagating in

a turbulent atmosphere can be expressed as
W(x,, %, ¥,,5;,2) =
k 2 oo
(R) fﬂW(xl,xz,y.,yz,O)dx.dxzdy.dyz-
'I;m 2 2
exp { 5[ =07 = =0 [ exp 1 (o) + 0 )
ik ) >
exp ;—Z [01=) =0 =) ]} (exp [ (e y) +9 (20D, »
4
where k& is the wavenumber related to the
wavelength 4 and A=2n/4, w() is the phase function
depending on the properties of the medium, (),, spe-
cifies the ensemble average of the turbulent medi-
um, and is given by™
(exp [¢ (xi, x) + ¢ (. x)]), »

(=) () () + —xz)z]
P

exp [ )
(5)
(exp [¥ o,y) +¢ (YD), =

[_(y; _y’:)2 +(y,1 _y;_)(yl _y2)+(y| _YZ)2:|
i

exp

(6)

with

-3/5
H h 5/3
0, = | 1.46K sec (6) j Cj(h)(l—ﬁ) dh]
0

7

Here, C?(h) is the altitude-dependent structure con-
stant and 4 shows the altitude from the ground. As-
sume that A is the vertical height between the
source plane and the receiving plane, 0 is the zenith
angle, and L and z can be written as L=Hsec (6) and
z=hsec ().

For the case of a slanted turbulent atmosphere,
the structure constant of C?(h) is related to the alti-
tude /. Here, we utilize the ITU-R model™ to de-
scribe the altitude-dependent structure constant. For

example,

C:(h) =8.148x 107*v*h"exp (—h/1 000)+
2.7x10'%exp (—h/1500)+ C,exp (—h/100)
(8)
with the wind speed along the vertical path of
v=(v+30.69v,+348.91)'"?, where v, is the ground
wind speed and C, is the nominal value at ground
level (a typical value is 1.7x107"* m*?).

Based on the method of variable separation, the
cross-spectral density function W(x|,x,,y;,y;,,z) in
Eq. (4) can be decomposed into two independent
terms

W(x), %, 31, 55,2) = W (31, X, 2) W, (3], ¥3,2)

D)

From Eq. (9) one can see that the law of
propagation of W,(x|,x,,z) is the same as that of
W, (y;,¥;,z), where the cross-spectral density func-

tion W, (x/, x,,z) is written as

W, (x,x,,z) =
k 2
Tﬂfjdx.dxz I_I Ai(%)exp (%\/)exp (_b/fv 2).
exp _(n-x) exp %[(X'—X)z—(xl—x)f‘ ' (10
207 2z L e
[ (0 =) + (4 =) (= 2) + —xz)z]
exp |— o .

The averaged intensity in the x-dimension is

obtained by using x; = x, = x’ and the following for-
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mulast®: I(x,y,z) =W, (x,x,2)W,(y,y,2) (19
1 ¢ $° We focus our attention on the degree of polar-
Ai(x) = —jexp [i(—+xs)]ds , QD) o ) i )
2nJ 3 ization P(x')",z) of partially coherent Airy-Gaussi-
an beams'"!
Ai(x,)Ai(x,)
Lol X+ X, (x —x)t 4det|W (x,y',2)
_ 23 [ 2 1 1 »VsZ
e R e e e LA T i LA )
(12) {re[W.y.2)])

o

feXP (=p’x’ +qx)dx = exp (f,)ﬁ , a3
P p

—00

[exp [(g

—c0

+af’ + bt)] dr =

2mexp [i(%a“—ab)]Ai(b—az) a4

After tedious integral calculations, the aver-

aged intensity in the x-dimension is obtained as
7 g 4/3,_2 s 2 3 . 2
W.(x,x',z) =2""n*Aexp |i §E E.E,||Ai(E,—E3)-

(2 ; )
exp [1(§E2—E2E4)]AL(E4—E;) ,

(15
where
K Thw}z azb+cf
2oz N 28 P\2 TaB)
(16
1 N 1 +1 bwk?
2w 200 pb 82
E. = i +@_1bkw(;i bk ’
© 16Bw; 8 64Bz2 16Bz
an
E ab +ibc]kw0
4 — ~ + T o 2
72 " 4Bw, 8Bz
bikw, — 2ikx’
o, = Gbikwn~2ikx’ (18)
2z

E, and E, of the “+” in the Eq. (17) are positive,
and all other cases are negative. Similarly, the aver-
age intensity in y-dimension can be also derived by
letting y, =y, =y in W, (y|,y,,z). Therefore the aver-
age intensity of partially coherent Airy-Gaussian

beams is obtained as

where det and Tr are the determinant and trace of
the matrix W(x,y,z). The cross-spectral density
matrix for a partially coherent Airy-Gaussian beam

is expressed by

W.(x,y.2) W,(x.y,2)

W(x,y,z) =
Y W, (x,y,2)

W, (x',y,2)

QD
where the non-diagonal elements are arranged as
zero, i.e., W (x',)',2)=W,(x',y',z)=0. Therefore, the

expression of the degree of polarization can be sim-

plified as
Wxx (x/7 /72) - va (x/v /72)
P(x,y,z)= | > Y | 22
W.(x,y,2)+ W, (x,y,z)
The derivation of cross-spectral density

Wi(x',y',z) is similar to that of Eqs. (10)~(18):

2 .
W, (x,y,2) :23/371:4A“,,A12,,exp [ (SEHJ E,Ey, ,)]Al(E“, E|Zw /)

exp (3 21/ 21/ -’H/) A (E-’H/ E;I ,)
exp ( IZ] —-E,E,, ,) Al (En, E, )
e = Epy By ||Ai(Eoy — EZ,
P ( ) { )
where
ab ¢
A“U:Aexp( > +4Bn) s
24)
ab
A, =A — 2 ,
eXp( > "B,
E = 1 bi ib’k*w; bk
e 16B,,w3, B 64B 2 163,,,2 ’
25
_ab c ibc, kw,
W2 4Bw, 8Bz
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£ = i N bi ib’k*w; N bk of P=0.85 after a long propagation distance. In com-
12ij — ) o 2 4 .
© 16Bw; 8 64Bz 168,z (26) parison, a weaker turbulent parameter over a smal-
- ab ¢ N ibckw, ler distance can acquire a larger peak of polariza-
Rij = T~ )
2 4Bw, 8By tion and has greater difficulty restoring the initial
) polarization at the source plane. Polarization
£ i N bi N ib’k*w; bk b b dered . different ¢
= T6Bwi '8 64B> 16Br changes can be considered sensitive to different tur-
) Q27 bulence values and coherence lengths, meaning that
E _ab+ c, +1bc2kw0 larization ch " ol coh
=3 1w 8Bz polarization changes have spatial coherence proper-
ties when a laser propagates in a turbulent atmo-
E i bi ibk*w? bk sphere. Maintaining consistent polarization in
= + — — - N P
" 16Bw: 8 64Bz* 16Bz %) stronger turbulence is important for laser commu-
28
B = ab LG ibc,kw, nications.
"2 " 4Bw, 8Bz
1.0
abikw, —2iky’ (O LA i
cz = T N 0.8 Canzlofu /
=104 !/
11 bwk (29) I
B. = + +—+ —C=10
' 2bwy 207 P 822 a, - - =0
0.4
By substituting Eqgs. (24)~(29) into Eq. (23),
one can find that the DoP for partially coherent 0.2
Airy-Gaussian beams depends on the truncation 0 . . y
10" 10° 10' 10 10°

factor, distribution factor, zenith angle and coher-
ence length. Details will be shown through numeric-

al examples in the following sections.

3 Degree of polarization

Based on the analytical expression of the DoP
in section 2, numerical calculations are performed to
illustrate the polarization changes in a turbulent at-
mosphere. The calculation parameters a=0.1, b=10,
/=633 nm, 0,=1 cm, 6,=2 ¢cm, 6=60" and H=500 m
remain fixed unless otherwise stated.

Fig. 1 (Color online) describes the DoP of par-
tially coherent Airy-Gaussian beams passing hori-
zontally through a turbulent atmosphere for differ-
ent refractive index structure parameters. One can
see that the DoP firstly increases and then decreases
during propagation in a turbulent atmosphere. Most
notably, if the partially coherent Airy-Gaussian
beam travels a sufficiently long distance in a turbu-
lent atmosphere, it becomes completely unpolarized,

yet in free space, the polarization maintains a value

z/km

Fig. 1 The DoP of a partially coherent Airy-Gaussian
beam passing horizontally through a turbulent atmo-

sphere versus propagation distance

The effect of the zenith angle on the DoP of
partially coherent Airy-Gaussian beams with vary-
ing parameters is further shown in Fig. 2 (Color on-
line). It is clearly seen that an increase of the DoP is
accompanied by an increase in zenith angle. A high-
er receiving height, a larger truncation factor or a
lower coherence length can lead to an increase in the
DoP. There exist critical values 6, for different dis-
tribution factors. For example, the critical value of
6.=53" in Fig.2(c), the larger distribution factors ac-
quire the smaller polarization where 6<6,, while the
opposite is true when 6>6,. As shown in b=I in
Fig. 2(c) and 0,=4 c¢m and 0,8 cm in Fig. 2(d),
these changes in the DoP are both small from =0 to
80°, which indicates that a smaller distribution
factor or a higher coherence length is beneficial for

reducing the effect of zenith angle on polarization.
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Fig. 2 Change of the DoP in partially coherent Airy-Gaussian beams in a slanted turbulence atmosphere over the zenith angle

with varying parameters. The fixed parameters are C,=1.7x10"* m** and z=10 km.

Fig. 3 (Color online) describes the dependence
of the DoP for partially coherent Airy-Gaussian
beams on coherence length for slanted and horizont-
al atmospheric turbulence. For the slanted path, the
DoP also increases and then decreases to a stable
value, where this stable value can be maintained un-
til it finally decreases to zero for sufficiently long
distances. For example, the polarization in the
slanted path increases to a peak value of P=0.49 at
z=1.9 km and maintains the value of P=0.42 with an
increase in propagation distance, as shown in
o,=1 cm and 0,=2 cm in Fig. 3. Likewise, the hori-
zontal path has its peak polarization at 1.26 km. The
slanted path can have stronger polarization in com-
parison to the horizontal path. The change in the
DoP for a larger coherence is less than that of a
smaller coherence length, and compared with a
slanted path, the change in the DoP in the horizont-
al path is also small, which indicates that the beam
with a higher coherence or horizontal path is more
applicable for maintaining its initial polarization in

optical signal transmission.

0.8
—— —o=~lcm,0,=2 cm
—- -0=2cm,0=4cm
0.6 - —0~4 cm, 5,=8 cm
(1.9, 0.49)
TTtTTTTTTTTTTTTER s~ L
& 04f S \
rod ||
|
02+ /s NS T T T N
1
]
- - -
0 1 L T
10! 10° 10! 10?
z/km

Fig.3 Change in DoP for partially coherent Airy-Gaussi-

an beams over propagation distance z for different
coherence lengths, where solid and dashed lines
show a horizontal and slanted path, respectively.
The other parameters are a=0.05, b=20, H=10000 m

and C,’=10" m**,

The dependence of the DoP for partially coher-
ent Airy-Gaussian beams on truncation factor and
the distribution factor for slanted and horizontal at-
mospheric turbulence is also plotted in Figs. 4 (a)
and (b) (Color online), respectively. It can be seen
that a larger truncation factor or distribution factor

can increase the maximal polarization of the Airy-
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Gaussian beams, which also leads to a larger differ-
ence between turbulence polarization and its initial
polarization. Compared with a horizontal path, a
slanted path at its maximal value needs a longer dis-
tance. For example, the propagation distances are
z=1.25km in ¢=0.01 and z=2.35 km in a=0.2 of
Fig. 4(a), respectively. From Fig. 4(b) one can see
that the polarization in slanted turbulence is sensit-
ive to the distribution factor. A larger distribution
factor can greatly increase the peak of polarization,
and also results in the destabilization of polarization

during propagation. A lower distribution factor

0.8
4001 @
- ——a=0.20
0.6 F
(2.35,0.51)
PN T
04t ST
________________________ J1(1.25,0.31) f
aN !
/' |
02F 7 |
P l
|
0 . .
102 107! 10° 10! 10?
z/km

causes an Airy-Gaussian beam to evolve into a
Gaussian beam, which indicates that the polariza-
tion maintenance of a Gaussian beam in a horizont-
ally turbulent atmosphere has an advantage over that
of a pure Airy beam. The physical reason may be
associated with the optical properties of Airy beams,
such as their main-lobe and side-lobe structures,
their self-healing abilities, the fact that they are dif-
fraction-free, and their relatively complex spatial
structures and propagation properties when com-

pared to those of a Gaussian beam.

0.8 >
R RN (b)
2 N\
- ——b=100 /
06 | I ~ N
! 1
// l
|
8,041 [ |
|
/ |
02} S Gl |
|
! |
2 |
A 1
0 = 1 1
1072 107! 10° 10! 102
z/km

Fig. 4 Change in DoP for partially coherent Airy-Gaussian beams over propagation distance z for different truncation or dis-

tribution factors, where the solid and dash lines show the horizontal and slanted paths, respectively. The fixed paramet-
ers are (a) b=20, H=10000 m and C,’=107"* m*3; (b) @=0.05, H=10000 m and C,>=10""* m**.

4  Conclusion

Based on the extended Huygens-Fresnel prin-
ciple, the analytical expressions of cross-spectral
density for partially coherent Airy-Gaussian beams
propagating in a turbulent atmosphere is derived and
used to investigate the effects of the turbulent para-
meter, zenith angle, truncation factor, distribution
factor and propagation path on the degree of polariz-
ation in the unified theory of coherence and polariz-
ation. It has been shown that a weaker turbulent
parameter keeps polarization invariance less effect-
ively in comparison to a stronger turbulent paramet-

er. An increase in zenith angle, receiving height,

S 3CHk:

truncation factor and a decreases in coherence
length can increase the degree of polarization, and a
smaller distribution factor or a higher coherence
length is beneficial to reducing the effect of zenith
angle on the polarization. The analysis shows that
polarization maintenance in a Gaussian beam with
higher coherence in horizontally turbulent atmo-
spheres has greater advantages to that of a pure Airy
beam when analyzed for polarization invariance.
The results show that optical information transmis-
sion and encoding can be achieved by selecting ap-
propriate parameters, which is useful for studies in
atmospheric communication and environment detec-

tion.
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