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Abstract: A simulator is designed in MATLAB code which gives the
propagation characteristics of a general-type beam in turbulent atmosphere.
When the required source and medium parameters are entered, the simulator
yields the average intensity profile along the propagation axis in a video
format. In our simulator, the user can choose the option of a “user defined
beam” in which the source and medium parameters are selected as requested
by the user by entering numerical values in the relevant menu boxes.
Alternatively, the user can proceed with the option of “pre-defined beam” in
which the average intensity profiles of beams such as annular, cos-Gaussian,
sine-Gaussian, cosh-Gaussian, sinh-Gaussian, their  higher-order
counterparts and flat-topped can be observed as they propagate in a
turbulent atmosphere. Some samples of the simulator output are presented.

©2006 Optical Society of America
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1. Introduction

The variation of the received average intensity profile along a turbulent path depends on the
type of the beam used as incidence. This dependency is investigated by many researchers for
various types of beams, such as fundamental mode [1,2], Laguerre Gaussian [ 3], higher order
mode [4], cosh-Gaussian and cos-Gaussian [5,6], Hermite-sine-Gaussian and Hermite-sinh-
Gaussian [7], elliptical Gaussian [8], dark hollow [9], flat-topped [10], and higher-order
annular Gaussian [11]. In al of these studies, the formulation is developed starting with the
intended incidence. In this paper, we have managed to combine the formulation of the average
received intensity in turbulence for most of the mentioned beams in one compact form and
designed a simulator in MATLAB code. For this purpose, we have formulated the average
received intensity by using general-type beam incidence [12] and transformed this formulation
into a form of simulator. The simulator input can be either “user defined beam” in which the
general beam source and medium parameters are entered by the user in the relevant menu
boxes or “pre-defined beam” in which the known beam source and medium parameters can be
entered. As the output of the simulator, one can observe in video format the average received
intensity distribution of the “user defined beam” or “pre-defined beam” as the beam
propagates along a link having atmospheric turbulence. Here, the video format refers to the
progress of the average intensity profiles along the propagation axis, not the timely variation
of the intensity. Our simulator is based on horizontal links where the structure constant of
turbulence is constant, and it also handles the free space (no turbulence) propagation
characteristics of general-type beams as special cases.

2. Formulation

A general beam, excluding the multimode composition, emitted from a source co-centric with
its own plane will be given as[12]

u(s) = iAf exp(—jo,) H, (a,s, + bxg)exp[—(o.Skaxgsf + Vs, ):I

xH, (ayfsy + bxf)exp[—(O.Skawsj + ijfsy)], (1)
where, s, and s, are the x and y components of the source plane vector s, such that
s= (sx,sy). All 2 subscripted terms establish the specific parameters of the individual
beams comprising the general beam through summation. In this manner, N denotes the
number of beams, A is the amplitude factor, 6, is the phase, H, (a,s, +b,)

XL X

andH (a S +bx€) are Hermite polynomials governing the beam variations for s, and s,

yey

directions, where n, and m, aretheorder, a,, anda,, characterize the width, b, andb, are

the complex displacement parameters, V,, and V,, are the complex parameters used to create
physical location displacement and phase rotation or a combination of both, named as the
displacement parameters, ¢, and ¢, arerelated to the source sizes, ¢, , «,, and source

sx¢ !

focusing parameters F

x¢ !

Fyg along s, and s, directions via

a, =1l(ke’)+jlF,, a,=1ka,)+]jlF, 2

SX£ syt
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where k = 27/ 4 is the wave number with 1 being the wavelengthand j = (—1)*°.

The average intensity (1(p,L)), of a general beam on a receiver plane located at L

distance away from the source can be found from extended Huygens-Fresnel integral in the
following way [13]

(16,L)) ( j ] fosiasutsy )

xexp{ik| (p-s,)" = (p-s,)" [12L}{exp[w(s.p) +¥ (s,.p) ]). (3

where the ensembl e average term within the integrand is[2]

(e[ (s.p)+¥ (s,p)]) =ep[ -7 (5,-5,)" ], @

with i being the fluctuations of the complex amplitude, p, and p, are the x and y components
of the receiver plane vector p, such that p = ( P, py) Py = (0.545 C:kZL)%/5 is the

coherence length of a spherical wave propagating in the turbulent medium and an, the

structure constant. We note that Eq.(4) is derived under the quadratic approximation for the
Rytov’s phase structure function.

The source field u(s,) , when multiplied by its conjugate u*(sz) , indicated by the sign *,
will be

u(su'(s,) = iZN: A A exp[—j (494 -6, )]

0=1¢,=1

Hn[] a,s,+ bxfj )exp[ 0. 5kax2 slx + JVM » )]

(
xH . (ayél s, +b,, ) exp[—(O.Skayll sfy +V, s, )]
xH n (axlz s, b, ) exp[— (O.Ska;zs -V, s, )]
xH m (a% 5, +b, ) exp [— (O.Ska;/z s, — IV, s, )] (5)

After subgtituting Egs. (4) and (5) into Eq. (3) and solving the resulting integral by the
repeated use of Eq. 3.462.2 of Ref. [14], which is

o [n/2] .

Idxx" exp(—px2 +2qx) = n!exp(qzl p)(;z/ p) (q/p) Z p' /[(4q2) (n—2t)!(t)!],
oo t=0

we obtain the following expression for the average intensity at the receiver plane

b po EX EnySy
I(p L)

[po a, jb a, +jb 1:| [po S_J-b)(a;yzﬁjb)_l]““
where b=k/2L,a, =05ke, +1/ oL,

(6)
a, =05ke, +1/p;, a, and a, are the y
counterpartsof a_, and a

H
SX£,
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(ngj +2bp, )2 [pj (V, + 2bp, ) (a% - jb) -V, —2bp, ]2

E, =exp| - : T . N ()
"1 Vaa, i) a(an, - 0)[ 4 (o, — ib)(a, +ib)-1]
E, isattained by changing all x subscriptstoy in E,
N[ r2ln, =26, 10 121¢, -2k, [N, 1210, =26, [(¢  +, ,)12]
55 IDID WD IS WD WD Z T, T.AA epl-j(6,-6,)
£,=1£,=1 £,=0 £ =0 k. =0 £ =0 £ ,=0 £ ,=0
% (_j)znxluw—zk“-zkxz (_1)‘“*‘“ 2n1] LT AP S
(ngl J[ n, j[n —2@1} 0. -2k \(n, -20, (¢.)
X nx
2/ 2/ ﬂnxl [ 'é}nxll j ﬂnxz (ﬁnxl - 2k><1)' (kxl )'
(énx11+£nxz) L % Ve Ny =20t (e \Ny =200 2\
X X4 aXi’ bx( bxé pO
o) ) 0,) ) ()
<[ p!(a,, - ib)(al, +ib)-1] """ (a,, — jb) (v, +20p, )
x[—pj (Vx;z +2bpx)( jb) +V,, +2bp, :Ii e (8)

S, is constructed by changmg al x subscripts to y in S given by Eqg. (8),

B
T, =1x3x.... (20, -1) for’  #Owherei=12, al appearances in the form of ( 1)
‘ B

2

B
represent binomial coefficients, hence ( 1)2 B,!/[(B,-B,)!B,!], ! is the factoria
BZ
notation, the square brackets, [ |, placed in the upper limits of some summations mean that

the integral part of the expression within the square brackets is to be taken.
3. Results and discussion

We have designed a simulator that will generate the average receiver intensity of a general
beam, when the necessary source and medium parameters, namely N, A, 6,, o,

sx !

o

syt !

Foo F.on,m,V,V, A4, C L are supplied to Eg. (6). Presently, the remaining
parameters are interndly set as a,, =1/ ¢, a,, =1/ ¢, b, =b,, =

Our simulator offers the ch0|ce of “user defined beam” and “pre-defined beam”. We
emphasize that Eq. (6) together with Egs. (7), (8) aong with the associated definitions given
in the text unify the expressions for propagation of a wide variety of basic beam types into a
single expression facilitating numerical investigation. This unification is realized by designing
a simulator that implements the propagation of general-type beams as provided in Eq. (6). A
selection of such beams, also nhamed as “pre-defined” types when running the simulator, are
tabulated below with the relevant parameter usage.
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Table 1. Parameter Usage for Pre-Defined Beam Types

Beam Types
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For all beams, there exists x-y symmetry. In this context, n, m are positive integers, ¢, , F and
V are positive humeric values conforming to the following equalities for cos-Gaussian, cosh-
Gaussian, sine-Gaussian, sinh-Gaussian, Hermite-cosh-Gaussian, Hermite-sine-Gaussian,
Hermite-sinh-Gaussian,  Hermite-cos-Gaussian  beams, n=n,=n,, m=m =m,,

0(5 = asxl = aSXZ = asyl = asyz ’ F = Fxl = Fx2 = I:yl = Fy2’ V =Vx1 =V><2 =Vyl =Vy2 . For hlgher—

order annular beam o, > e, .

Upon launching, the screen layouts after having made the choice of “user defined beam”
or “pre-defined beam” are shown in Figs. 1(a) and 1(b), respectively. User defined beams are
those whose parameters are freely selected by the user by inserting the numerical value in the
relevant menu boxes displayed to the upper right hand side of the simulator’s page. This way,
any type of beam can be constructed.
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Fig. 1. User interface for (a) user defined beam and (b) pre-defined beam (annular case).

Within the context of this paper, pre-defined beams are confined to fundamental annular,
cos-Gaussian, sine-Gaussian, cosh-Gaussian and sinh-Gaussian, flat-topped beams and their
higher orders. In al these cases, except the flat-topped case, N = 2, phase factors are
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6, —[00]. The amplitude factors aternate as follows; A, =[0.50.5] for cos-Gaussian and
cosh-Gaussian beams, while A, =[05 —0.5] for sinh-Gaussian and annular beams and

A =[0.5] —05j] for sine-Gaussian beam. The displacement parameters, V,, andV , are

purely real for cos and sine beams, and purely imaginary for cosh and sinh beams, they are
also x-y symmetric and equal in magnitude but with opposite signs for the first and second

beams of the summation, except for the annular beam, where V,, =V , = 0. In the flat-topped

case, beams with descending source sizes and binomial coefficient related amplitude factors

are summed up to the given flatness order, N . Hence the corresponding settings are
1)

A/:u(?'),a —a =a INl=a I\N(,F, =F =ew n=m =0,V =V =0.

4 N SX£ syt SX sy X£ yé 4 Z X4 yé
Upon selecting the pre-defined beam option, the default values for source and medium are
assigned as shown in the menu boxes. The user can modify the source and medium
parameters  manually. We note that Figs. 2-7 ae plotted for

A= 155um, C’ = 1x10™° m™.

Below, sample outputs from the simulator are provided. Figure 2 illustrates three pictures
of a general beam during the program run captured at L = 1 km with the settings given in the
Fig. Here the upper left picture is the intensity plot of the beam viewed perpendicular to the
propagation axis, where more brightness means higher intensity spots. The second picture to
the right in the upper row refers to the contour plot of the beam. Finally the right one of the
second row is the 3D picture of the beam. Figure 3 displays the same for a pre-defined
Hermite-cosh-Gaussian beam at L = 2 km, where all the settings are again given in the Fig. In

Figs. 2 and 3, (|rN> means that for the receiver intensity, the following normalization is
applied

(1) = {10, LY/ Max[u (s)u” (s)]. )

where the denominator of the right hand side corresponds to the maximum value of the source
plane intensity. We note that Fig. 3 matches exactly the second intensity profile picture in Fig.
6 of Ref. [7].

Several samples from the simulator’s recorded video outputs are shown in Figs. 4-7.
Figure 4 contains the four plots from the progress of the general beam belonging to Fig. 2
along the propagation axis at distances of L = 0, 1, 3 and 5 km. The particular case considered
here is a general beam type, therefore it is difficult to make any conclusive remarks regarding
its propagation characterigtics. Figure 5 shows the progressat L =0, 1, 3 and 5 km, thistime
for a predefined Hermitesine-Gaussian beam  with the  settings  of

a,=a,=[22]ecm F,=F, =[w], n =[11], m =[00], V, =V, =[120-120]. It

can be seen from the combined examination of Fig. 5 and the associated movie file, when
propageting in turbulence, Hermite-sine-Gaussian beams keep their original shape for a
certain link length, then with the appearance of additional lobes, the overall profile turns into
sinh-positioned TEM beam [7]. Again it can be verified that pictures of Fig. 5 agree well with
the results of Ref. [7]. Here, the comparisons are made only with our earlier results, since to
our knowledge, such related results for Hermite-cosh-Gaussian and Hermite-sine-Gaussian
beams propagating in turbulence are not reported elsewhere in the literature. Figure 6 is for a
pre-defined higher-order annular beam with the settings of

a,=3cm a,=15cm F,=F =[w],n =[11], m =[00],V, =V, =[00]. In

Fig. 6, it should be noted that part (c) and part (d) show the diffraction of the inner bright
portion of the beam in part(b). The outer bright portion in part (b) aso faces diffraction,
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however thisis hardly visible in parts (c) and (d), since the intensity level of the outer part of
the beam is quite low due to propagating a long distance. The movie obtained from Fig. 6
shows that, during propagation in atmospheric turbulence, the higher-order annular beam will
first act to enlarge the initially smaller lobes near on-axis, then a primary beam like formation
is observed, finaly at excessive propagation lengths, the profile will turn into a pure Gaussian
shape. Figure 7 presents the progressat L =0, 1, 6 and 10 km, for a pre-defined flat-topped

beam with the settings of N =10, o, =¢,=3cm F,=F, =0, n,=m =0 and

V., =V,, =0.Agan in Fig. 7, as the beam propagates, outer rings are formed, however, they

are not clearly seen in the plots due to their lower intensity levels when compared with the
bright central part of the beam. Figure 7 and its associated movie file demonstrate that, flat-
topped beam will initially develop a circular ring in the center. As the propagation advances,
the circumference of this ring will become narrower, while downward peak will gradually
emerge from the center of the beam. Eventually this peak will smooth out the initia ring, with
the profile turning into a pure Gaussian shape.

By launching the simulator program, it is possible to watch the entire movies of the
beams belonging to Figs. 4-7 in the form of Figs. 2 and 3, asthey travel along the propagation
axis, starting at L = 0 m up to L = 5 km. In the simulator, the distance interval, at which an
image of the beam is captured and displayed on the screen is 100 m. Finally we note that, by

specifying C” = 0at the input menus of “user defined beam” and “pre-defined beam”, the

user is able to acquire the propagation characteristics of such beams in free space, i.e., no
turbulence versions.

py axisincm
o
J

py axis in cm

-5 0 5
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L=1km, C2=1x10

Fig. 2. Different views of a general beam with given parameters along the propagation axis at
L=1km.
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Fig. 4. (2.0 MB) Progress of a general beam belonging to Fig. 2 along the propagation axis at
(@ L=0km, (b) 1 km, (c) 3kmand (d) 5 km.
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Fig. 6. (1.82 MB) Progress of a higher-order annular beam along the propagation axis at (a) L =

0km, (b) 1 km, (c) 3kmand (d) 5 km.

#73092 - $15.00 USD
(C) 2006 OSA

Received 8 August 2006; revised 12 September 2006; accepted 19 September 2006
2 October 2006/ Vol. 14, No. 20/ OPTICS EXPRESS 8927



http://www.opticsexpress.org/viewmedia.cfm?id=114567&seq=2
http://www.opticsexpress.org/viewmedia.cfm?id=114567&seq=3

s_axis incm
py axis in cm

-15 -10 -5 0 5 10 15

-15 -10 -5 0 5 10 15
s, axis in cm p, axis incm

@ (b)

1.1
1 035
09
03
08
025
; g
£ 06 £
@ - 02
el 0.4 Q- 0.15
03 ~ 0.1
02
= 005
0.1
-15 -10 -5 0 5 10 15 -6 -10 -5 0 5 10 15
p, axis in cm p, axis in cm
(©) (d)

Fig. 7. (1.27 MB) Progress of a flat-topped beam a ong the propagation axis at (a) L = 0 km, (b)
1 km, (c) 6 kmand (d) 10 km.

4, Conclusion

A simulator is designed to provide the progress of the average received intensity profile of a
general-type beam as it propagates in a turbulent horizontal link. This progress is shown on
the screen a regular intervals of propagation length during the running of the program and the
entire intensity plots are recorded in video format. Through the use of this simulator, after
entering the appropriate source and medium parameters, the user is able to observe the
average received intensity profiles in the above described formats in the form of “user defined
beam” and “ pre-defined beam” such as annular, cos-Gaussian, sine-Gaussian, cosh-Gaussian,
sinh-Gaussian, their higher-order counterparts and flat-topped beams when propagating in
turbulent atmosphere. As limiting case solutions, if the structure constant is entered as zero,
our simulator also yields the intensity profiles of general-type beams in video format along the
free space path.
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