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Based on the extended Huygens—Fresnel principle, a two-frequency, two-point cross-spectral density function of
partially coherent Gaussian—Schell model pulse (GSMP) beam propagation in slant atmospheric turbulence is derived.
Using the Markov approximation method and on the assumption that (@; — @,)/(@; + @) < 1, the theory obtained is
valid for turbulence of any strength and can be applied to narrow-band signals. The expressions for average beam intensity,
the beam size, and the two-frequency complex degree of coherence of a GSMP beam are obtained. The numerical results
are presented, and the effects of the frequency, initial pulse width, initial beam radius, zenith angle, and outer scales on the
complex degree of coherence are discussed. This study provides a better understanding of the second-order statistics of a
GSMP beam propagating through atmospheric turbulence in the space-frequency domain.
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1. Introduction

The problem of pulse signal propagation through atmo-
spheric turbulence has received increasing attention in recent
years. This interest is supported by the applications in ar-
eas such as ground-to-satellite, high-data-rate communication
links, lidar operation, precise ranging as well as remote sens-
ing. Mintzer!!l used the Born approximation to study the
statistics of acoustic pulses in ocean turbulence. Subsequently,
the signal distortion caused by the propagation of the pulse
signal through random media was studied by Shirokoval?!

and Knollman?)

using the Rytov approximation. Alimov and
Erukhimov!¥ proposed the statistical signal characteristics for
the pulse signal through an inhomogeneous layer and reflec-
tion from the inhomogeneous layer using the phase screen
method. Su and Plonus!®! discussed the statistical character-
istics of the mean-square amplitude and phase fluctuations for
optical pulse propagation through atmospheric turbulence by
use of the Rytov method. As a follow-up to that study, Gard-
ner and Plonus!®! used the Born approximation to study light
pulse signal propagation in atmospheric turbulence. This ap-
proach has been used by a number of investigators to study the
propagation of optical pulses in atmospheric turbulence.

The pulse propagation characteristics of a wave in a tur-
bulent medium are determined by the two-frequency mutual
coherence function (MCF). The two-frequency MCF is an im-
portant quantity by itself as it provides a measure of such pulse
propagation characteristics as the instantaneous pulse intensity
and the coherence bandwidth. In general, the two-frequency
MCEF provides a complete description of the second moment of
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a field. Using a different approach based on the two-frequency
MCF, a number of authors!’~°! have investigated the propaga-
tion of pulses in a turbulent ionosphere and in an interplanetary
medium. Most of these previous two-frequency MCF-based
analyses have used the parabolic equation method, which is
theoretically valid in all regimes of optical turbulence. Un-
fortunately, analytic solutions of the MCF by this method, us-
ing standard spectral models for refractive-index fluctuations,
have been obtained only in the limiting case of a uniform

9:10] Sreenivasiah and Ishimaru, '] however, were

plane wave. !
successful in calculating the two-frequency MCF for a Gaus-
sian pulse in a special case of a Gaussian atmospheric spec-
tral model under the Markov approximation. Their solution is
valid for wideband pulses and in the strong fluctuation regime.

Fante!!? used the extended Huygens—Fresnel principle to
find the two-point, two-frequency MCF of an electromagnetic
beam in a turbulent medium. Young er al.l'*! developed an
analytic expression for the two-frequency MCF of Gaussian
beam pulses based on weak fluctuation theory and the modi-
fied von Karman spectrum for refractive-index fluctuations. In
a weak turbulence, the Rytov approximation has been used to
obtain an analytical expression for the MCF of Gaussian beam
pulses through using the Kolmogorov spectrum of refractive-
index fluctuations.!'*! More recently, Antonio et al.['>1%) stud-
ied the long-term temporal broadening of a space—time Gaus-
sian pulse propagating along a horizontal path through weak
optical turbulence and depicted pulse distortion and broad-
ening in atmospheric turbulence using a simple rate adap-
tive transmission technique. Chen et al.l'’l studied the aver-
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age spectral density and the spectral degree of coherence of a
GSMP beam propagating in atmospheric turbulence based on
the cross-spectral density function. Later, Chen er al.!'8! de-
rived an analytical formula for the turbulence-induced, tempo-
ral half-width of spherical-wave Gaussian (SWG) pulses prop-
agating through either non-Kolmogorov or Kolmogorov tur-
bulence under strong fluctuation conditions and the narrow-
band assumption. Furthermore, there are some researchers
who have studied the propagation characteristics of other types
of beams in atmospheric turbulence. %23

Based on the extensive Huygens—Fresnel principle to-
gether with the paraxial approximation, we study the MCF of
a partially coherent GSMP beam at a single frequency as well
as at two frequencies under a modified von Karman turbulence
spectrum in the slant path. In many applications, the exact
shape of the pulse may not be needed. Rather, quantities such
as the time delay, pulse broadening in the time-domain, the in-
stantaneous intensity, and the complex degree of coherence of
pulses in the frequency-domain caused by random scattering
are of importance. Due to the complexity of the theory and
the calculations involved in this study, we mainly concentrate
on the instantaneous intensity, beam size, and spatial com-
plex degree of coherence of the GSMP beam in the frequency-
domain. An in-depth study related to the time delay and pulse
broadening in the time-domain of the GSMP beam through
atmospheric turbulence on the basis of the above theory will
be undertaken in the future. In the frequency limiting case of
(01 — @) /(o) + @) < 1, the proposed theory is theoretically
valid at all levels of optical turbulence.

2. Analytical formulations

Supposing that a GSMP beam propagates from the source
plane z = 0 into the half-space z > 0 (nearly parallel to the pos-
itive z axis), the MCF of a GSMP beam in the plane z =0 is

given by!%%]

F(O) (r]ar27tl7t2) :mexp [_A (TlaTZ) _E(tl7t2)]a (1)

where r| and 7, denote two position vectors in the plane z =0,
I is a constant, and

2

r2 +r T —T2
A(ry,r) =12 | 5 . 2)

w5 205

2

— g+ (1—-n) .

E (11, f —t 3
(t1,12) = 2 T2 +iap(t—n), (3)

where wy is the initial beam radius, oy is the partially coher-
ent length describing the partially coherent properties of the
transmitter source, r; is the modulus of r; (j = 1,2), Tp is the
expectation value of the initial pulse width, 7. is the tempo-
rally coherent length, and @y is the central angular frequency
of the pulses. Using the Fourier transform, the cross-spectral

density function of a GSMP beam in the source plane is given
by!261

W(()) ('I"] ,T'Q,wl,ab) = WOCXP[—A (r]aTZ) -5 (wlaah)L (4)

Wo =
IoTo/(27Qy) is a coefficient independent of both position vec-

where ®; (j=1,2) is the angular frequency,

tors and angular frequencies, Qo = (1/T} +2/T?) /2 repre-
sents the spectral width, and

(o1 — @p)* + (@ — ax)? (o )’
207 207

E (o, m)= &)

with Q. = T.Qy /Ty representing the spectral coherence width.
The cross-spectral density function of a GSMP beam in the
source plane is written as

WO (r1,r2, 01, @)

72 + r2 (7‘1 — 1‘2)2 —
= Wpexp |— lw% 2 _ 26& exp[—& (1, m)]. (6)

Assuming that any source fluctuations are statistically in-
dependent of the fluctuations in atmospheric turbulence and
using the extended Huygens—Fresnel principle together with

[27]

the paraxial approximation,'~’! the cross-spectral density func-

tion of a GSMP beam in the half-space z > 0 can be written
[12]
as

W (p1,p2,01,@,2)

o / // d*r 2w (ry, 1), 01, @)
27rcz
i(w—m)z i ) im 2
Xexp{ " +2cz (p1—m1) = (p2—12)

2 <exp[l//(r1,p1,w1)+l//* (7’2,/)2,(1)2)]>, @)

where * represents the complex conjugate. Equation (7) in-
cludes the effects of turbulence and is valid for an arbitrary
source coherence state. If it is assumed that the turbulence is
statistically stationary and that the complex phase fluctuation
v induced by the turbulence is a Gaussian random variable, it
can be readily demonstrated that!?8!

1
(exp (¥ +y™)) =exp {2012 (p1—p2,71 — Vz)} ;8
where

D (p1 —p2,71—12)
= <|‘I’(P17T1,w1)—V’(Pzﬂ'z,wz)\2>~ )

Ishimaru!®®! used the method of smooth perturbations to ob-
tain a formal expression for Dy, for isotropic turbulence that
is expressed as

D1z (p1—p2,71 —T2)
o 2 2
_ 2 z ! ! 601""“’2
— (2n) /O kdk/O dqu,l(k,z){c2
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The above term &, (k,7’) is the spectrum of the index-

w0
—2Jo(k
0(kB) =5 cos[
where

(1)

B

of-refraction fluctuations of the turbulence, Jy (x) is the zero-
order Bessel function, and k is the optical wave number (® =
ck). In deriving Eq. (10), it is implicitly assumed that the sig-
nal wavelength is smaller than the inner scale size of the tur-
bulent eddies.

Because it has been assumed that y is a Gaussian random
variable and because the method of smooth perturbations has
been used to evaluate Dy, these results are strictly valid only
wy, it
has been found®”! that equations (8)—(10) are identical with

in weak turbulence. However, in the limit when @; =

the results obtained using the Markov approximation, an ap-
proach that is valid for turbulence of any strength. The valid
range of Egs. (8)—(10) for @; # @, is uncertain, but it is ex-
pected that if (@; — @) /(w1 + @) < 1, we can also safely use
these results in turbulence of arbitrary strength.!'?! We evalu-
ate Eq. (10) for turbulence having a von Karman spectrum!'?!

RN [, 1\ 7'/°
4n2> (k +L%) L (12)

31

@, (k,7) =0.033C () exp (—

where C2 (') is the index-of-refraction structure constant!
in the slant atmospheric turbulence, Ly and [ are the outer and
inner scale sizes of the turbulence, respectively. A diagram of
the slant propagation is shown in Fig. 1.

In Fig. 1, O is the path zenith angle, L is the slant length
from the transmitter to the receiver, H is the vertical height of
the receiver. h and z (h < H, z < L) are the vertical propa-
gation height and the slant propagation distance of the beam,
respectively, both of which are variables. Let £ =7/ /z=h/H

(0 < & < 1), the atmospheric structure constant C2(z') can be
C2(EH /cos ).

written as C2(£z) =

%nsmitter

Fig. 1. (color online) Diagram of the laser beam propagation through
atmospheric turbulence in the slant path.

If equation (12) is substituted into Eq. (10), we obtain
D12 (p1 — p2,r1—12)
—w)? rl
~ 07820 %/ dEC2 (&)
C 0

® 1
+8.692 ‘f’z/ dEC2 (&)
Cc 0

2 R2
><Re{k,;5/3 {1F1 (—2717—]""4? )—1}}7 (13)

where |F is the hypergeometric function, Re denotes the real

part, and
2 1

=N GeE (6 1
() = )

Equation (13) can be simplified considerably under the
12]

(14)

following assumptions.!
Assuption 1 Either |p; — p] or |r; — ;| is much greater
than the inner scale size [y, and is much smaller than the outer
scale size Ly of the turbulent eddies (reducing the diffraction
and refraction effects of the turbulence on the beam);
Assuption 2 The quantity &g = o,
small that

— m» is sufficiently

o, 20,1
d<< 7] ,

1
o, s as)

where ®; = (0 + @2)/2 and rp, = max (|p1 — p2|, |r1 —72]).
When the aforementioned conditions are satisfied, equa-
tion (13) is reduced to

D12 (p1

-0 782L5/ 3
C

—pz,Tl—Tz)

/dgcz(g) 9222
1

< [ agci@)1E (i —pa)+ (1
0

Note that equation (16) reduces to the conventional wave-

structure function® when @; = @, so that wg =0.
Substituting Egs. (6), (8), and (16) into Eq. (7), and con-

verting the center-of-mass coordinates p¢, ¢, @, and differ-

&) (r —r)P. (16)

ence coordinates pg, 4, @q as follows:
pe=(p1+p2)/2, pa=p1—p2,
re=(r1+mr2)/2,
.= (0 +m)/2, 3= 0 — o,

T4="T1—T2,

a7
equation (6) can be rewritten as

W<0) (rd;TCa wda wC)

2r +r /2 rﬁ
= W —5 (g, o 18
0€Xp w(2) 2(7(% exp[ ( d > c)}a ( )
where
_ (a)c—a)g)2 1 1 )
= (g, o, o, 1
(@, ) Q2 a2 T2z )™ (19
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We can then rewrite Eq. (7) as
W (pda wda
= C(oy / // drgd?rw!

xeXp{ C; (pe —7c) - (pa—Ta)

(rdar07 wd7 wc)

i (pe =1+ § pa v’
-n (Pdﬂ‘d@d’wc)}a (20)
where
C(ay) = Mexp (iwgz/c—awi/?), (21)

(2mez)?
n (pd7 rda a)da wC)

[0) Z
= 1.46 <a) —4d) =
! 2 5/3
< [ dEC @) lpu+ra(1-8)", (22)
1
a=0391L°7 / dEC2(E). (23)
0
Approximating Eq. (22) by!'?!
n = (1.460%/c*)"
1
< [ ag @) It +ra1-6)P. @b

substituting Egs. (18) and (24) into Eq. (20), we obtain

W(pd7wd7Z)
= WoC(wqg)exp[—& (wq, @c)]
272 2 2
/ // dzrdd2r eXp[ e +r/ rdz}
260
2 2
X exp{—lpd—mpd-rd—nrd
. @
+17C (Pc—7c) (pa—T4a)
, 1
2Cd |:(pc - 7"c)2 + 4 (pd - Td)2:| }7 (25)

where & (@4, ;) is given by Eq. (19).

By converting cylindrical coordinates into rectangular co-
ordinates, we obtain the final expression for the cross-spectral
density function of a GSMP beam in the half-space z > 0,
which is valid for turbulence of any strength

W (x1,y1,%2,2,2)

24 2 2 2
— Z—gexp[Zl(xle—f—ylyz)]exp (p j{_q —|—f :7_ )
X exp i&(x%er%fx%—y%)
2cz
. 0g 224,22
+ 14cz_l (x1+y1—|—x2—|—y2) , (26)

where

A= W()C(wd)GXp [_ X (a)da (Dc)] )

/ )

C(og) = ( exp (imgz/c — awg/cz) ,

:b _—
T iaza
20 +208 + 03 /2 —dapo.  ©F

Z (g, o) =
( ds C) 293 2.(23’

_ o (@ m _
P= 14cz(x1+x2) (18c +2)(x1 %),

qiwc(Y1+yz)<1wd+m>( —¥2),

4 8 2
wcp . (g . O
f= ZCzd 14cz (x1 —|—x2) 12 cz (n xz),
. 0cq . 04 (Dc _
T 2czd 4cz( yi+y2) = 2 cz 01 =32),

1= (1.4602z/c?) 6/5/152 c,%(z;—)]ﬁ/sdg,
S [ea-p e e
= (1.460%2/2)" /0(1—5)2[ (&)]6/5d§

=2 (1.4602z/*)°

2.1. Average beam intensity and beam size

Letpr =p2=p, 01
sity will be obtained from Eq. (26) as

= = O, then average beam inten-

I(p,0,2)
= W(p,p,0,0,z)
Wo 2p? ] (0— )’
= S — =227
09| s e |
where
4c272 1 1
x(w,z) =1+ CZZ <2n+2+2>,
Wy o wo  Op

:(1.46w2z/c2)6/5/01(1—5)2[ 26)]" de. (28)

Now, we consider how the random medium affects the
spot size of the beam. The radius w, of the beam spot is de-
fined as['!]

1(p=We,pa=0,2)/I(p=pa=0,2) =exp(-2). (29)

The equation for the beam size w, of a collimated beam is ob-
tained as

We =WoX (a)az)l/za (30)

where wy is the initial beam radius and x (®,z) is given by
Eq. (28).
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2.2. Pulse propagation

2.2.1. Two-frequency, single-point complex degree of
coherence

Let p; = p2» = p, @] # @, then equation (26) will be

expressed as

W(p,p,wr,0,z)

A o 1 w?
- dg P 422dg \ 4c222d s

2
—da?—i% wd>+iwd}p2}, (31)
CcZ

2cz

where

(0. — coo)2 1 1 5
A =WoC (0q) exp l— — + wy |,
o 403 " 202

(02 - @F/4)

C(wg) = ey exp (iwgz/c — awi/c?),
1 1 (0%
d=n+_—+-——>5—i-—,
" 2w} 207 8cz
2 w? o
&= w(z) + 4222d 12cz'

The two-frequency, single-point complex degree of co-
[13]

herence in the z plane is expressed as
v(p,p, @1, 0,2)
_ Wp,p,o1,0,7)
W1/2 (pvpa a)l,(u],z)Wl/2 (pvpv o, a)ZaZ)

(32

where W (p,p, @i, @2,z) and W (p,p,0;,;,z), j = 1,2 are
given by Eqs. (31) and (27), respectively.

2.2.2. Single-frequency, two-point complex degree of
coherence

Let p; # p2, ®; = @ = o, then equation (26) will be

written as

W (p1,p2,0,0,2)

W(Xla)’I,Xz»)’z»Z)

2 2, .2 2, 12
T°A h
= d—gexp[Zl(xlxz +y1y2)]exp (p :l—q —l—f 2: )

)
X exp [1 (x%—i—y% —x3 —y%)

2cz
l(x%+y%+x%+y%)], (33)
where
2 2
o (®—ay)
A=W =
0(27rcz) P Q3 ’
dent 1 1 2 ?
=n _ -
w2 202 8T W T acza

p=—i

0] m
7 (_XI +)C2) — E (.x1 —x2>7

.0 m
q= *lr(yl +y2) — = (1 —»2),

2
f =i =i (n =),
h= lﬁ— %()’1 ¥2)
I = (1.460%/c )6/5/0 £2[c2 (&) de,
(1460 /c /5%15(1 [c2(&)]" a,

= (1.46w2z/62)6/5/0 (1-¢)?[c (e (5)}6/5 dé.

The single-frequency, two-point complex degree of co-
herence is expressed as

Y(PlaPZa , w,Z)
_ W(P17P27w7w71)
W1/2 (p17p17w7w7Z)W1/2 (p27p27w7wvz)’

(34)

where W (p1,p2,0,0,z) and W (pj,pj,®,0,z), j = 1,2 are
given by Eqs. (33) and (27), respectively.

2.2.3. Two-frequency, two-point complex degree of co-
herence

Using Eq. (26), we obtain the two-frequency, two-point
complex degree of coherence as follows:

y(p17p27w17a)27Z)
_ W (p1,p2, 01, a»,2)
WI/Z (phplywlywhz)wl/z (p27p21a)21a)27Z)

» (35

where W (p1, p2, 01,@,2) and W (pj, pj, 0, 0;,2), j =1,2
are given by Egs. (26) and (27), respectively.

3. Numerical results and analyses

We consider a GSMP beam, of which the central wave-
length Ay, corresponding to the central angular frequency
wy = 1.2 x 10° GHz (w; = 1.198 x 10° GHz, @, = 1.202 x
100 GHz), is 1.55 um, and the expectation value of the ini-
tial pulse width Ty is 200 fs (when 7y > 20 fs, the signal is
narrow band, 1 fs = 1 x 10713 s). Note that the angular fre-
quency o is related to wavelength A by @ = 27c/A, the nu-
merical results in Figs. 2—6 are all based on taking values of
H=500m, 8 =60°, and Ly = 1 m. If T, = oo (when T, = oo
and op = oo, the beam is fully coherent), the spectral width
Qy=5x 103 GHz, and, for the case of T, = 100 fs, the spec-
tral width 2y = 1.5 x 10* GHz. These parameters are cho-
sen to meet the conditions of (@ — @,)/(w; + @) < 1 and

0/ 0 K 2073/ cz.
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0.5 p=1cm, Ty =200 fs

To =100 fs, g = 5 cnf
0.4F 17 = 500 m, 0 = 60°
Lo=1m

—— wp=2 cm
—=— wp =3 cm
—-—--wp=>5 cm

--- wyp=8 cm

0.3

wo =10 cm

0.2

0.1

Average intensity I(p, w)

1.10 1.15 1.20 1.25 1.30
Frequency w/10'% rad-s—!

0.12
— wp=2 cm
--- wg=3cm
0.10F o wo=5cm
é wo =8 cm
§ .08 Frerreemrerss e W
g op=5cm
% 3.06F H=500m,6=060°
g
o)
A o00peeanceeen
(b)
0.02 L L L
1.10 1.15 1.20 1.25 1.30

Frequency w/10% rad-s—!

Fig. 2. (color online) Variations of (a) average intensity and (b) beam
size with frequency for different initial beam radii.

As shown in Fig. 2(a), in the frequency range near the
central angular frequency (1.16 x 10° GHz< @ < 1.24 x
10° GHz), the average intensity is not equal to zero but ob-
tains its maximum value near the central angular frequency.
Within this frequency band, the average intensity increases
with increasing initial beam radius. Figure 2(b) shows that
the variation of the beam size with changing frequency is not
obvious when the beam propagates through atmospheric tur-
bulence, i.e., the magnitude of the frequency has a small effect
on the beam size in atmospheric turbulence. Finally, a larger
initial beam radius indicates a greater beam size.

1.

0 T.=w,00=0u0 Tc=100fs, 0p=5cm
_ 08 R fully partially
~ AR —e— --0-- wp =2 cm
G 0.6 PN e e W =5 cm
3h ) ' —=— —-o- wp =10 cm
3 04F N\ —— - wp =15 cm
< =500 m, 0=60°, Ly=1m
g Y wi = 1.198x106 GHz
< : wy = 1.202X106 GHz

O -

0 0.1 0.2 0.3 0.4

Off-axis distance p/m

Fig. 3. (color online) Two-frequency, single-point complex degrees of
coherence of beams versus the off-axis distance p for different initial
beam radii.

Figure 3 shows the comparisons between the two-
frequency, single-point complex degree of coherence of the

partially coherent GSMP beam and that of the fully coherent
Gaussian pulse beam for different initial beam radii. We note
that as we move away from the beam axis, the complex de-
gree of coherence decreases and the value is close to be zero
when the off-axis distance reaches a certain value (for the par-
tially coherent GSMP beam with wy = 5 cm, |y| — 0 when
p = 11.2 cm). We notice that the off-axis distance correspond-
ing to the complex degree of coherence close to zero shifts to a
larger value as the initial beam radius increases. The complex
degree of coherence of the partially coherent GSMP beam is
larger than that of the fully coherent Gaussian beam, and a
larger initial beam radius indicates a greater complex degree

of coherence.
0.90
N 0.85
&
3
3 0.80
< H=500m, 6=60°, Ly=1 m
S wp=>5cm, p=1cm
< 0.75F 0p=10cm
—--- op=5cm
—e— T, =, og = fully coherent
0.70 L L 1
10 50 100 150 200

Initial pulse width Ty/fs

Fig. 4. (color online) Two-frequency, single-point complex degrees of
coherence of beams versus the initial pulse width T for different values
of temporally coherent length 7;. and partially coherent length &y.

Figure 4 shows that the values of |y(p,p, @1, @,z)| ver-
sus Ty for 6p = 10 cm and 0y = 5 cm are very close together
for beams having identical values of T¢, but the values of |y] for
beams having different values of 7; vary considerably. i.e., the
temporally coherent length imposes a more maximal effect on
lY(p,p, 1, @,z)| than on that of the partially coherent length,
and the smaller the temporally coherent length, the larger the
complex degree of coherence is.

1.2
T.=100fs,00=5cm T,=w, o=
1.0k
- partially fully
~ 08} ---d=0cm
3 [ —a— -0- d=2cm
5 0.6F —— -->-d=4 cm
3 e =(0,0), 2= (0, d)
§ 0.4 H =500 m, 0 =60°
=S [Lo=1m, wp=5cm
< r
0.2
O
1 1 1

1.10 1.15 1.20 1.25 1.30
Frequency w/10' rad-s—!

Fig. 5. (color online) Single-frequency, two-point complex degrees of
coherence of beams versus frequency @ for different values of distance
d between the two points.
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We use Eq. (34) to compute |y (p1,p2,®,®,z)|. The re-
sults are shown in Fig. 5. In a range of frequency near the
central angular frequency @y, the single-frequency, two-point
complex degree of coherence is not close to zero. However,
the value of || tends towards zero when the frequency varies
outside this range and the range of the fully coherent Gaus-
sian beam is small compared with that of the partially coher-
ent GSM beam. Furthermore, |y| at the central angular fre-
quency reaches its maximum value. The complex degree of
coherence of a partially coherent beam is larger than that of a
fully coherent beam with the same value of d. It can be seen
that at the central angular frequency, |yY(p1,02,®,@,z)] =1
if a spatially partially coherent pulsed beam (T, # o0, Gy # o)
propagates through atmospheric turbulence when d = 0, this
result agrees with what one might expect (in this sense, the
use of a partially coherent beam is better than that of a fully
coherent beam). We find that |7y| varies more rapidly with @
as the value of d decreases. The value of || decreases with in-
creasing distances between the two points. Figure 5 shows that
no matter whether spatially partial coherence of the source or
atmospheric turbulence is present, the complex degree of co-
herence is smaller for a GSMP beam at a higher frequency
than at a lower frequency when @ > @y, which is opposite to
the result when @ < @y. This is inconsistent with the results
of Fig. 1 in Ref. [17], in which it was generally considered that
in the presence of spatially partial coherence of the source and
(or) atmospheric turbulence, the degree of transverse spatial
coherence in an observation plane z > 0 was slightly smaller
for a GSMP beam at a higher frequency than at a lower fre-
quency. The degree of coherence for a GSMP beam is depen-
dent on the frequency, but the central angular frequency @y is
the critical point.

10 wo=>5cm, w=1.22X107
p1= (0, 0), p2= (0, 0.02)
0.8

ELo=1m, H=500
0=60°

0.6
T~ 1T,=50fs

|’Y(p17 P2, W, W, Z)‘

0.4F
T =100 fs
0.2F
0 ——o0p=10cm
J 09 =>5cm |partially coherent
—e— T, =, oy = o fully coherent
_0'2 1 1

10 50 100 150 200
Initial pulse width Tp/fs

Fig. 6. (color online) Single-frequency, two-point complex degrees of
coherence of beams versus the initial pulse width T for different values
of temporally coherent length 7; and partially coherent length op.

As shown in Fig. 6, when T changes from 10 fs to 200 fs,
there is nearly no change in |y| with identical values of T, for
different values of 0p. The substantial variation in |y| observed

for different values of T¢, for constant values of ¢y, shows that
the effect of 7; on the complex degree of coherence is much
greater than that of op. This result is consistent with that in
Fig. 4, but the values of |y| versus Ty curves are different for
the cases of the single-frequency, two-point complex degree of
coherence and the two-frequency, single-point one.

We take that p; = (0.01,0.03), p> = (0.01,0.06), @y =
1.2 x 10 GHz (@ = 1.198 x 10° GHz, @, = 1.202 x
10° GHz).

Figure 7(a) shows that the two-frequency, two-point com-
plex degree of coherence decreases with increasing zenith an-
gle 6, the complex degree of coherence approaches to zero
when the zenith angle is close to 90° (representing horizontal
propagation). As the initial beam radius increases, the value
of |y| decreases. While this effect is significant for wy =5 cm,
the curves of |y| versus 6 for wy > 5 cm are very close to-
gether when 6 < 45°. This is to be expected since |y| does
not depend on wy when wg > 5 cm and 6 < 45°. Figure 7(b)
shows that if the value of zenith angle is a fixed one, the two-
frequency, two-point complex degree of coherence decreases
as the receiver height increases, and the value of |y| decreases
with the increasing magnitude of the turbulence outer-scale,
while the larger the outer-scale, the greater the effect on the
complex degree of coherence is.

08¢ p1=(0.01, 0.03), po = (0.01, 0.06)
Z_(a) Lo=10 m, Ty =200 fs, H=500 m
: To=100 fs, op="5cm
— 0.6F
R "
S
3 -
3 Q4T
S [
8 o
é E p—
T 02f— wy=1cm —e—wy=>5cm
57777 wyp=2cm —=— wy=06 cm
[-—— wop=3 cm —— wp=8 cm
[----- wyp=4 cm —o— wp=10 cm
oL L I L L L L
0 20 40 60 80
Zenith angle 6/(°)
0.8
(b) ——Lyp=1m
----Ly=5m
% 0.6 F -—— Ly=10 m
§ SN N P Lo=15m
§ —o— [ =20 m
= 0.4F p=60° —=—Ly=30m
QL wp=>5 cm
& F Ty =200 fs
< 02F Tc=100 fs
op=5cm T T®SIEiEEe
E p1=(0.01,0.03) e—T=es
p2=1(0.01, 0.06)
O 1

0 200 400 600 800 1000
Receiver height H/m

Fig. 7. (color online) Two-frequency, two-point complex degrees of co-
herence versus (a) zenith angle for different initial beam radii, and (b)
receiver height for different outer scales.
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Figure 8(a) shows that there is little change in the vari-
ation of |y(pi1,p2,01,0,7)| with Ty for the fully coherent
beam. The partially coherent length exerts a greater effect on
the complex degree of coherence than the temporally coherent
length, which is contrary to the results shown in Figs. 4 and 6.
Figure 8(b) shows that the variation of |y| with Ty is not ob-
vious for different distances between the two points, and that
the values of |y| change more gently with changing values of
Ty as the distance between the two points increases. The size
of d has a large influence on the complex degree of coherence,
and the complex degree of coherence decreases with increas-

ing distance between the two points.

(a) p1=(0.01, 0.03)
0.55 - - 10 cm p2=(0.01, 0.06)
% 0.50
3
3
& 045
&
£
< 0.40 . ° . ° . . . . .
10 50 100 150 200
Initial pulse width Tj/fs
1.0
(b) p1=(0.01, 0.03)
0.8F Lp=10m
/5 H=250 m
& 6=060°
3F 0.6 wo="5 cm
N e _ T.=100 fs
& 04f —d=4cm oo=5am =~ -~
= ---d=6cm
; —--—-d=8 cm
< gof e d=10 cm
e . ’ .
10 50 100 150 200

Initial pulse width Tp/fs

Fig. 8. (color online) Two-frequency, two-point complex degrees of
coherence versus initial pulse width Ty for different values of (a) tem-
porally coherent length 7; and partially coherent length oy, and (b) dis-
tance d between the two points.

4. Conclusions

In this study, novel analytical expressions for the two-
frequency, two-point cross-spectral density function of a
GSMP beam propagating through atmospheric turbulence are
derived using the extended Huygens—Fresnel principle and the
quadratic approximation of the random phase structure func-
tion. Using the Markov approximation method and on the as-
sumption that (@ — @,)/(w; + @) < 1, the results obtained

are valid for turbulence of any strength and can be applied

to narrow-band signals. From the cross-spectral density func-
tion, the expressions for the average beam intensity, beam size,
and the two-frequency degree of coherence of a GSMP beam
are obtained. It is shown that the average intensity and the
complex degree of coherence reach a maximum at the cen-
tral angular frequency and that the magnitude of the frequency
has a small influence on beam size in atmospheric turbulence.
For the variations of the two-frequency, single-point and the
single-frequency, two-point complex degree of coherence with
the initial pulse width Tp, the temporally coherent length ex-
erts a greater effect on the complex degree of coherence than
the partially coherent length, which is contrary to the results
derived for the two-frequency, two-point complex degree of
coherence. The value of the single-frequency, two-point and
the two-frequency, two-point complex degree of coherence de-
creases with increasing distance between the two points. The
two-frequency, two-point complex degree of coherence de-
creases with increasing zenith angle and receiver height, and
decreases as the turbulence outer-scale increases. The com-
plex degree of coherence of the partially coherent GSM beam
is larger than that of the fully coherent Gaussian beam, and a
larger initial beam radius indicates a greater complex degree
of coherence.

The research work outlined in this report provides a better
understanding of the second-order statistics of a GSMP beam
propagating through atmospheric turbulence in the space-
frequency domain. Our results are useful for applications
involving spatially and spectrally partially coherent pulsed
beams. It should be mentioned that our analytical expres-
sions for the cross-spectral density function also provide a ba-
sis for the numerical study of the propagation characteristics
of a GSMP beam through atmospheric turbulence in the space-

time domain.

References

[1] Mintzer D 1953 J. Acoust. Soc. Am. 25 922
[2] Shirokova T A 1963 Sov. Phy. Acoust. 9 78
[3] Knollman G C 1965 J. Appl. Phys. 36 3704

[4] Alimov V A and Erukhimov L M 1968 Radiophys. Quantum Electron.
11 268

[5] SuH H and Plonus M A 1971 J. Opt. Soc. Am. 61 256
[6] Gardner C S and Plonus M A 1974 J. Opt. Soc. Am. 64 68

[7]1 Erukhimov L M, Zarnitsyna I G A and Kirsh P I 1973 Radiophys.
Quantum Electron. 16 436

[8] Liu C H, Wernik A W and Yeh K C 1974 IEEE Trans. Anten. Propag.
22 624

[9] Lee L C and Jokipii J R 1975 Astrophys. J. 201 532
[10] Sreenivasiah I, Ishimaru A and Hong S T 1976 Radio Sci. 11 775
[11] Sreenivasiah I and Ishimaru A 1979 Appl. Opt. 18 1613
[12] Fante RL 1981 J. Opt. Soc. Am. 71 1446
[13] Young CY, Ishimaru A and Andrews L C 1996 Appl. Opt. 35 6522
[14] Young C Y, Andrews L C and Ishimaru A 1998 Appl. Opt. 37 7655

064216-8


http://dx.doi.org/10.1121/1.1907219
http://dx.doi.org/10.1063/1.1713934
http://dx.doi.org/10.1364/JOSA.61.000256
http://dx.doi.org/10.1364/JOSA.64.000068
http://dx.doi.org/10.1007/BF01030891
http://dx.doi.org/10.1007/BF01030891
http://dx.doi.org/10.1109/TAP.1974.1140830
http://dx.doi.org/10.1109/TAP.1974.1140830
http://dx.doi.org/10.1086/153916
http://dx.doi.org/10.1029/RS011i010p00775
http://dx.doi.org/10.1364/AO.18.001613
http://dx.doi.org/10.1364/JOSA.71.001446
http://dx.doi.org/10.1364/AO.35.006522
http://dx.doi.org/10.1364/AO.37.007655

Chin. Phys. B Vol. 23, No. 6 (2014) 064216

[15]

[16]

[17]
[18]

[19]

[20]
[21]
[22]
[23]

Jurado-Navas A, Garrido-Balsells J M, Castillo-Vazquez M and
Puerta-Notario A 2009 Opt. Lett. 34 3662

Antonio J N, Maria G-B José, Miguel C-Vazquez and Antonio P N
2010 Opt. Express 18 17346

Chen CY, Yang HM, Lou Y and Tong S F 2011 Opt. Express 19 15196
Chen CY, Yang HM, Lou Y, Tong S F and Liu R C 2012 Opt. Express
20 7749

Zhang M, Wu Z S, Zhang Y D and Yang T G 2001 Acta Phys. Sin. 50
1052 (in Chinese)

Wang T and Pu J X 2007 Acta Phys. Sin. 56 6754 (in Chinese)

LiJ H, Yang A L and Lii B D 2009 Acta Phys. Sin. 58 674 (in Chinese)
Li B D, Li J H and Zhang H R 2010 Chin. Phys. B 19 099201

Ji X L 2010 Acta Phys. Sin. 59 3953 (in Chinese)

[24]
[25]
[26]
[27]

(28]
[29]
[30]
[31]

(32]

064216-9

LiY Q and Wu Z S 2012 Chin. Phys. B 21 054203
Fang G J and Pu J X 2012 Chin. Phys. B 21 084203
Lajunen H, Vahimaa P and Tervo J 2005 J. Opt. Soc. Am. A 22 1536

Andrews L C and Phillips R L 2005 Laser Beam Propagation Through
Random Media (Washington: SPIE Press Bellingham) Chaps. 4 and 5

Fante R 1980 Proc. IEEE 68 1424
Ishimaru A 1972 IEEE Trans. Anten. Propag. 20 10
Fante R and Poirier J 1973 Appl. Opt. 12 2247

ITU-R Document 3J/31-E 2001 Radio Communication Study Group
Meeting, Budapest, Hungary, 206 p. 277

Tatarskii V 1971 The Effect of the Turbulent Atmosphere on Wave Prop-
agation (Springfield: Israel Program for Scientific Translations) p. 148


http://dx.doi.org/10.1364/OE.18.017346
http://dx.doi.org/10.1364/OE.19.015196
http://dx.doi.org/10.1364/OE.20.007749
http://dx.doi.org/10.1364/OE.20.007749
http://dx.doi.org/10.1088/1674-1056/19/9/099201
http://dx.doi.org/10.1088/1674-1056/21/5/054203
http://dx.doi.org/10.1088/1674-1056/21/8/084203
http://dx.doi.org/10.1364/JOSAA.22.001536
http://dx.doi.org/10.1109/PROC.1980.11882
http://dx.doi.org/10.1364/AO.12.002247

	1. Introduction
	2. Analytical formulations
	2.1. Average beam intensity and beam size
	2.2. Pulse propagation
	2.2.1. Two-frequency, single-point complex degree of coherence
	2.2.2. Single-frequency, two-point complex degree of coherence
	2.2.3. Two-frequency, two-point complex degree of coherence


	3. Numerical results and analyses
	4. Conclusions
	References

