Chapter 2
Optical Propagation in Unguided Media

Yahya Kemal Baykal

Abstract This chapter provides fundamentals of light propagation in unguided
media and particularly discusses turbulence of transmission environment. The
degradation effects of turbulence in the received signal of an OWC system are
presented. The turbulence power spectra used in the formulation of various entities
are given in various links operating in different environments such as atmosphere,
space and underwater. The Rytov method and the extended Huygens—Fresnel
principle are employed in the evaluation of the average intensity and the scintil-
lation index. Effects of different optical beam profiles in the average received
intensity and the scintillation index are further examined. Finally, some mitigation
methods, such as the transmitter and the receiver aperture averaging, to reduce the
turbulence degradation are given.

Keywords Atmospheric turbulence - Underwater turbulence - Free space optics -
Optical wave propagation - Unguided media - Optical beam types - Average
intensity - Scintillations

2.1 Introduction

Optical wave propagating in an unguided medium such as the atmosphere or
underwater has to go through many constituents such as the molecules and aerosols
in the case of propagation in the atmosphere and water molecules, chlorophyll,
coloured dissolved organic matters, suspended particulate matters and dissolved
salts in the case of propagation in underwater medium with different concentrations
in freshwater or marine environment. These constituents cause the optical wave to
get scattered and absorbed which in turn results in the degradation and attenuation
of received optical signal. Besides the effects of the constituents, the refractive
index at each point in the medium varies randomly in time due to the circulation of
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air in the atmosphere and circulation of water in underwater medium. Random
refractive index in time and space is simply known as the turbulence. Atmospheric
turbulence is developed mainly by the fluctuations in the temperature, pressure and
humidity but dominated by the temperature fluctuations. Turbulence in an under-
water medium on the other hand is developed mainly by the fluctuations in the
salinity and the temperature but dominated by the salinity fluctuations. The overall
effect of turbulence on the received optical signal is an integrated one which is
composed of the wavelength, A, link length, L, the structure constant, Cﬁ (a measure
of how large the refractive index fluctuations are) in the atmosphere. The overall
effect in the underwater medium is composed of the wavelength, link length, the
rate of dissipation of kinetic energy per unit mass of fluid, the rate of dissipation of
mean-squared temperature, the Kolmogorov inner scale, a parameter that defines
the ratio of temperature to salinity contributions to the refractive index spectrum.
The effect of turbulence on the optical beam depends on the strength of turbulence
which changes the statistical behaviour of the medium which in turn changes the
statistics of the random amplitude and phase fluctuations imposed by the random
medium. The measure of turbulence strength in the atmosphere is given by the
plane wave scintillation index known to be 1.24C2k7/®L'/® where k = 27/J. is the
wave number. Turbulent regime in the atmosphere is weak, moderate, strong and
extremely strong when 1.24C5k7/ 6L1/6 is <1, ~1, >1 and >>1, respectively.

2.2 Degrading Effects of Turbulence

The random changes in the refractive index impose random variations in the
amplitude and phase of the optical wave propagating in the turbulent medium. The
randomly varying amplitude and phase in turn cause the degradation in the prop-
agating optical wave which results in a degraded optical signal at the receiver of an
optical wireless telecommunication or imaging system.

In the absence of turbulence, a finite-sized optical beam faces diffraction which
broadens the beam as it propagates in the deterministic medium. Diffraction starts to
be effective after a link distance of a2/, o being the size of the optical source at the
transmitter plane. Diffraction angle is proportional to A/o,. Broadening of the beam
due to diffraction occurring in the absence of turbulence becomes larger when
turbulence is present. Due to diffraction and refraction in turbulence, the instanta-
neous and the average intensity profile exhibit more beam spread at the receiver
plane.

One other important degradation imposed by turbulence is the fluctuations in the
intensity known as the scintillations which is quantified by the metric scintillation
index. The scintillations impose signal dependent noise in the reception, thus
degrade the performance quality of the optical wireless telecommunication system
by reducing the bit error rate. The scintillations show different behaviour at the
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receiver plane depending on the type of the optical source employed, wavelength,
link length, strength of turbulence and the receiver coordinate.

When the coherent laser source beam wave propagates through turbulence, its
coherence property is disturbed that makes the beam much less coherent, i.e. the
beam becomes partially coherent or even incoherent at the receiver plane. In other
words, coherence radius of the beam, which is defined as the radius of the area over
which the optical field remains correlated, becomes smaller as the beam propagates
in the turbulent medium. Smaller coherent patches make especially heterodyne and
homodyne detection (coherent detection) difficult.

Another degradation of the optical beam wave due to turbulence arises because
of the random fluctuations of the phase which cause the phase front of the optical
wave become distorted. Especially in imaging systems, such phase fronts need to be
corrected at the receiver through adaptive optics techniques. The phase fluctuations
also become the reason for the angle of arrival fluctuations. Large angle of arrival
fluctuations degrade the reception of the optical signal especially when the field of
view of the receiver is narrow.

Turbulence also has effect on the effective radius of curvature of the optical
beam that degrades the focusing of the beam on the required spot. Other parameters
which are degraded by the presence of turbulence are the propagation factor, also
known as the M factor, being regarded as a beam quality factor.

2.3 Power Spectra of Turbulence in Free Space Optics
(FSO), Slant Satellite and Underwater Links

In the evaluation of turbulence effects, the random medium is modelled by eddies of
various sizes in the continuum form. The eddies can be thought of as lenses. Thus,
the random medium is composed of continuum of lenses starting from a minimum
scale size known as the inner scale of turbulence to the maximum scale size known
as the outer scale of turbulence. The scale size of the eddies being inversely pro-
portional to the spatial frequency in the power spectrum of turbulence, the inner
scale corresponds to the maximum spatial frequency and the outer scale corre-
sponds to the minimum spatial frequency. The optical wave propagating in this
continuum of lenses faces reflection, refraction, scattering, diffraction and inter-
ference which in turn results in the fluctuations of the amplitude and the phase of
the optical wave. The effect of the eddies of all scale sizes are integrated in the
power spectrum model of turbulence.

In the atmosphere, the most well-known power spectrum of turbulence is the
Kolmogorov spectrum which is presented as [1]

®,(k) =0.033C2k 3, 1/Ly<K<1/ty (2.1)
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where k = 2m// is the scalar spatial frequency, ¢ being the scale of turbulence, i.e.
the size of the turbulent eddy, ¢y and L are the inner and outer scale of turbulence,
respectively. Typical values of these scales in the atmosphere are /y; = 1 mm and
Ly = 25 m but in the Kolmogorov presentation ¢y = 0 and L, = 00 are taken. We
note that the Kolmogorov spectrum in Eq. (2.1) is valid for horizontal wireless
optical communication links where C2 is a constant. More general form of the
turbulence power spectrum in which the inner scale, outer scale and the height
variations of C? are introduced is known as von Karman spectrum given by [1]

@, (1,n) = 0.033C5(n) exp(1* /12, ) / (1 + K(z))ll/6, 0<Kk<oo (2.2)

where 7 is the propagation distance, k,, = 5.92/{y and ko = 21/L,.

Kolmogorov presentation of the turbulence power spectrum does not exactly fit
in some low altitude atmospheres [2], upper troposphere and stratosphere [3, 4]. In
such media, it is more convenient to model the atmospheric turbulence with another
power spectrum known as non-Kolmogorov which is given by [5]

exp(k?/1%)

(I)n(K7 77) = A(O()Ci(’/’) (K2 i K(Z))“/z ’

0<Kk<oo, 3<u<4. (2.3)

where o is the power law exponent of non-Kolmogorov turbulence power spectrum,
7 denotes the fixed height of the horizontal link, ¢(a) = [(2%/3) I'(5 — 0.5x)
A(@)]Y") | T() is the gamma function, A(o) = 0.257 2T (xx — 1) cos(0.57cx),
Km = c(a)/y, C2(n) is the generalized structure constant in non-Kolmogorov
turbulence having the unit of m** In horizontal links, when o = 11/3, C2(i)
reduces to the structure constant C? for Kolmogorov turbulence. Again for
o = 11/3, Eq. (2.3) correctly reduces to the von Karman spectral density and
additionally for ¢y = 0 and Ly = ©0 reduces to the Kolmogorov spectral density.
In non-Kolmogorov turbulence, the equivalence of the structure constant for
non-Kolmogorov turbulence in horizontal links is formulated as [6]
7 _ N

C, = D) C, (2.4)

where  N(2) = 0.50(2)(2n) "o+ *2(2L) V2 D(a) = -1 (1 -2) [T (®)]?
['(o — 1) cos(%) sin(Z2).

Note that negative sign in D(o) is missing in [6]. In satellite links, Cﬁ varies
depending on the height from the ground. This variation is expressed by several
models, the best known being the Hufnagel-Valley model [1] which is expressed
for the slant paths in general as
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WN2, s \10 h _ h
C2(h) :0.00594(ﬁ) (10-°n) exp(—m) 127%10 léexp(—%)

h
+A exp <— m)

(2.5)

where £ is the height from the ground expressed in meters, A is the nominal value of
Cﬁ (h=0) in m~*?, w is the rms wind speed in m/s whose height dependence can
be found from Eq. (12.2) of [1]. Here & = 1 cos ¢, ¢ is the zenith angle. Inserting
h =5 cos ¢ into Eq. (2.5)

C%(n) =0.00594(w/27)* 10~y cos g)loexp(—n cos ¢/1000)
+2.7 x 107 ® exp(—# cos ¢/1500) + A exp(—n cos¢/100)

which is valid for flat Earth model. Introducing the equivalence of the structure
constant provided by Eq. (2.4) for the slant satellite links, we obtain

) = %cﬁm 27)

The last power spectrum presented in this section cover the random underwater
medium which is given by [7]

X
@, () = 0.388 x 10551/ -”/3{1+2.35 ¢ 2/3} ar
(1) e S b (2.8)

x (WZefAré + 67A35 o Zwe*ATS&)

where the eddy thermal diffusivity and the diffusion of salt are assumed to be
equal, Ar=1863 x 1072, Ag=19 x 107*, Ars =941 x 107, §=28.284
(m7)4/ S 12.978(m7)2, ¢ is the rate of dissipation of kinetic energy per unit mass of
fluid, X7 is the rate of dissipation of mean-squared temperature, ¢ is the
Kolmogorov inner scale, w is a unitless parameter that defines the ratio of tem-
perature to salinity contributions to the refractive index spectrum. In oceanic water,
w changes from —5 to 0 where it attains —5 when temperature-induced turbulence
dominates and 0 when salinity-induced optical turbulence dominates.

2.4 Rytov Method

A geometrical sketch illustrating the propagation geometry and definitions of the
parameters employed in the formulations of this and the following sections is
shown in Fig. 2.1.
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Fig. 2.1 Propagation Source Plane Turbulent Volume Receiver Plane
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The incident field at the laser exit plane (z = 0) is #™*(s, z = 0) where s = (s,, s,)
is the transverse source coordinate and z is the propagation axis. The free space field
u"S(p, z) at the receiver pointr = (p, 2) = (P, py» 2) in the absence of turbulence can
be found by using the Huygens—Fresnel principle as [1]

uS(p,z) = k expliks) /oo /DO d*su'™(s,z = 0) exp [;—]; (s — p)z] . (2.9)

2miz

In the presence of turbulence, by using the free space field, u™S(p, z) given by
Eq. (2.9), the field at the receiver plane is found by Rytov method as [8, 9]

u(p,z) = u™(p,z) expy(p,2)]. (2.10)

Here

k2

— iS — d3 / 1N FS
0(0.2) = (0.2) +15(0.3) = 3o [ @m0,
4 (2.11)
. -
" exp(ik|r — r |)7

r—r|

is the fluctuations of the complex amplitude in turbulence, V' is the scattering
volume, y(p, z) and S(p, z) are the log-amplitude and phase fluctuations in turbu-

: 3 ik|r—r’
lence, respectively, r' = (p/,7) = (p;, Py 7 ), d’r’ = dp, dp; d7, % term
presents the Green’s function, n; is the random part of the refractive index which

is [10]

nl(p;, p’y,z’): / /exp(ixxp;wLiKyp;) dZ, (K, 16y, 2') (2.12)

where the integrations are implicit with respect to x,, x, which are the spatial
frequencies in x and y directions, dZ,(xy, k,, ') is the random amplitude of the
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spectrum of the refractive index fluctuations. Using [8—10] since for the major
portions of the beam, (p, — p}) and (py — pﬁ) are much smaller than (z — 2'), the

Green’s function in Eq. (2.11) is approximated as

WAY _/2
(P —PL)"+ (py =P

2(z—7)

exp(ik|r — r'])
[t —r|

~ exps ik |(z—2)+ /(z—2)

(2.13)

Employing Eqgs. (2.12) and (2.13) in Eq. (2.11), the complex amplitude fluctu-
ations at the receiver, z = L is

L 00 00
W(p:L):/dzl / / prvaL Ky, Ky, 2 )dZ (KxaKyaZ,) (2'14)
0 —00 —00
where
H(.) =k /[2n(L — )" (p,2)] / / dp. dpy eXP(inpiJriKyp;)
—00  —00

(px—PL) + (py - p;)2
2(z—7)

S, ) expik|(z—2)+ /(z=72).

(2.15)

Using Eq. (2.14) together with Eq. (2.15) and making use of y(p, L) =
1, L) + iS(p, L) from Eq. (2.11), the log-amplitude fluctuations term is found to
be [8-10]

oo

L 00
(0.0 =03+ s 0D = [ [ [ TipupiLocas,.2)

0 —00 —00
x dZ, (kx, Ky, 2)
(2.16)

where dZ* (KX,KV ) =dz, ( KX,—Ky,ZI) and

Tl(PwaL Kxy Ky, 2 ) 05[ (pxapnyaKxaKyaZ/)

2.17
+H (px7py7 L7 — Ky, —Ky,Z/)} ( )
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Again, using Eq. (2.14) together with Eq. (2.15) and making use of y(p, L) =
2(p, L) + iS(p, L) from Eq. (2.11), the phase fluctuations term is found to be

L [e%) [o'e]
ﬂum=0Mwmiwwm¢n=/@Q/b/anmL%mx>
0 —00 —00

x dZ, (1cy, 1y, 2)
(2.18)

where

T (p)mpy?L KX>K)7 ) =0. Sl[ (anpra_Km_KyaZ,)

~H(propis Lo 6,7 219

Thus, the Rytov method solution of the field at the receiver plane in an unguided
medium is found by using Eq. (2.14) in Eq. (2.10). Furthermore, the correlation
functions of the log-amplitude and the phase fluctuations are obtained by
employing Eqgs. (2.16) and (2.18). The details of the derivation of the correlation
functions can be found in [9].

2.5 Extended Huygens—Fresnel Principle

In the absence of turbulence, the field at the receiver plane is given by the Huygens—
Fresnel principle as [1]

exp(ikL ror . ik
u(p,L) = % / / d*su™(s,z = 0) exp (i s — p|2> . (2.20)

Basically, with the Huygens—Fresnel principle, one can find the field at the
receiver of an optical wireless communication system by applying a spatial con-
volution integral to the spatial incident field and the spatial spherical wave response
medium. When the medium of interest is a random one due to the presence of
turbulence, then the field at the receiver of an optical wireless communication
system is obtained by applying the spatial convolution integral to the spatial inci-
dent field and the spatial spherical wave response of the random medium which is
presented as

[o.¢] (o 0]
exp(ikL) ine ik
uo.0) =0 [ [ sz =0) expl(5 15— o Jexplots.p)]

—00 —00

(2.21)
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where Ys(s, p) is the solution to Rytov method given by Eq. (2.11) that presents the
random part of the complex phase of a spherical wave propagating from the source
point (s, z = 0) to the receiver point (p, L). By using Eq. (2.21), many important
entities used in unguided optical communication system, such as the average
received intensity, intensity fluctuations in the received optical signal, field corre-
lations, intensity correlations and bit error rate (BER) can be formulated.

2.6 Average Received Intensity

Using Eq. (2.21), for a coherent source, the instantaneous received intensity at the
receiver plane I(p,L) = u(p, L)u*(p,L) is found to be [1]

I(p,L) = 3 / / d’s; / / d®sy u'™ (s1,z = 0)u™ * (53,7 = 0)

X exp (2—|Sl p| ) CXP( ~—[s2 — p| )

x exp[i(s1, p)lexp[y* (sz2,p)],
(2.22)

and the average received intensity (I(p,L)) = (u(p, L)u*(p, L)) is obtained as

1 o0 o0 o0 o0 A A
(I(p,L)) = L7 / / d’s; / / d?sy u'™ (sy,z = 0)u™ * (53,7 = 0)

X ﬁ|s— ?) ex —ﬁ|s— P
eXP2Llp p 2L2P

x (exp[y(s1, p)]exp[y/” (s2, p)])-

(2.23)

where (exp[i(s1, p)] exp[y/*(s2,p)]) = exp[— 1Dy (s1,82)], Dy(s1,82) being the
wave structure function.

2.7 Intensity and Power Scintillation Index

The scintillations in turbulence can be calculated using both the Rytov method and
the extended Huygens—Fresnel principle. In the first part of this section, Rytov
method solution for the scintillation index will be presented which will be followed
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by the extended Huygens—Fresnel principle solution. In the Rytov solution, first the
log-amplitude correlation function must be found since the scintillation index is 4
times the log-amplitude correlation function [11].

The correlation function of the log-amplitude fluctuations at the receiver plane
(z = L) is defined by

Bl(p17p2aL) = <X(ple)X<p27L)> (224)

Inserting the log-amplitude fluctuations given by Eq. (2.16) in Eq. (2.24) [9]

L [e'¢] 00
Bl(plap27L) :Zﬂ/dzl / dKA / dKYTl PanwaL KxaKyvz)
J (2.25)

x Ty (Pxpppr —Ky, =Ky, 2 )(Dn(K)

1/2
where @,,(x) is the power spectrum of turbulence, k = (Kﬁ + Kf) , T1() is pro-

vided by Eq. (2.17) [10]. Derivation of Eq. (2.25) can be found in Appendix A of
[9]. At the receiver point p, the scintillation index by Rytov method is m?> =
4B,(p,p, L) [8] where B,(p,p,L) is the correlation function of the log-amplitude
fluctuations given by Eq. (2.25) which is evaluated at p; = p, = p.

In the evaluation by using the extended Huygens—Fresnel principle, the scin-

tillation index is defined as
m? = <I*(p,L) > /<I(p,L) >>—1 (2.26)

where <I(p, L)> is given in Eq. (2.23). To find <I2(p, L)>, we start with Eq. (2.22)
and obtain

<12(p,L)> 4/ /d251 / /dzsz/ /d2S3/ /d254u"“ St u‘“c*(sz)

X ™ (53)ud" (54) exp (— 1 - ,,|z> exP(**|Sz —pl )
i
X exp i\ssfm exp **\54*P| (5178275378471))
(2.27)

where T (.) = (exply(s1. B) exp[” (s2. B))exp[i (3. B) exp[y* (4. p)]) is the fourth
order coherence function of the medium. Evaluating Eq. (2.26) at the receiver origin,

ie.atp = (pu p) = (0,0) [12, 13].
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I7(.) = [1+2B,(s1 — 83) + 2B, (s2 — 84)] exp[—0.5Dy (s1 — s2)
—0.5Dy(s3 —s4) — 0.5Dy(s3 —s3) — 0.5Dy (81 — S4)
+0.5Dy (s — 83) +0.5Dy (2 — 84) + iDys(s2 — 84) — iDys(s1 — 83)],
(2.28)

2
2se— . .
where Dy, (sr — sq) = % withr = 1,2, 3 and q = 2, 3, 4 is the wave structure
0

. 2 . .
function, D,s (sr — sq) = |sr — sq| / Pis is the log-amplitude phase structure func-
tion, B,(Sm —Sa) = 0, exp(—|sm - sn|2/p(2)) is the log-amplitude correlation

function, py = (0.545 C}%kzL)%/ > is the coherence length of a spherical wave
propagating in the turbulent medium, o = 0.124C2k"/°L!"/¢ is the variance of log

amplitude for spherical waves, and p s = (0.114 k'3/6C,%L5/6')71/2 is the coherence
length of log-amplitude and phase. Using Kolmogorov spectrum with zero inner
scale in Eq. (2.28), the condition of validity of the wave structure function is
|sr — sq| < <(iL)l/2 [12]. In Eq. (2.28), Gaussian statistics for the log amplitude
and phase fluctuations and B,<<1 is employed to expand
exp[2B,(s1 — $3) +2B,(s2 — s4)] as [1+2B,(sy — s3) +2B,(s2 — s4)]. For this
reason, the scintillation index to be obtained will be valid in weak atmospheric
turbulence.

In the receiver aperture averaging evaluations, the power scintillation index is
required in which the effect of the finite receiver aperture is included in the scin-
tillation formulation. For this purpose, the average power detected by a finite-sized
receiver having Gaussian aperture function is found from

o=/ | <z<p>>exp<—'%>d2p 2.9

where Gaussian aperture function is assumed, R is the radius of the receiver
aperture size and (I(p)) is given by Eq. (2.23). The average of the square of the
power as detected by a finite-sized aperture receiver having a Gaussian aperture
function is found as [12]

oo 0 X XX

2 2
=[] <1<p1>1<p2>>exp<—'pl';"’2')dzpldzpz (2.30

—00 —00 —00 —00

where using Eq. (2.22)
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% oo % oo % oo % oo
()L4/ /dzsl/ / dzsz/ / dzs3/ / d254ui“°(sl)ui“"*(sz)
—00 —00 -0 —00 —00 o0 —00

inc (

I(p)I(

inc

—00
sajrs(s)enp | 25 (1 51~y 52+ s — s~y — i) |

x (exp[y(s1, 1) + ¥ (s2, 1) + ¥ (s3, P2) + V7 (s4,P2)])-

Xu

(2.31)

The fourth-order medium coherence function given in the last line of Eq. (2.31)
is used as given in [12, 13]. The power scintillation is defined as [14]

my = (P = (PP ) /(PY=(P*)/(P)-1 (2.32)

from which the receiver aperture averaging factor is defined as [14]

Gr = m2/n2| =i 2.33

w=mifm| =m (233)

where mﬁ =m? is the scintillation index for a point aperture given by
R=0

Eq. (2.26).

2.8 Bit Error Rate

The formula for the average bit error rate <BER> in turbulence as a function of the
average signal to noise ratio <SNR> is given by [15] for a receiver detecting on-off
keying (OOK) modulation as

oo

/ pils (Z;lil? )ds (2.34)

0

(BER)

l\.)l»—‘

where erfc(.) is the complementary error function, <i;> is the detector signal cur-
rent, s is the integration variate and p,(s) is the probability density function of the
intensity. Below, the general formulation of <BER> in strong turbulence is pro-
vided which is known to yield also the weak turbulence results [15]. In strong
turbulence, the intensity can be statistically defined by the gamma—gamma distri-
bution whose probability density function is given by [16]

— 2(043)(“[”/2 s (+p)/2-1 T
e FEre) <<i5 >> Kup\2 <> 5 0, (235)
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where K is the modified Bessel function of the second kind, I'(.) is the gamma

function, o = —~L~— and f = —~L~—. The m?. and m2. are the large-scale and
’ exp(mfs)fl ﬁ exp(mgs)fl LS S g

small-scale scintillation indices, respectively [1, 17] whose derivations can be
obtained by using m*> = 4B,(p,p, L) where the log-amplitude correlation function
B,(p,p,L) is obtained from Eq. (2.25) by replacing the power spectrum of tur-
bulence @, (i) by the effective spectral density of the index of refraction fluctu-
ations given below,

X

@, (k) = 0.033C2K /3 | ex (— K—2> L S (2.36)
n,e =Y. n p 2 11/6 | ° ’
(K2 + Kf)

The effective spectral density introduces [1, 17] the amplitude spatial filtering
described by the large-scale, x, and the small-scale, x, spatial frequency cutoffs. In
Eq. (2.36), the inner and outer scales of turbulences are taken to be zero and
infinity. The details of the derivations of m}; and m3g can be found in [18]. It is
known that <BER> found by using the gamma—gamma distribution is a close fit
not only in strong turbulence but also in weak and moderate fluctuation regions as
well [1]. To be complete, the probability density function of the intensity valid in
weak turbulence which has a log-normal distribution is given below [19]

2 2
pi(u) m\/lﬂuexp{ [ln(”);l;qf ] } >0 (237)

2 . . .. . .
where m~ is the on-axis scintillation index.

2.9 Beam Effects in Turbulent Medium

The average intensity, scintillation index and thus the <BER> of an optical wave at
the receiver of an unguided optical communication system, after passing through
turbulent medium, exhibit wide variations depending on the type of incidence
(source) used. The basic formulations of the average intensity, scintillation index,
and <BER> are shown in the above sections. In this section, the average intensity
and the scintillation index formulations will be revised by introducing a general
type optical beam as the incidence [20, 21].

At the laser exit plane (z = 0), the incident field for the (n,m)th single-mode
off-axis Hermite—Gaussian beam is given by [20]
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u‘(ryl;l (Sxa Sy, 2= O) = Alnm exp(_ielnm)Hn (axénsx + ben)Hm (ayfmsy + bylm)
k
X exp {— 3 (ocxg,,si + ocygmsi)} exp|—i(Vitnsy + Vyumsy )],
(2.38)

i i

_ 1 _ 1 : _ :
where o, = w T Fo Otm = o + o k is the wave number, s = (sx, sy) is
- sytm

sxtn

the transverse source coordinate, z is the propagation axis, index ¢nm presents the
mode, ¢ being the number of the set of the multimode content, nm is the specific
mode within the (th set, Ay, is the amplitude of the field of the mode (¢nm) at the
origin of the source plane, i.e. at (sx =5, =z= 0), Opum is the constant phase
factor. H,, and H,, are Hermite polynomials of order n and m that specify the field
distributions in the s,, s, directions, ay, and a,s, are the complex parameters
determining the width of the Hermite polynomials in the s,,s, directions, b,s, and
by are the complex parameters characterizing the displacement of the Hermite
polynomials in the s, s, directions, o, and Fyy, are the source size of the Gaussian
beam and the focal length in s, direction and similarly oy, and F, present the
source size of the Gaussian beam and the focal length in s, direction, i = (—1)1/2,
Vien = Vrtn +iVyien and Vygy = Vyppy + iV, are the complex displacement
parameters, Vi, Vyig, denote the real and imaginary components of V, and Vi,
Vyiem denote the real and imaginary components of V,,. Defining the general type
beam as the superposition of the sets of the off-axis Hermite—Gaussian beams in
Eq. (2.38), the incident field at the laser exit plane (z = 0) for the general type
beam is

N
i (SX,SWZ — 0) = Z Z u}';; (sx, Sy, Z = O) (2.39)
/=1

Z(n’m) shows the summation of the single-mode incident fields within the /th set

of multimode contents, Z;V:l denotes the summation over the different sets of
multimode contents which indicates that there are N different sets of multimode
contents. Inserting Eq. (2.38) into Eq. (2.39), the incident field of the general type
beam becomes

N
umc( ) = Z Z AI{nm exp(*iefnm)Hn (axlfnsx + bx/fn)Hm (aylimsy + by/m)
(=1 (n,m) (240)

k
X €xp |:_ 5 (O{xz”szzc + ayfmsi)] exp [_i(VxZnSx + Vy[msy)] )

which presents a very wide class of beams such as the spherical, plane, Gaussian,
higher order single-mode, multimode, off-axis Hermite—Gaussian, Hermite—
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sinusoidal-Gaussian, higher order annular, flat-topped-Gaussian. The parameter
definitions of all these beams can be found in [20] and in Table 1 of [21].

Inserting Eq. (2.40) into Egq. (2.23), the average intensity (I(p,L)) =
(u(p,L)u*(p,L)) of a general type optical beam in turbulence is

o]

<I(p7 L)) W / / dzsl / / dZSZZ Z A[ o n axlnsx + bx/n)

nm
-0 —00

k
X Hm (ayimsy + by[m) €Xp |:7 5 (‘xx[nsz» + “)7[m53>:| exp [7i(vx[nsx + V_vlmsy)]

X Z Z A[nm eXP lG(’nm (axlnsx + bxln) m (av/ms\ + b)lm)

(=1 nm

X exp [—g( g x—l—oc)[m yﬂ exp [i(V;ensx—l—V;[msy)]
x exp(&sl—pf) exp(—ﬁ|sz—p|2)<exp{ (s1, D)Jexp[y* (52, ).
2L 2L
(2.41)

For atmospheric turbulence, under the quadratic approximation for the Rytov’s
phase structure function {exp[/(si,p) + ¥ (s2, p)]) = exp [—paz(sl - 52)2}, Po =

(0.545 C,%kzL) 735 s the coherence length of a spherical wave propagating in the
turbulent medium. Equation (2.41) is evaluated for the general beam, which yields
in the limiting cases the average intensity in turbulence for various beam types
such as the flat-topped, annular, cos-Gaussian, sine-Gaussian, cosh-Gaussian, sinh-
Gaussian and their higher order counterparts [21].

To introduce the beam effects in the formulation of the scintillation index by
Rytov method, we start with m* = 4B, (p, p, L) [6] where B,(p,p, L) in Eq. (2.25)
is evaluated by introducing the general beam type incident field in Eq. (2.40). Thus,
Ty (px,py, L, kv, Ky, Z) in Eq. (2.17), H(py, py, L, Ky, Ky, 2') in Eq. (2.15) and in turn

FS(p,z) in Eq. (2.9) are evaluated by the use of u™(s,,s,,z=0) given by
Eq. (2.40). With this procedure, for the general type beam, using Eq. (2.40) in
Eq. (2.9), it is found that [20]

k k A nm .9 nm r r
Z Z eXP l Z ) CXP —1Uy ) / / d2s Hn ( yinSy 4 bxln)
yos 2miz

k
x Hy, (ayZmSy + by(’,m) exp |:_ 5 (axfns)zc + O‘)!stzy):|

ik
X exp [_i(Vxlnsx + Vy[msy)] exp |:;—Z (S — p)2:| .

(2.42)
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Performing the integration over s = (sx, sy) by using Eq. (7.374.8) of [22], and
after some algebraic rearrangements, u™>(p, z) becomes

N
0,2 =)D A e (pa)f (py) (2.43)
=1 (n,m)
where
2id?, z }”/2 1 { iv2 }
w(Dx) = |1 — )fkn exXp|— XZ’.l
! (p ) |: k(l + lo‘x{nZ) (1 + l'OCx/gnZ)l/z P 2 k(l + w(xénZ)

ko‘xén 2 iVx[n
T At N —————px|H, n nPx)»
X exp[ 2(1 ¥ iaxénZ) px:| exp[ (1 ¥ iOngnZ)p (lef +ﬁ2x/ P )

—1/2 .
. ~1/2 . (2, yin VitnZ + kbygn (1 + i034n2
ﬁle/,n = axkﬂ(l + lO(x[nZ) / |:1 - lZ( k‘ - aﬂ‘")} ’ ﬁlxkn = ﬂZx('n { s k e w2

and f;, (py) is found by replacing x and n by y and m, respectively in f;, (p,). Inserting
Eq. (2.43) into Eq. (2.15), inserting the thus found H (px,py,L,kx, Ky,Z) in
Eq. 2.17), T} (px, Dy, L, Ky, Ky,z’) for the general type beam is obtained. Through
the use of this T (py, py, L, K, 6y, 2) in Eq. (2.25), the log-amplitude correlation
function for the general beam type is found as [20]

2n

L [e'e)
B,(py, P2, L) =7Re d rkdi [ dO[M;(py, Py, 1, K, O
«(P1, P2, L) / ’1/ / [M1(py1, P21 ) (2.44)
0 0 0

+M2(p17 P2, 1, K, 0)](Dn(K)}’

where k = ke'?

dic,dicy=xdrd0,

12
= Ky =K cos 0, Kk, = Kk sin0, k = || = (Kf—i—;cf) = d’k =

Ml (p17 p27L7 n, K, 0) = N(plaLa n, K, Q)N(p27Lv n, —K, 0)/[D(p17L)D(p27L)]
MZ(pla P2, La n, K, 6) = N(pla La n, K, G)N*(pb La n, K, 6)/[D(p17 L)D*(pZa L)]

N(), D(p,L) and other relevant parameters in Eq. (2.44) are defined in [20].

Then, the scintillation index for the general type beams is found by m? =
4B,(p,p, L) where B,(p,p, L) is provided by Eq. (2.44).

The scintillation index in atmospheric optical communication links for many
optical incidences such as flat-topped-Gaussian [23], laser arrays [24], higher order
cos-Gaussian, cosh-Gaussian [25] are examined which are reviewed in [26]. Beam
type effects on the scintillations are also examined lately in underwater medium for
optical plane and spherical waves [27] and multimode laser beams [28].



2 Optical Propagation in Unguided Media 41

Beam effects on the scintillations can also be examined by utilizing the extended
Huygens—Fresnel principle. For this purpose, we start with Eq. (2.26), employ
Eq. (2.41) and use Eq. (2.27) after inserting the u™™ (sx, Sy, 2= 0) from Eq. (2.40).
Through this approach, in atmospheric turbulence, we have lately investigated
the effects of beam types on the scintillation index for different excitations such
as the annular, flat-topped [13], off-axis Gaussian [29] and cos-Gaussian, cosh
Gaussian [30].

The effects of beam types on the <BER> in atmospheric turbulence can be
formulated by inserting Eq. (2.44) in m*> = 4B,(p,p,L). This scintillation index
formula is then employed in Egs. (2.35) or (2.37) which in turn is inserted in
Eq. (2.34). Through this approach, we have reported the <BER> for various inci-
dences such as the annular, flat-topped [15, 31] and sinusoidal-Gaussian [32].

2.10 Mitigation Methods to Reduce Turbulence Effects

The degradation of the received optical signal can be mitigated by using several
techniques. As also pointed out in the above sections, the degradation of the signal
can occur in the form of the received intensity profile, fluctuations in the intensity
known as scintillations and <BER> that effect the overall performance of optical
wireless communication systems operating in the atmosphere or in underwater
medium. Such degradations manifest themselves in the form of further beam spread
due to turbulence and signal dependent multiplicative noise.

Numerous works appear in the literature that studies the mitigation methods to
reduce turbulence effects. Basics of some of the important applications in the
mitigation of turbulence, such as the use of nondiffracting beams, scintillation
reduction techniques involving the use of various beam types, receiver aperture
averaging, partially coherent sources, error control coding and phase conjugation
are mentioned to a certain extent below. The elaboration of these techniques can be
traced in the indicated references.

The average intensity profiles in turbulence are scrutinized under various sources
[21]. Some excitations happen to confine the beam more at the receiver plane.
Especially, nondiffracting optical beams such as Bessel beams operating in a tur-
bulent medium seem to be advantages in this sense [33]. However, working range
of the link operating with Bessel beams is too short in this case.

Reduction in the scintillation noise is obtained through various techniques. It is
well known for a long time that an optical plane wave scintillates 2.5 times more
than the optical spherical wave and the Gaussian beam wave exhibits some interim
scintillation values [1, 8, 11], i.e. the shape of the intensity of the incident optical
beam has a considerable role in shaping the fluctuations of the intensity at the
receiver of an unguided optical communication system. This fact is lately investi-
gated in detail for many different optical source beam intensities. Some of these are
mentioned in the above section where the beam type effects are summarized in [26].
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These studies reveal that under the same medium conditions, i.e. under the same
wavelength, link length, inner scale, outer scale and the structure constant for the
atmosphere, and under the same wavelength, rate of dissipation of kinetic energy
per unit mass of fluid, rate of dissipation of mean-squared temperature, Kolmogorov
inner scale, temperature and salinity contributions to the refractive index spectrum
for the ocean, when the optical source intensity profile is varied, some source
configurations become advantageous in reducing the scintillations.

Another technique to reduce the effects of turbulence is to employ large aperture
receivers in optical wireless communication links. Finite receiver aperture has a
smoothing effect on the received power fluctuations known as aperture averaging
which is studied in the past [12, 34-38] and lately for various optical incidences
[39-41].

Use of partially coherent optical beams also yield smaller scintillations as
compared to coherent laser beams. Partial coherence effects on the scintillations are
studied in detail [13, 42—-47]. However, the discrepancy in the use of partially
coherent sources is the decrease in the data rates that can be transmitted in the
unguided optical communication systems. This is due to the fact that coherent laser
beams can be modulated at much higher data rates as compared to the modulation
rates of partially coherent or incoherent sources.

In some atmospheric optics applications, use of error control coding is used to
mitigate turbulence-induced fading [48, 49]. Use of some codes such as the Reed—
Solomon or Bose, Chaudhuri, and Hocquenghem or Hamming is known to improve
the performance of atmospheric optics links especially at high signal to noise ratios
as compared to cases where no coding is used.

Finally, we just mention that one other mitigation method employed in atmo-
spheric optics systems is the use of phase conjugation techniques in adaptive optics
[50] in which the aberrations formed in the wavefront after passing through tur-
bulence are corrected.

2.11 Sample Results

In this section, some sample results of the above given formulations are referenced
in order to better discuss the main findings of turbulence impact. These are the
results of the evaluations of Egs. (2.4), (2.32), (2.33) and (2.34) which are found in
[6, 15, 40, 41], respectively. The other detailed results can also be traced from these
references. We state these results as that the equivalent structure constant in
non-Kolmogorov turbulence versus Kolmogorov structure constant have constant
slopes at different power laws, when the hollow core of the annular beam becomes
wider, power scintillation increases, the receiver aperture averaging is more
effective at the larger flatness parameter with increasing receiver aperture sizes and
thinner annular beams show smaller average BER in strong turbulence.
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2.12 Conclusions and Future Directions

In wireless optical communication systems, the medium plays a crucial role in
determining the performance characteristics. Especially, when the refractive index
of the medium varies in a random nature as in turbulence, it becomes even more
difficult to stay within the predetermined performance criteria. The amplitude and
the phase of the received signal become distorted in a random manner, as the result,
different techniques are to be applied to overcome the adverse effects of turbulence.

In this chapter, we have reviewed the nature of turbulence in atmospheric and
underwater medium. The effect of turbulence on the wireless optical communica-
tion systems operating in the atmosphere and in underwater are investigated. The
basics of the formulations employed to obtain the average intensity, the scintillation
index and BER are presented. The mitigation methods, such as aperture averaging,
optical beam type used and partial coherence, to reduce the degrading effects of
turbulence are reported.

Even though the nature of turbulence in terms of its spectrum presentations are
known to a big extent, still further work, especially experimental data is needed to
better describe the atmospheric and underwater turbulence in specific media. Again,
the basic formulations, such as the Rytov and extended Huygens—Fresnel principle
are widely employed to obtain the system parameters. However, further simulation
methods to be presented in future will ease to better understand and apply the
results in practical optical communication systems. Many different approaches such
as the use of multi-input multi output configurations, optical heterodyne reception
techniques and employment of different optical sources, understanding anisotropic
turbulence, height variations of turbulence in underwater medium, ultraviolet
communication systems and marine environment defined as the water atmosphere
interface, are some important topics foreseen to be further scrutinized in future in
this area.
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