Chapter 2
Free-Space Optical Channel Models

2.1 Atmospheric Channel

The concentric layers around the surface of the Earth are broadly classified into two
regions: homosphere and heterosphere. The homosphere covers the lower layers
ranging from 0-90km. Heterosphere lies above homosphere above 90km. The
homospheric region of atmosphere is composed of various gases, water vapors,
pollutants, and other chemicals. Maximum concentrations of these particles are near
the Earth surface in the troposphere that extends up to 20 km. Figure 2.1 depicts the
broad classification of various layers of the atmosphere, and details of each layer
with their temperature values are shown in Fig. 2.2.

The density of particles decreases with the altitude up through the ionosphere
(region of upper atmosphere that extends from about 90 to 600km and contains
ionized electrons due to solar radiations). These ionized electrons form a radiation
belt around the surface of the Earth. These atmospheric particles interact with all
signals that propagate through the radiation belt and lead to deterioration of the
received signal due to absorption and scattering. Absorption is the phenomenon
where the signal energy is absorbed by the particles present in the atmosphere
resulting in the loss of signal energy and gain of internal energy of the absorbing
particle. In scattering, there is no loss of signal energy like in absorption, but the
signal energy is redistributed (or scattered) in arbitrary directions. Both absorption
and scattering are strongly dependent upon operating wavelength and will lead to
decrease in received power level. These effects become more pronounced when
the operating wavelength of the transmitted signal is comparable with the cross-
sectional dimensions of the atmospheric particles. Figure 2.3 shows transmittance
(or attenuation) effects as a function of wavelength using MODTRAN software
package. The output of MODTRAN in clear weather conditions is plotted for
wavelength up to 3 um. It is clear from this figure that peaks in attenuation at specific
wavelengths is due to absorption by atmospheric particles and therefore the choice
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Fig. 2.1 Broad classification of atmospheric layers
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Fig. 2.2 Various atmospheric layers with corresponding temperatures

of wavelength has to be done very wisely in the high transmissive band for FSO
communication links.

The atmospheric condition in FSO channel can be broadly classified into three
categories, namely, clear weather, clouds, and rain. Clear weather conditions are
characterized by long visibility and relatively low attenuation. Cloudy weather
conditions range from mist or fog to heavy clouds and are characterized by low
visibility, high humidity, and large attenuation. Rain is characterized by the presence
of rain droplets of variable sizes, and it can produce severe effects depending upon
rainfall rate.
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Fig. 2.3 Atmospheric
transmittance (attenuation)
vs. wavelength [1]
(Disclaimer: This image is
from a book chapter that was
produced by personnel of the
US Government; therefore it
cannot be copyrighted and is
in the public domain)

Fig. 2.4 Average particle
size and corresponding
particle density in atmosphere
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Various atmospheric conditions can be represented by size of the particle (i.e.,
cross-sectional dimension relative to operating wavelength) and the particle density
(i.e., volumetric concentration of the particles). Figure 2.4 shows the average droplet
size and its distribution for various cloudy and rainy conditions. It is seen that



44 2 Free-Space Optical Channel Models

conditions may vary from high density and small particle size like in the case of
mist and fog to low density and large particle size during heavy rain. It should be
noted that Fig. 2.4 gives average parameters, whereas real atmospheric conditions
may undergo various temporal changes.

2.1.1 Atmospheric Losses

The atmospheric channel consists of various gases and other tiny particles like
aerosols, dust, smoke, etc., suspended in the atmosphere. Besides these, large
precipitation due to rain, haze, snow, and fog is also present in the atmosphere.
Each of these atmospheric constituents results in the reduction of the power level,
i.e., attenuation of optical signal due to several factors, including absorption of light
by gas molecules, Rayleigh, or Mie scattering. Various types of losses encountered
by the optical beam when propagating through the atmospheric optical channel are
described in this section.

In FSO communication system, when the optical signal propagates through the
atmosphere, it experiences power loss due to several factors as discussed in the
following sections.

2.1.1.1 Absorption and Scattering Losses

The loss in the atmospheric channel is mainly due to absorption and scattering
processes. At visible and IR wavelengths, the principal atmospheric absorbers
are the molecules of water, carbon dioxide, and ozone [3, 4]. The attenuation
experienced by the optical signal when it passes through the atmosphere can be
quantified in terms of optical depth t which correlates with power at the receiver Pg
and the transmitted power Pr [5] as

Pr = Prexp (—1). 2.1)

The ratio of power received to the power transmitted in the optical link is called
atmospheric transmittance 7, (= Pr/Pr).

When the optical signal propagates at a zenith angle 6, the transmittance factor
is then given by Ty = T, sec (0). The atmospheric transmittance T, and the optical
depth 7 are related to the atmospheric attenuation coefficient y and the transmission
range R as follows:

R

T, =exp|— / y (p)dp (2.2)
0
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and

R

T= f y (p) dp. (2.3)

0

In both the cases, the loss in dB that the beam experiences during propagation
through the atmosphere can be calculated using the following equation

Lossyry = —101logoT,. 2.4)

In the first case, this loss in dB will be 4.347. Hence, an optical depth of 0.7 gives a
loss of 3 dB.

The attenuation coefficient is the sum of the absorption and scattering coefficients
from aerosols and molecular constituents of the atmosphere and is given by [6]

yAMD = a@) +  a@® + L) + B
—— —— —— N——
Molecular Aerosol Molecular Aerosol - (2.5)

absorb. coeff. absorb. coeff. scatt. coeff. scatt. coeff.

The first two terms in the above equation represent the molecular and aerosol
absorption coefficients, respectively, while the last two terms are the molecular
and aerosol scattering coefficients, respectively. The atmospheric absorption is a
wavelength-dependent phenomenon. Some typical values of molecular absorption
coefficients are given in Table 2.1 for clear weather conditions. The wavelength
range of FSO communication system is chosen to have minimal absorption. This
is referred to as atmospheric transmission windows. In this window, the attenuation
due to molecular or aerosol absorption is less than 0.2 dB/km. There are several
transmission windows within the range of 700-1600 nm. Majority of FSO systems
are designed to operate in the windows of 780-850 and 1520-1600 nm.

The scattering process results in the angular redistribution of the optical energy
with and without wavelength change. It depends upon the radius r of the particles
encountered during the propagation process. If r < A, the scattering process is
classified as Rayleigh scattering; if r &~ A, it is Mie scattering. For r > A, the
scattering process can be explained using the diffraction theory (geometric optics).
The scattering process due to various scattering particles present in the atmosphere
channel is summarized in Table 2.2. Out of various scattering particles like air

Table 2.1 Molecular S.No | Wavelength (nm) | Molecular absorption (dB/km)
absorption at typical 1 550 0.13
wavelengths [7] : .

2. 690 0.01

3. 850 0.41

4 1550 0.01
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Table 2.2 Size of various
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Fig. 2.5 Sky radiance due to scattering mechanism

molecules, haze particles, fog droplets, snow, rain, hail, etc., the wavelength of
fog particles is comparable with the wavelength of FSO communication system.
Therefore, it plays a major role in the attenuation of an optical signal.

Atmospheric scattering not only attenuates the signal beam in the atmosphere,
but it is also the primary cause for sky radiance which introduces noise in daytime
communication [8]. Sky radiance is due to the scattering of solar photons along
the atmospheric propagating path, and it gives rise to unwanted background noise
which degrades the signal-to-noise ratio at the receiver. The received background
noise depends upon the geometry of the receiver and relative location of the Sun and
the transmitter. Figure 2.5 shows the scattering mechanism for the layered model of
the atmosphere. The atmosphere is considered to be modeled as multiple layers
with each layer consisting of homogeneous mixture of gases and aerosols. The
scattering angle y; is the angle formed between the forward direction of the Sun
radiation and the point of observation. It is seen that higher the concentration of
the scatterers, more will be the sky radiance. As the angular distance between the
observation direction and the Sun decreases, there is an increase in sky radiance.
Within 30° from the Sun, sky radiance is greatly dominated by aerosol contribution.
As the angular distance from the Sun increases, the dominant source of background
radiation is due to Rayleigh scattering.
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2.1.1.2 Free-Space Loss

In an FSO communication system, the largest loss is usually due to “space loss,”
i.e., the loss in the signal strength while propagating through free space. The space

loss factor is given by
1 \2
Li=(—) . 2.6
(47‘[R) (26)

where R is the link range. Due to dependence on wavelength, the free-space loss
incurred by an optical system is much larger (i.e., the factor L, is much smaller) than
in an RF system. Besides the space loss, there are additional propagation losses if the
signal passes through a lossy medium, e.g., a planetary atmosphere. Many optical
links like deep space optical links do not have additional space loss as they do not
involve the atmosphere.

2.1.1.3 Beam Divergence Loss

As the optical beam propagates through the atmosphere, it spreads out due to
diffraction. It may result in a situation in which the receiver aperture is not able to
collect a fraction of the transmitted beam and resulting in beam divergence loss as
depicted in Fig. 2.6. A typical FSO system transmits optical beam which is 5-8 cm
in diameter at the transmitter. This beam spreads to roughly 1-5 m in diameters after
propagating 1 km distance. However, FSO receiver has narrow field of view (FOV),
and it is not capable of collecting all the transmitted power resulting in the loss of
energy. Figure 2.6 depicts beam divergence loss where the receiver is capable of
collecting only a small portion of the transmitted beam.
The optical power collected by the receiver is given by

Pr = PrGrGRLp, 2.7)

Received

Transmitter - Beam Diameter, Dj

Aperture Diameter, Dy = =~

Ouarv

(k=23

Link Range, R

Fig. 2.6 Loss due to beam divergence
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where Pr is the transmitted power, Lp the free-space path loss, and Gy and Gg

the effective antenna gain of transmitter and receiver, respectively. Substituting the
values of Lp [: (%LR)Z], Gr [z (4DT/)L)2], and Gg [z (nDR/)t)z] (as mentioned
in Chap. 1) gives received optical power as

DrDg\’ 4\ (ArAg
Pr~P ~ Pr|— . 2.8
wmrr (Pt) = (2) (S @8)
Therefore, diffraction-limited beam divergence loss/geometric loss expressed in dB
is given as

. 4 ATAR
Lg(Geometric Loss) = —10 | 2log | — | + log . (2.9)
b4 AZR?

In general, optical source with narrow beam divergence is preferable. But narrow
beam divergence causes the link to fail if there is a slight misalignment between the
transceivers. Therefore, an appropriate choice of beam divergence has to be made
in order to eliminate the need for active tracking and pointing system and, at the
same time, reduce the beam divergence loss. Many times, beam expander is used
to reduce the loss due to diffraction-limited beam divergence as beam divergence
is inversely proportional to the transmitted aperture diameter (6, = */Dr). In this
case, diffracting aperture is increased with the help of two converging lens as shown
in Fig. 2.7.

For non-diffraction-limited case, a source of divergence angle 6,;,, and diameter
Dy will make the beam size of (Dr + 6,4, R) for link distance equals to R. In this
case, the fraction of received power, Pg to the transmitted power, Py is given by

P D2
=k (2.10)
Pr (Dr+ 0aiwR)
and the beam divergence or geometric loss in dB will be
L (Geometric Loss) = —201 [ Dr } 2.11)
eometric Loss) = —20log | ———+—— | . .
¢ *Lor+ OaivR)

Fig. 2.7 Beam expander to
increase diffraction aperture

Source

Beam Expander
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2.1.1.4 Loss due to Weather Conditions

The performance of FSO link is subject to various environmental factors like fog,
snow, rain, etc. that leads to decrease in the received signal power. Out of these
environmental factors, the atmospheric attenuation is typically dominated by fog as
the particle size of fog is comparable with the wavelength of interest in FSO system.
It can change the characteristics of the optical signal or can completely hinder the
passage of light because of absorption, scattering, and reflection. The atmospheric
visibility is the useful measure for predicting atmospheric environmental conditions.
Visibility is defined as the distance that a parallel luminous beam travels through
in the atmosphere until its intensity drops 2 % of its original value. In order to
predict the optical attenuation statistics from the visibility statistics for estimating
the availability of FSO system, the relationship between visibility and attenuation
has to be known. Several models that describe the relation between visibility and
optical attenuation are given in [9-11]. To characterize the attenuation of optical
signal propagating through a medium, a term called “specific attenuation” is used
which means attenuation per unit length expressed in dB/km and is given as

Py

1 1
_ L U T y(MR
(L) = z 10log (PR) = RlOlog (e ) , (2.12)

where R is the link length, Py the optical power emitted from the transmitter, Pg the
optical power at distance R, and y (R) the atmospheric attenuation coefficient. The
specific attenuation due to fog, snow, and rain is described below.

(i) Effect of fog: The attenuation due to fog can be predicted by applying Mie
scattering theory. However, it involves complex computations and requires
detailed information of fog parameters. An alternate approach is based on
visibility range information, in which the attenuation due to fog is predicted
using common empirical models. The wavelength of 550 nm is usually taken as
the visibility range reference wavelength. Equation (2.13) defines the specific
attenuation of fog given by common empirical model for Mie scattering.

391 / A \7?
o 0= 2% (555) @.13)

where V(km) stands for visibility range, A(nm) is the operating wavelength,
and p the size distribution coefficient of scattering.
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According to Kim model, p is given as:

1.6 V>50
1.3 6 <V <50
p =4 0.16V 4 0.34 1<V<6 (2.14)
V—-0.5 05<V<l
0 V<05
According to Kruse model, p is given as:
1.6 V> 50
p=1913 6 <V <50 (2.15)
0.585V3 V<6

Different weather conditions can be specified based on their visibility range
values. Table 2.3 summarizes the visibility range and loss for different weather
conditions.

For low visibility weather condition, that is, during heavy fog and cloud,
operating wavelength has a negligible effect on the specific attenuation,
whereas for light fog and haze when the visibility range is high (6 km),
attenuation is quiet less for 1550 nm as compared to 850 and 950 nm. As
visibility further increases beyond 20 km (clear weather), dependance of the
attenuation on wavelength again decreases. This has been shown in Fig. 2.8a,
b obtained by numerical simulation.

Effect of snow: Attenuation due to snow can vary depending upon the
snowflake size and snowfall rate. Since snowflakes are larger in size than
raindrop, they produce deeper fades in the signal as compared to the raindrops.
Snowflake size can be as large as 20 mm which can completely block the path
of the optical signal depending upon the beam width of the signal. For snow,

Table 2.3 Visibility range values corresponding to weather conditions [12]

Weather condition Visibility range (km) Loss (dB/km) at 785 nm
Thick fog 0.2 —89.6

Moderate fog 0.5 —34

Light fog 0.770 to 1 —20to —14

Thin fog/heavy rain (25 mmv/hr) 19to2 —7.1t0 —6.7
Haze/medium rain (12.5 mm/hr) 2.8t04 —4.6to0 —3

Light haze/light rain (2.5 mm/hr) 59t0 10 —1.8to—1.1
Clear/drizzle (0.25 mm/hr) 18 to 20 —0.6t0 0.53

Very clear 23 to 50 —0.46 to —0.21
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Fig. 2.8 Attenuation vs. visibility. (a) For heavy fog and cloud. (b) For light fog and haze

attenuation can be classified into dry and wet snow attenuation. The specific
attenuation (dB/km) for snow rate S in mm/hr is given by following equation

ﬁsnow = aSb7 (216)
where the values of parameters a and b in dry and wet snow are

Drysnow : a = 5.42 x 10™° + 5.4958776, b = 1.38 2.17)
Wetsnow: a = 1.023 x 10™* + 3.7855466, b = 0.72 .

The snow attenuation based on visibility range can be approximated by the
following empirical model

58
snow — 5 2.18
o v (2.18)

(iii) Effect of rain: The sizable rain droplets can cause wavelength-independent
scattering, and the attenuation produced by rainfall increases linearly with
rainfall rate. The specific attenuation for rain rate R (mm/hr) is given by

Brain = 1.076R*7 (2.19)

The rain attenuation for FSO links can be reasonably well approximated by
empirical formula and is given by

2.8
Rrain = —; (2.20)
Vv

where V is visibility range in km and its values based on rainfall rate is
summarized in Table 2.4.
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Table 2.4 Rainfall rates and their visibility ranges [13]

Rainfall type Rainfall rate, R (mm/hr) Visibility range, V (km)
Heavy rain 25 1.9-2
Medium rain 12.5 2.8-40
Light rain/drizzle 0.25 18-20
Fig. 2.9 Attenuation for fog, 400 ‘ T T T T T
. —6— Snow
snow and rain ‘ Rain
350 1 %= 1550 nm —%—Fog ||

Specific attenuation in dB/km

0 0.1 0.2 0.3 0.4 0.5 0.6

Visibility in km

It is clear from Fig. 2.9 that the attenuation is maximum for snow and lesser for
rain as compared to fog. In case of fog, there is a sudden increase in attenuation for
visibility range less than 150 m. Visibility range <150 m corresponds to heavy fog
and cloudy weather.

2.1.1.5 Pointing Loss

The loss that occurs due to imperfect alignment between transmitter and receiver is
called pointing loss. A large pointing loss can lead to intolerable signal fades and can
significantly degrade the system performance. It is due to the fact that the random
platform jitter is generally much larger than the transmitter beam width. Hence, a
very tight acquisition, tracking, and pointing (ATP) subsystem is required to reduce
the loss due to misalignment. The transmitted power that is allocated for the pointing
of the optical beam is not used for communication. Therefore, it is highly desirable
to keep the pointing loss due to misalignment of the narrow laser beam as small as
possible so that the sufficient power is available for communication. It is desirable
to achieve sub-microradian pointing system by using inertial sensors, focal plane
arrays, and the steering mirror. The pointing loss of the transmitter that must be
considered for the link budget analysis is given as

—86
L, = exp QTJ” : (2.21)
div
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where iy, is the beam jitter angle and 6, the transmitter beam divergence as
shown in Fig. 2.6.

2.1.2 Atmospheric Turbulence

The atmosphere can be thought as a viscous fluid that has two distinct states of
motion, i.e., laminar and turbulent. In laminar flow, the velocity flow characteristics
are uniform, or they change in some regular fashion. In case of turbulent flow, the
velocity loses its uniform characteristics due to dynamic mixing and acquire random
sub-flows called turbulent eddies. The transition from laminar to turbulent motion is
determined by the nondimensional quantity called Reynolds number. This number
is defined as Re = Vi; /v, where V is the characteristic velocity (in m/s), /s the
dimension of flow (in m), and vy the kinematic viscosity (in m?/s). If the Reynolds
number exceeds the “critical Reynolds Number,” the flow is considered turbulent in
nature. Near the ground, the characteristic scale size I; is approximately 2m, wind
velocity is 1 to 5 m/s, and vy is about 0.15 x 10~#m?/s. This gives a large value for
the Reynolds number of the order of Re ~ 10°. Therefore, close to the ground level,
the flow may be considered to be highly turbulent.

In order to understand the structure of atmospheric turbulence, it is convenient
to adopt the energy cascade theory of turbulence [14, 15]. As per this theory,
when the wind velocity is increased, the Reynolds number exceeds the critical
value. This results in the local unstable air masses called turbulent eddies with
their characteristic dimensions slightly smaller than, and independent of, the parent
flow [16]. Under the influence of the inertial forces, the larger size eddies break
up into smaller eddies until the inner scale size [ is reached. The family of eddies
bounded above by the outer scale Ly and below by the inner scale /, forms the inertial
subrange. The outer scale denotes the scale below which the turbulent properties are
independent of the parent flow. Typically, the outer scale is in the order of about 10
to 100 m and is usually assumed to grow linearly with the height above the ground.
The inner scale is of the order of 1 to 10 mm near the ground, but it is of the order of
centimeters or more in the troposphere and stratosphere. Scale size smaller than the
inner scale /o belongs to the viscous dissipation range. In this range, the turbulent
eddies disappear, and the remaining energy is dissipated in the form of heat. This
phenomenon is known as Kolmogorov theory [17] of turbulence and is depicted in
Fig. 2.10.

The mathematical model of the atmospheric turbulence and its effects on the
optical beam propagation assumes that the fluctuations in the atmospheric parameter
are stationary random processes having statistically homogeneous and isotropic
nature. Within this mathematical framework, the structure function in the inertial
range satisfies the universal two-thirds power law, i.e., it follows P23 dependence,
where r refers to the spatial scale defined as

r=rn-7|. l<r<L, (2.22)
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Fig. 2.10 Kolmogorov /E
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where 77 and 75 refer to position vectors at two points separated by distance  in
space. The structure function for a random variable x(r) is then given as

D, (r¢y) = Di (f (7. 7))

= (x (@) - x@)[). (2.23)

The random variable x(r) is assumed to have a mean and a superimposed fluctuating
component that is represented as

x() = (7)) +X (7). (2.24)

In the above equation, the first term in the angle bracket is the slowly varying mean
component and second term the random fluctuations. Using Eq. (2.24), the structure
function in Eq. (2.23) can be rewritten as

Dy (r)) = [ (7)) = (e B + ([l (D)= (¥ B))T)- (2.25)

The first term in Eq.(2.25) becomes zero for a stationary random process. This
makes structure function a useful parameter for describing the random fluctuations.
With the atmosphere as the propagation medium, these random fluctuations can be
associated with any of these parameters, i.e., velocity, temperature, and refractive
index. The structure function for wind velocity D, (r,) is given as [16]

Dy (r) = (0 —v2?) = PPy =r<L, (226)

where v; and v, are the velocity components at two points separated by distance
r and C? the velocity structure constant (in m*/3/s?) that measures the amount
of energy in the turbulence. Similarly, the structure function for the temperature
is given as D, (r;) = C?r*3, where C? is the temperature structure constant
(in deg?*/m?/3). The turbulence in the atmosphere also results from the random
fluctuations of the atmospheric refractive index n due to variations in temperature
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and pressure along the propagation path in the atmosphere. In general, the refractive
index of the atmosphere at any point r in space can be expressed as sum of the
average and the fluctuating terms, i.e.,

n(r)=ng+n'(r), (2.27)
where ng = (n(r)) & 1 is the mean value of index of refraction and n’ (r) represents

the random deviation of 7 (r) from its mean value. Therefore, the above equation can
be rewritten as

n(ry=1+n(). (2.28)

The index of refraction of the atmosphere is related to temperature and pressure of
the atmosphere and is given as

~ » 3,2y P
n(r)=1+7.66x10"°(1+752x107°A )T/(r)

N (P

~1479x10 (T, o) (2.29)

where A is the wavelength in wm, P’ the atmospheric pressure in mbar, and 7T’
the temperature of the atmosphere in Kelvin. Changes in the optical signal due to
absorption or scattering by the molecules or aerosols are not considered here. The
structure function for refractive index, D,, (r), can be expressed as D, (r,) = C2r*/3,
where Cﬁ is called refractive index structure constant [16] and is a measure of the
strength of fluctuations in the refractive index. C? is related to temperature structure
constant, C? as

P 7
Cc: = [79 x 10—6ﬁ} c2. (2.30)
The C? is determined by taking the measurements of mean square temperature
between two points separated by a certain distance along the propagation path (in
deg®/m?/3). The other parameters are as defined earlier. It is obvious from Eq. (2.30)
that refractive index structure parameter can be obtained by measuring temperature,
pressure, and temperature spatial fluctuations along the propagation path. All the
expressions for the structure function are defined for the inertial subrange, i.e., for
lp <€ r < Ly. Out of all the structure constants referred above, the refractive
index structure constant, i.e., Cﬁ, is considered the most critical parameter along
the propagation path in characterizing the effects of atmospheric turbulence.

Depending on the size of turbulent eddy and transmitter beam size, three types
of atmospheric turbulence effects are observed:
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e Beam Wander (or beam steering): If the size of eddies are larger than the
transmitter beam size, it will deflect the beam as a whole in random manner
from its original path. This phenomenon is called beam wander, and it effectively
leads to pointing error displacement of the beam that causes the beam to miss the
receiver.

* Beam Scintillation: If the eddy size is of the order of beam size, then the eddies
will act like lens that will focus and de-focus the incoming beam leading to
irradiance fluctuations at the receiver and the process is called scintillation.
Scintillations causesthe loss of signal-to-noise ratio and result in deep random
signal fades. The effect of scintillation can be reduced by employing techniques
like multiple transmit/receive antennae, aperture averaging, etc.

e Beam Spreading: If the eddy size is smaller than the beam size, then a small
portion of the beam will be diffracted and scattered independently. This will
lead to reduction in the received power density and will also distort the received
wavefront. However, the effect of turbulence-induced beam spreading will be
negligible if the transmitter beam diameter is kept smaller than the coherence
length of the atmosphere [18] or if the receiver aperture diameter is kept greater
than the size of first Fresnel zone \/R_/k [19]. In this case, the only effect will be
due to turbulence-induced beam wander effect and scintillation effect.

2.1.2.1 The Effect of Beam Wander

Beam wander is the random deflection of the optical beam as it propagates through
the large-scale inhomogeneities present in the turbulent atmosphere. In case of FSO
uplink communication from ground to satellite, when the target is in the far field and
turbulence exists in the near field of the transmitter, beam diameter is often smaller
than the outer scale of the turbulence. In this case, the Gaussian profile of an optical
beam gets highly skewed over short duration after propagating through turbulent
atmosphere. In this process, the instantaneous point of maximum irradiance, known
as “hot spot,” gets displaced from its on-axis position. The movement of hot spot
and short-term beam centroid will effectively lead to outer large circle over a long
period of time and is called as long-term spot size. The long-term spot size is the
result of beam wander, free-space diffraction spreading, and additional spreading
due to small-scale turbulent eddies smaller than beam size. The long-term spot size
is therefore given as [20-22]

W2, (R)=W*(R) + W (R) T, + (r2) .
—— (2.31)
Beam Spread, W§T Beam Wander

where W (R) is the beam size after propagating distance R and Ty, describes
the short-term spread of the beam due to atmospheric turbulence. The combined
movement of the hot spot and short-term beam as depicted in Fig. 2.11a leads to the
large outer circle over a long time period, and it is called long-term spot size Wy as
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Fig. 2.11 Beam wander effect described by (a) Movement of the “hot spot” within the beam and

(b) Beam wander variance (;’2)1/2 = /W2, — W2, where Wy is the short-term beam radius and

p
Wr the long-term beam radius at the receiver (the shaded circles depict random motion of the
short-term beam in the receiver plane [16])

shown in Fig. 2.11b. Therefore, the resultant long-term spot size is the superposition
of the instantaneous spots that reach the receiver. The first term in Eq. (2.31) is due to
free-space diffraction, middle term the additional spreading by the turbulent eddies
of size smaller than the beam size, and last term the beam wander displacement
variance caused by the large-size turbulent eddies. By making use of appropriate
filters that only permit random inhomogeneities of size equal to or greater than beam
size, the effect due to small-scale spread will be eliminated, and only contribution
will be due to beam wander effect. It should be noted that beam wander effect is
negligible in case of downlink signals from the satellites. This is because the beam
size when reaches the atmosphere is much larger than the turbulent eddy size and
that would not displace the beam centroid significantly. Instead, the wavefront tilt
at the receiver produced by the atmospheric turbulence gives rise to angle of arrival
fluctuations. The beam wander displacement variance (r2) for a collimated uplink
beam is given as [22]

H
_ h—ho\>
(r2) = 7.25 (H — ho)? sec’ (8) W, 1/3/c§ (h) (1 - h") dh, (2.32)
— no
ho

where Cﬁ (h) is the refractive index structure parameter, 6 the zenith angle, W,
the transmitter beam size, H and h, are the altitude of satellite and transmitter,
respectively. For ground-based transmitter, iy = 0, and satellite altitude H =
ho + Rcos (8). Equation (2.32) can now be rewritten as [22]

2
() ~ 0.54 (H — ho)* sec® (6) (ZLWO) (2%) 23, (2.33)
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c

RMS Angular Beam Wander Displacement, < AL (u rad)

10° 10 10°

Transmeter Beam Radius, W0 (cm)

Fig. 2.12 The rms angular beam wander variance as a function of transmitter beam radius for
ground-to-satellite FSO link

where r is the atmospheric coherence length (i.e., Fried parameter) and is given as

(1.46ka2R)_3/ ; for horizontal link
ro = (2.34)
—3/5
[0.423k2sec ©) f 2 () dh] for vertical link.

It is seen from Egs.(2.33) and (2.34) that beam wander variance involves the
free-space diffraction angle (1/2W;) and tilt phase fluctuations averaged over the
transmitter aperture and is of the order of (2W;/ ro)s/ 3 Variations of (rf) with W,
for zenith angles ( = 0° and 60°) and R = 40,000 km are shown in Fig.2.12. It is
seen from this figure that the angular beam wander displacement variance is large
for small beam size W, and decreases rapidly with the increase in the value of Wj.

The beam wander effect causes widening of the long-term beam profile near
the boresight that flattens the top of the beam as shown in Fig.2.13. The flattened
beam profile effectively leads to effective pointing error of the beam o,,, and this
results in the increase of scintillation index 0,2, discussed in the next section. In other
words, the turbulence-induced beam wander effect effectively leads to pointing error
displacement that can significantly affect the channel.
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Fig. 2.13 Flattened beam 4
profile as a function of radial
displacement that leads to
effective pointing error o,

2.1.2.2 The Scintillation Effect

The irradiance fluctuations within the cross section of the received beam after
propagating through turbulent atmosphere are commonly referred as “scintillation”
and are measured in terms of scintillation index (or normalized variance of
irradiance) 012. It causes loss of signal-to-noise ratio and induces deep signal fades.
The 0,2 is defined as [23]

,_(P)=w? (P
o} = e 1, (2.35)

where [ is the irradiance (intensity) at some point in the detector plane and the angle
bracket () denotes an ensemble average. For X amplitude of the transmitted optical
beam, the received irradiance, I, at the receiver takes the form as

I = Lyexp [2X — 2E [X]] . (2.36)

where [ is the intensity without turbulence. From Eqgs. (2.35) and (2.36), 012 in terms
of log-amplitude variance, o7 is given by

o} ~ 402, foro? << 1. (2.37)

Further, the variance of log irradiance (also called Rytov variance) 01% is related to
0,2 as below

07 = exp (01%) —1 ~ opforo} << 1. (2.38)
In weak turbulence, scintillation index is expressed as
0? = 0% = 1.23C2k’/°R"V/® for plane waves (2.39)

and

012 = 0.40,% = O.5Cﬁk7/ SR'1/® for spherical waves, respectively, (2.40)
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where k is wave number (=27/1). It is clear from Eqgs. (2.39) and (2.40) that for
a weak turbulence conditions, longer wavelength will experience lesser irradiance
fluctuations for a given link range. Scintillation index for strong turbulence is given
by

1+ %% o2>>1 forplane wave
OR
62 = (2.41)

1+ 2B o2>>1 forspherical wave
OR

Clearly, Eq.(2.41) shows that for strong turbulence, smaller wavelength will
experience lesser irradiance fluctuations.

Various studies have been performed to develop the mathematical model for
the probability density function (PDF) of the randomly fading received signal
irradiance. These studies have led to various statistical models that can describe
the turbulence-induced scintillation over a wide range of atmospheric conditions.

For weak turbulence, 07 < 1, and the irradiance statistics is given by lognormal
model. This model is widely used due to its simplicity in terms of mathematical
computations. The PDF of the received irradiance, /, is given as

(2.42)

_ 2
) = _(n) — ) } |

1
exp 3
J2rall [ 20;

where j is the mean of In (/). Since 67 = 402, the above lognormal pdf can be
rewritten as

(2.43)

2
) = _M] ,

1
——€X
Nz T [ 807

When the strength of turbulence increases, lognormal pdf shows large deviation as
compared to experimental data. Therefore, lognormal statistics is not appropriate
model in case of strong fluctuation regimes.

For strong turbulence, 0} > 1, and the field amplitude is Rayleigh distributed
which in turn leads to negative exponential statistics for received irradiance [2]. Its
pdf is given by

f)= leXp (—i) . 1=0, (2.44)
Iy Iy

where I is the mean irradiance. In this case, 67 & 1, and this happens only far into
saturation regime.
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Besides these two models, a number of other statistical models [24] are there
in the literature to describe the scintillation statistics in either a regime of strong
turbulence (K model) or all the regimes (/-K and gamma-gamma [25] models).
For 3 < 07 < 4, the intensity statistics is given by K distribution. Thus K
distribution describes only the strong turbulence intensity statistics. This model
was originally proposed for non-Rayleigh sea echo, but later it was discovered that
it is an appropriate model for characterizing the amplitude fluctuations in strong
atmospheric conditions. Its pdf is given by

2 et et
Fa T e (2\/011), >0, (2.45)

fi=
where « is a channel parameter related to the effective number of discrete scatterers
and T (-) is the well-known gamma function. When o — oo, the gamma distri-
bution function approaches delta function, and K distribution reduces to negative
exponential distribution. However, K distribution lacked the numerical computation
in closed form. Also, it cannot easily relate the mathematical parameters with the
observables of atmospheric turbulence, and therefore, it limits the applicability and
utilization.

Another generalized form of K distribution that is applicable to all conditions
of atmospheric turbulence, including weak turbulence for which the K distribution
is not theoretically applicable, is I — K distribution. In this case, the field of
optical wave is modeled as sum of coherent (deterministic) component and a random
component. The intensity is assumed to be governed by the generalized Nakagami
distribution. The pdf of I — K distribution is given by [26]

a—l

0= 2a(1+p)(1+§) TSk, (2/@P) a1 (2\/a(1+p)1),0<1< =

20 (14 p) (1 + i) 15 [y (2/@P) Kam (2m) 1> &

(2.46)
where I, () is the modified Bessel function of first kind of order a. The normalized
I — K distribution in the above equation involves two empirical parameters p and
a whose values are selected by matching the first three normalized moments of the
distribution. The parameter p is a measure of the power ratio of mean intensities
of the coherent and random components of the field.The value of p is relatively
large for extremely weak turbulence. By properly selecting the values of « and
p, both weak and strong turbulence can be obtained. Because of the symmetry
of the functional forms involving the / and K Bessel functions, this distribution
is henceforth referred to as the / — K distribution. The / — K distribution reduces to
the K distribution in the limit p —0.

However, I — K distribution is difficult to express in closed-form expressions.
In that case, the gamma-gamma distribution is used to successfully describe the
scintillation statistics for weak to strong turbulence. In this model, the normalized
irradiance, I, is defined as the product of two independent random variables, i.e.,
I = Ixly, where Ix and Iy represent large-scale and small-scale turbulent eddies
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and each of them following a gamma distribution. This leads to gamma-gamma
distribution whose pdf is given as

2 (aﬁ)(a-i'ﬁ)/z (

_ @+B)/D-1
A =ForE! Kop (2 oz,BI), >0, (2.47)

where K, (-) is the modified Bessel function of second kind of order a. The
parameters « and f are the effective number of small-scale and large-scale eddies
of the scattering environment and are related to the atmospheric conditions through
the following expressions

—1
0.49y2
o =|exp X —1 (2.48)
(1+0.1842 + 0.5512/5)"/°
and
0.51y2 (1 +0.69y'2/5)~%/¢
B = |exp 1 1) —q| (2.49)
(1+0.94% + 0.62d2 112/5)"/°

where y> = 0.5C2k"/°R'"/® and d = (kD,ze/4R)1/2. The parameter k = 2* is the
optical wave number, Dy the diameter of the receiver collecting lens aperture, and R
the link range in meters, C? refractive index structure parameter whose value varies
from 10~'* m=2/3 for strong turbulence to 10~'7 m~?/3 for weak turbulence. Since
the mean value of this turbulence model is E [I] = 1 and the second moment is given
by E[I*] = (1 + 1/a) (1 + 1/B) , therefore, scintillation index (SD), that gives the
strength of atmospheric fading, is defined as

E[P] 1=1+1 1

YTEn T T B T

(2.50)

While still mathematically complex, the gamma-gamma distribution can be
expressed in closed form and can relate to various values of scintillation index
unlike /-K distribution [2]. Figure 2.14 shows the range of scintillation index for
various types of distribution used to model the intensity statistics.

Another turbulence model proposed in [27] is double generalized gamma
(double GG) distribution which is suitable for all regimes of turbulence, and it
covers almost all the existing statistical models of irradiance fluctuations as special
cases.
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Fig. 2.14 Various distributions for intensity statistics

2.1.3 Effect of Atmospheric Turbulence on Gaussian Beam

Let us consider a Gaussian beam with amplitude Ay propagating in free space and
the transmitter located at z = 0. The amplitude distribution in this plane is a
Gaussian function with effective beam radius W, defined as the radius at which
the field intensity falls off to 1/e of that on the beam axis. The Gaussian beam at
z = 0 is described by

r? kr?
Uy (r,0) = Agexp W ZZ_FO , (2.51)
0

where r is the distance from beam center line in the transverse direction, k (= 27 /1)
the optical wave number as defined earlier, and F| the phase front radius of curvature
which specifies the beam forming. The cases Fp > 0, Fp = oo, and Fy < 0
correspond to converging, collimated, and diverging beam forms, respectively, [28]
as shown in Fig. 2.15.

For a propagation path of range R along positive z axis, the free-space Gaussian
beam wave is described as [22]

. r? kr?
Uy (r,R) = exp | kR — — — . (2.52)

Ay .
e —
B¢ + iAo w2 2F

The parameters ®¢ and A are referred to as transmitter beam parameters as they
are defined in terms of beam characteristics at the transmitter and are given as

R 2R
®0=1——, AO

=—. 2.53
Fo kW? (2:33)
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Fig. 2.15 Representation of a
(a) convergent beam, (b) — Fy> o_>|

collimated beam, and (c) \\/

divergent beam, respectively

The parameter ®, represents the amplitude change in the wave due to focusing
(refraction) and A, the amplitude change due to diffraction. The parameter ® is
also called curvature parameter and A the Fresnel ratio at the transmitter plane. The
other parameters W and in Eq. (2.52) are the effective beam radius and phase front
radius of curvature of the beam, respectively, at the receiver plane. With transmitter
beam parameters as described above, the receiver beam parameters are given by

R O
O=1+—=—5—03,

F' Of+ A
2R A
kW2 @2 + AL

(2.54)

(2.55)

Like their counterparts, ®, and A, the receiver parameter ® describes the focusing
or refractive effect on the amplitude of the wave and A the diffraction effects on
the amplitude (i.e., diffractive spreading of the wave). The parameters W and F’ are
related to beam parameters as [22]

Wo
(@2 + A2/
R (024 A2—0)  Fy (0 +A2) (0 — 1)
T O-D(@+A) T @E+AZ-0,

W = W, (0 + Ag)/? = (2.56)

/

(2.57)
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The free-space irradiance profile (without atmospheric turbulence) at the receiver
plane is the square magnitude of the field given in Eq. (2.52) and is given as

Iy (r,R) = | Uy (r,R) . (2.58)

From Eqgs. (2.52) and (2.58), we get

A2 22
I (r,R) = (("D(Z)TOA%) exp (—#) (W/m?). (2.59)

Since vV©2 + A2 = 1/,/©2% + A2, the above equation can be written as

2 2
I (r,R) = A} (@2 + A2) exp (—#) . (2.60)
The on-axis irradiance is Iy (0, R) = (%) = A} (@2 + Az). Figure 2.16 shows
0 0

the uplink Gaussian beam profile illustrating the spot size W(R), mean transmit
intensity o (r, 0), mean received intensity Iy (r, R), and angular pointing error .
When a Gaussian beam propagates through the turbulent atmosphere, it experi-
ences various deleterious effects including beam spreading, beam wander, and beam
scintillation that will result in variation of Gaussian beam parameters. For weak
atmospheric fluctuations, the solution of wave equation for various propagation
problems can be analyzed by conventional Rytov approximation. However, this

Fig. 2.16 Gaussian beam
profile parameters for uplink A Satellite
propagation path K

Receiver lens

Angular pointing
error, o, = r/L

station
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approximation is limited to weak fluctuation conditions as it does not account for
decreasing transverse spatial coherence radius of the propagating wave. Therefore,
a relatively simple model for irradiance fluctuations for Gaussian beam wave that
is applicable in weak to strong turbulence has been suggested by modifying the
conventional Rytov approximation. The modified Rytov approximation can be used
to describe the irradiance fluctuations throughout the propagation path near the
ground and allows us to extend the weak fluctuation results to moderate/strong
fluctuation regime. In the following subsections, the Gaussian beam propagation
using conventional Rytov approximation is discussed, and then the discussion is
extended to modified Rytov approximation.

2.1.3.1 Conventional Rytov Approximation

In the conventional Rytov approximation, it is assumed that the optical field at link
range R from the transmitter is given by
U(r,R) = Uy (r,R)exp [V (r,R)]

=Uy(r,R)exp[¥, (r,R) + ¥, (r,R) +....], (2.61)
where Uy (r, R) is the free-space diffraction-limited Gaussian beam wave at the
receiver given by Eq. (2.52) and W (7, R) the complex phase fluctuations of the field
due to random refractive index inhomogeneities along the propagation path R. The
parameters W; (r, R) and W, (r, R) are the first-order and second-order perturbations,
respectively. The statistical moments of the optical field given in Eq. (2.61) involve

the ensemble average of the first- and second-order perturbations. The first-order
moment is given as

(U (r,R)) = Uy (r,R) {exp [V (r,R)]) . (2.62)

The second-order moment, also called mutual coherence function [16] (MCF), is
given by

Ty (r1,72,R) = (U (r1,R) U* (2, R))
= Uy (r,R) Uy (2, R) (exp [¥ (r1. R) + ¥* (1. R)]), (2.63)

where * denotes complex conjugate and notation ()denotes the ensemble average
which can be calculated using the following equation:

(exp (W) = exp [(m) + % ((\112) - (\D)z)} : (2.64)

These ensemble averages can be expressed as linear combinations of integrals
designated by E; (0,0), E; (r1, r2), and E3 (r1.r) [16]. In particular,
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(exp [¥ (r,R)]) = (exp [V (r,R) + V2 (r, R)])
= exp [E1 (0,0)], (2.65)
(exp [W (r1.R) + ¥ (2, R)]) = (exp [Wy (r1. R) + W1 (r1, R) + ¥} (2, R)
+W3 (rg,R)])
= exp [2E; (0,0) + E> (11, 12)] (2.66)

and

(exp [lI/ (ri,R) + ¥* (1, R) + V¥ (r3,R) + ¥* (r4,R)]>
=< exp [V (r.R) + W5 (r1. R) + ¥} (1. R) + V] (2. R) + ¥ (r3.R)
+W, (r3,R) + ¥} (r4.R) + V3 (14, R)| >
= exp[4E1(0,0) + E> (r1,r2) + Ex (r1,r4) + E2 (r3,12) + E> (r3,14)
+E;3 (r1,13) + E3 (r,r4)] . (2.67)

Assuming a statistically homogeneous and isotropic random medium, E; (0, 0),
E; (r1,rp) and E3 (r, rp) in Egs. (2.65), (2.66) and (2.67) are given as [29]

E1(0,0) = (W, (r,R)) + 1/2(¥] (. R))
H oo
= —27%k? sec (6) k®, (h, ) dkdh, (2.68)
1]
E; (r1,12) = (¥ (1, R) ¥} (r2, R))
H oo
= 4r*k*sec (0) k®, (h,«)
I

-exp (—ALKZ‘;‘Z/k)
Jo [k | (1 —©F) p—2iAEr || didh (2.69)

and

E;3 (r1,r2) = (V1 (11, R) ¥ (2, R))
H oo

= —472k? sec (0) k®, (h, )
I

-exp (—ARKZE> k) Jo [(1 — O —iAE) kp)
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-
exp [—%g (1- @g)} dicdh. (2.70)

In the above equations, i = —1, p = r; —ry, and r = 12(r; + 1ry), Jo (x)

is the Bessel function, and ®, (h, k) is the power spectrum of refractive index
fluctuations commonly defined by classical Kolmogorov spectrum. The parameter
& is the normalized distance variable and is given as £ = 1 — (h— hg) / (H — hy)
for the uplink propagation and & = (h — hy) / (H — ho) for downlink propagation.
The parameter ® = 1 — @ is the complementary beam parameter. The conventional
Rytov approximation is then used to calculate the mean intensity at the receiver and
is given by

(I (r,R)) =1Iy(r,R) exp[2E; (0,0) + E5 (r,1)], (2.71)

where [ is the intensity profile at the receiver without atmospheric turbulence and
given by Eq. (2.58). Assuming the mean intensity to be approximated by Gaussian
spatial profile, the above equation can be expressed as [30]

—2r2
w;

Wo >
(I(r,R)) = W2 exp( ) [W/m?], (2.72)

where W, is the effective spot size of the Gaussian beam in the presence of the
optical turbulence. The effective spot size W, for an uplink ground-to-satellite link
is given by [16, 21]

W, =W (1 +Ty)'"2, 2.73)

where

Ty, = —2F, (0, 0) —E (09 O)

H oo
= 472k sec (9)//K<I>,, (h,x) (2.74)
ho 0

ARi? -
.{l—exp|:— k" (1—1}; };lo)]}d/cdh.
— 0

For downlink path, T is given by

H oo
Ty = 47%k? sec (6) / / KDy (h, k)

hy O
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Fig. 2.17 Effective beam radius at the receiver (in m) as a function of transmitter beam radius (in
cm) for various zenith angles

2 _
1 exp| AR (Ao N\ N yean, (2.75)
k \H—h

It is seen from Eqgs. (2.74) and (2.75) that for both uplink and downlink, turbulence-
induced mean irradiance is completely determined by the beam spot size at the
receiver. Figure 2.17 shows the effective beam radius/spot size at the receiver as
a function of transmitter beam radius for ground-to-satellite uplink. It is clear that
effective beam size at the receiver decreases rapidly up to almost 4 cm. For larger
transmitter beam size, i.e., Wo > 4 cm, the effective beam size decreases further,
but the decrease is not very much. For downlink paths, the effective spot size in the
presence of turbulence is essentially the same as the diffraction spot size W. This is
due to the fact that level of turbulence at the higher altitude is less than that at the
ground level.

2.1.3.2 Modified Rytov Approximation

The conventional Rytov method discussed above is generally limited to weak
fluctuation conditions. So a modified version of Rytov approximation has been
developed which is applicable under weak to strong atmospheric fluctuations. For
this, the following basic assumptions are made:

(i) The received irradiance fluctuations can be modeled as a modulation process
in which the small-scale (diffracting) and large-scale (refracting) fluctuations
are multiplicative.
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(i) The small- and large-scale processes are statistically independent.

(iii) The Rytov method for optical scintillation is valid even in the saturation regime
by using spatial frequency filters to account for the loss of spatial coherence of
the optical wave in strong fluctuation conditions.

Therefore, the normalized irradiance is written as / = XY, where X and Y are the
statistically independent random quantities arising from large-scale and small-scale
turbulent eddies. It is assumed that X and Y have unity mean, i.e., (X)= (Y)=I.
Therefore, in this case, (/) = 1 and the second moment of irradiance <[2) is given
by

() = (x*){r?)

= (1+0%) (1 +02). (2.76)

where 02 and oyz are the normalized variance of the large- and small-scale irradiance
fluctuations, respectively. Further, the scintillation index is given by

o} = <(j;2> -1
=(1+0)(1+07)—1 277

_ 2 2 2,3
=o; + o0, +o0;0;

Therefore, the normalized variance o2 and 0}? can be written in terms of log-
irradiance variance,

02 = exp (O’lm) -1
o) =exp (op,) — 1. (2.78)

where ofu and ‘71%1): are the large- and small-scale log-irradiance variances, respec-
tively. Hence, total scintillation index will be

07 = exp (01%11) —1=exp (ofm + Ufw) -1 (2.79)

In case of weak fluctuations, the scintillation index in Eq.(2.79) reduces to the
limiting form [16, 31]

2 2 2 2
0] R Ojyy & Ojye + Ojpy- (2.80)

2.2 Atmospheric Turbulent Channel Model

Beam propagation in the atmosphere can be described by the following wave
equation [32-35]

VU + k*n® (r) U = 0, (2.81)
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where emphU and & represent electric field and wave number (27r/1), respectively,
V2 is the Laplacian operator given as V2 = 92/9x> + 02/8y> + 0?/3z>. The
parameter n is the refractive index of medium that is generally a random function
of space and is given by Eq. (2.27). When an optical beam propagates through the
atmosphere, random fluctuations in air temperature and pressure produce refractive
index inhomogeneities that affect the amplitude and phase of the beam. The
wavefront perturbations introduced by the atmosphere can be physically described
by the Kolmogorov model. The associated power spectral density for the refractive
index fluctuations is defined as

1 1
®, (k) = 0.033C2« P — <k < —, (2.82)
Lo o

where « is the scalar spatial frequency (in rad/m). The value of C2 is essentially
fixed for horizontal propagation over reasonable distance. Typically, its value ranges
from 10~'"7 m~2/3 (for weak turbulence) up to 1073 m™2/3(for strong turbulence).
However, for vertical or slant propagation, the C? varies as a function of height
above the ground. In that case, the average value over the entire propagation path is
taken. It is dependent on various parameters like temperature, atmospheric pressure,
altitude, humidity, wind speed, etc. Therefore, it is convenient to model the strength
of turbulence in the atmosphere based on some empirical scintillation data.

The measured data for C? can be classified into boundary layer and free space
depending upon the height above the ground. The boundary layer is the region close
to the Earth surface having large temperature and pressure fluctuations resulting in
large convective instabilities. This region extends from hundreds of meters to about
2km above the surface. Further, large variations in the value of C2 are observed
depending upon the location, time of the day, wind speed, and solar heating. A good
example of boundary layer C> measurement shows diurnal variations with peak
at afternoon, dips during neutral duration close to sunrise and sunset, and almost
constant value at night. The date time measurement of structure constant profile
as a function of altitude shows (—4/3) dependence of C2 on altitude. On the other
hand, the free atmosphere layer involves the altitude in the vicinity of the tropopause
(15-17 km) and higher altitudes. The value of C? at higher altitudes is very small.
Based on these measurements, various empirical models of C2 have been proposed
[36, 37]. All these models describe the strength of the atmospheric turbulence with
respect to the altitude. As it is not easy to capture all the variations of C2, none of
the models describe the characteristic of turbulence with sufficient accuracy. The
structure parameter constant C> evaluated from Fried model is shown in Fig.2.18.
This model is one of the oldest models and is given as [2]

h
C2 (h) = Koh™exp (—h—o) , (2.83)
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Fig. 2.18 Variations of atmospheric structure constant with altitude for the Fried model

where K, is the turbulence strength parameter in units of m~!/3 and & the altitude in
meters. Typical values of K, for strong, moderately strong, and moderate turbulence
are

6.7 x 10714 Strong
Ky =385x10"1 Moderately strong (2.84)
1.6 x 1071 Moderate

The Hufnagel-Valley Boundary (HVB) model [20] based on various empirical
scintillation data of the atmosphere is given below

C2 (h) = 0.00594 [(2—V7)2 (10-5h)"" exp (—h/1000)

, (2.85)
+ 2.7 x 10~ %exp (—%) + A exp (—1%)] m~2/3

where V2 is the mean square value of the wind speed in m/s, & is the altitude
in meters, and A is a parameter whose value can be adjusted to fit various site
conditions. The parameter A is given as

A=129x10""2""22 —1.61 x 107136, 1> —=3.89 x 10715, (2.86)

In the above equation, 6y is the isoplanatic angle [38] (angular distance over
which the atmospheric turbulence is essentially unchanged) and r( the atmospheric
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coherence length as defined earlier. For 6y = 7 urad and ro = 5cmat A = 1550 nm,
calculated value of A is 3.1 x 107®m™%/3. These values correspond to HVB 5/7
model. The root mean square wind velocity V between altitude of 5 and 20km
above the sea level is given by

1 20 1/2
V=|— / v2(h)dh| . (2.87)
15 /5
Another very simple model given by Hufnagel and Stanley (HS) [2] is
1.5x10~13
e h <20k
=] " = o (2.88)
0 h > 20km

where & is the altitude above the ground and is assumed to be less than 2500 m. A
new model based on empirical and experimental observations of C2 (/) is CLEAR 1
model [20]. This model typically describes the nighttime profile of refractive index
structure constant for altitude 1.23km < k& < 30km. It is obtained by averaging
and statistically interpolating the observations obtained over a large number of
meteorological conditions. It is given as [39]

10—17.025—4.35()7/1-’-0.8]4h2 for1.23 < h < 2.13km

Cﬁ (]’l) — 107l6.2897+0.0335h70.0134h2 for2.13 < h < 10.34km ,
10—17.0577—0.044911—0.00051h2+0.618lexp(—O.S(h—15.5617)/12.0173) for 10.34 < h < 30km

(2.89)

where £ is the altitude expressed in km. The refractive index structure constant,
C? (h), is likely to be zero above 30km. Another C2 (k) model is submarine laser
communication (SLC) [16] that was developed in Maui, Hawaii. The daytime profile
of C2 (h) is given by

8.4x 1071 h=18.5m
—13
% 18.5 <h <240m
Cr(h)=413x107" 240 <h <880m . (2.90)
8.87:310_7 880 < h < 7200 m
2%1‘_‘6 7200 < h < 20,000 m

A comparison of four models, i.e., HVB, HS, CLEAR 1, and SLC models, of
atmospheric profile of the refractive index structure constant is shown in Fig. 2.19.
Table 2.5 gives the description of various turbulence profile models used in FSO
communication systems.

It is observed from Fig.2.18 that Fried model is applicable for short-range
propagation path for various strengths of atmospheric turbulence. HS, CLEAR 1,
and SLC models are applicable for long-range propagation, but they cannot provide
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Fig. 2.19 Comparison of HVB, HS, CLEAR 1, and SLC models for atmospheric structure
parameter constant

fairly good information about different site conditions. Hence, a very careful choice
of C2 (h) has to be made for determining the correct strength of turbulence in the
atmosphere. The HVB model of atmospheric turbulence is most widely used for
ground-to-satellite communication as it agrees fairly well with the measured values.
This model includes part of upper atmosphere from 3 to 24 km, and it applies for
both daytime and nighttime measurements. Further, it allows the adjustment of two
parameters, i.e., coherence length, ry, and iso-planatic angle, 0, in the model to
simulate various site conditions.

The C? (h) profile as a function of height above the ground for various rms wind
speeds V is shown in Fig. 2.20. It can be seen from this figure that there is a little
effect of V up to a height of 1 km. Beyond this, wind speed governs the HVB profile
behavior which shows a peak in the vicinity of 10 km. Therefore, for long-distance
communication, wind speed effectively determines the fluctuations in irradiance of
the received signal.

It can be seen that over the range Iy < ry < Ly, variance of log-irradiance (or
Rytov variance) can be written in terms of refractive index structure parameter, C2
as

H
02 ~ 2.24k7/° (sec (0))"/° / C? (h) h/%dh. (2.91)
ho

Itis observed from Eq. (2.91) that log-irradiance variance increases with the increase

in the value of C2, zenith angle 6, or path length H. Substituting Eq. (2.85) into

Eq. (2.91) gives the variance of log-irradiance o as
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Table 2.5 Turbulence profile models for C2

Models
PAMELA model [40]

Range

Long (few tens of
kms)

NSLOT model[41] Long (few tens of

kms)

Fried model [42] Short (in meters)

Hufnagel and Stanley |Long (few tens of

Model [43] kms)
Hufnagel valley model |Long (few tens of
[44, 45] kms)

Gurvich model [46] Long (few tens of

kms)

Von Karman-Tatarski | Medium (few kms)

model [47, 48]

Greenwood model [49] |Long (few tens of

kms)
Submarine laser com- |Long (few tens of
munication (SLC) [50] |kms)

model

Clear 1 [20] Long (few tens of

kms)

75

Comments

Robust model for different terrains and
weather type

Sensitive to wind speed

Does not perform well over marine/overseas
environment

More accurate model for marine propagation
Surface roughness is “hardwired” in this
model

Temperature inversion,
(T4ir — Tsur > 0), is problematic

i.e.,

Support weak, strong, and moderate turbu-
lence

C? is proportional to h ™!

Not suitable for various site conditions

Most popular model as it allows easy vari-
ation of daytime and nighttime profile by
varying various site parameters like wind
speed, iso-planatic angle, and altitude

Best suited for ground-to-satellite uplink

HV 5/7 is a generally used to describe C2
profile during daytime. HV5/7 yields a coher-
ence length of 5cm and isoplanatic angle of
7 prad at 0.5 pm wavelength

Covers all regimes of turbulence from weak,
moderate to strong

C? dependance on altitude, h, follows power
law i.e., C> o« h™" where n could be 4/3,
2/3, or O for unstable, neutral, or stable atmo-
spheric conditions, respectively

Make use of phase peturbations of laser beam
to estimate inner and outer scale of turbulence
Sensitive to change in temperature difference
Nighttime turbulence model for astronomical
imaging from mountain top sites

Well suited for daytime turbulence profile at
inland sites

Developed for AMOS observatory in Maui,
Hawaii

Well suited for nighttime turbulent profile

Averages and statistically  interpolate
radiosonde  observation = measurements
obtained  from  large  number  of

meteorological conditions

(continued)
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Table 2.5 (continued)

Models Range Comments
Aeronomy laboratory |Long (few tens of |— Shows good agreement with radar measure-
model (ALM) [51] kms) ments

— Based on relationship proposed by Tatarski
[48] and works well with radiosonde data

AFRL radiosonde |Long (few tens of |— Similarto ALM but with simpler construction

model [52] kms) and more accurate results as two separate
models are used for troposphere and strato-
sphere

— Daytime measurements could give erroneous
results due to solar heating of thermosonde
probes

Fig. 2.20 C2 (h) profile as a 107
function of altitude

107 L —+—V=21m/s
—<—V=10m/s
15 [ —*—V=30m/s

2

n

Structure Parameter Constant, C

Altitude 4 meters

1%4 2
02~ |7.41x1072 (ﬁ) +4.45x 1073 | 177/ (sec (9))'/6. (2.92)

Variations of o3 with rms wind velocity V for different 6 at A = 1064 nm
obtained from this equation are shown in Fig. 2.21. It is observed that the irradiance
fluctuations increase with the increase in V and is less at lower value of 6 for the
same value of V. Typical value of 6 lies between 0° and 60°.

2.3 Techniques for Turbulence Mitigation

In FSO communication, turbulence in the atmosphere results in irradiance fluctu-
ations or beam wander effect of received signal, leading to an increased bit error
rate (BER) in the system. Irradiance fluctuations (or scintillation) and beam wander
effect induce deep signal fades when an optical signal propagates through turbulent
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Fig. 2.21 Log-irradiance variance as a function of rms wind velocity V for zenith angle 6 =
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atmosphere. This deep signal fade lasts for 1-100 ps [53]. If a link is operating at
say, 1 Gbps, this could result in the loss of up to 10° consecutive bits. This introduces
the burst errors that effectively degrade the performance of the FSO link and reduce
the system availability. Therefore, some mitigation technique has to be employed in
order to avoid this huge data loss due to turbulence-induced irradiance fluctuations
and beam wander. Various techniques to mitigate the effect of turbulence-induced
signal fading are discussed below.

2.3.1 Aperture Averaging

If the size of receiver aperture is considerably smaller than the beam diameter, then
the received beam will experience lots of intensity fluctuations due to turbulence in
the atmosphere. Typical power fluctuations recorded by the detector of small area
are shown in Fig. 2.22.
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Fig. 2.23 Scattered optical signal from turbulent cells within acceptance cone (a) geometrical
optics hold good if cone width is less than the cell dimension and (b) diffraction effect becomes
important if cone width include many turbulent cells

The fluctuations in the received power can be explained with the help of
illustration shown in Fig. 2.23. The atmosphere will provide an acceptance angle for
the receiver assuming detector at the receiver to be omnidirectional. The scattered
optical signal from turbulent cells within the acceptance cone will contribute to the
received signal power. These turbulent cells form a diffracting aperture with average
size [, and therefore, the angle formed by the acceptance cone is given by 6 = /..
The largest acceptance cone will be for smallest eddy size (inner scale of turbulent
eddy), Iy, so that

Omax = & (2.93)
l

The maximum width of the cone is ROy, and as long as this width is less than
inner scale of turbulent eddy, /y, geometrical optics produce good results. Therefore,
geometrical optics is valid when [55]

A
fuR = = R < Iy, (2.94)
lo
or
VAR < I, (2.95)

However, if /AR > Iy, then the acceptance cone may contain many smaller cells,
and the received power will experience more power fluctuations as long as receiver
aperture is less than beam diameter. If the diameter of the receiver aperture is made
larger, receiver will average out the fluctuations over the aperture, and the irradiance
fluctuations will be less than that of point receiver. This effect can be very well
understood with the help of Fig. 2.24. The figure shows receiver aperture with dark
and light speckles of size VAR. If there is a point receiver, it will collect only one
speckle that will fluctuate randomly leading to degradation in system performance.
However, if the size of receiver aperture is increased, it will enhance the received
power level and average out fluctuations caused by these speckles leading to
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Fig. 2.24 Speckle spot
formation on the receiver
plane [56]

Atmospheric turbulence
causes random shifts in
wavefront phase and
intensity

Speckle pattern of dark
and light spots are
projected on the
receiver aperture

VIR

Receiver
aperture

improved BER performance. The parameter that is usually used to quantify the
reduction in power fluctuations by aperture averaging is called aperture averaging
factor, Ay [57]. It is defined as the ratio of normalized variance of the irradiance
fluctuations from a receiver with aperture diameter Dy to that from a receiver with
a point aperture, i.e.,

2
o (Dg)
= 12—, (2.96)
o; (0)
where o7 (Dg) and o7 (0) are the scintillation indices for receiver with aperture
diameter Dy and point receiver (D ~ 0), respectively. In [57] the factor Ay is
approximated, and it is given by

—1

D% 7/6
A~ |1 +A)| —————— 2.97
4 Ao (Aho sec (0)) ' 297)

where Ap ~ 1.1 and Ay the atmospheric turbulence aperture averaging scale height.
It is given as [57]

H
C2 (h) h*dh
hy = fg# , (2.98)
Jo C2(h)h5/5dh

This relation takes into account the slant path propagation through the atmo-
sphere and permits the modeling of the atmospheric refractive index function.
Figure 2.25 shows the variations of aperture averaging factor for different aperture
diameters using HVB 5/7 model with V' = 21 m/s. It is evident from this figure
that there is an improvement in the aperture averaging factor implying decrease in
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Fig. 2.25 Variations of 107 : :

aperture averaging factor with —*—D,=15cm e
zenith angle 6 for various 107 | oD =20cm

values of receiver aperture ~ o _D =30cm

diameter 107 £
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HVB 5/7 model

Aperture Averaging Factor, 4
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the value of Ay with the increase in the receiver aperture diameter Dg. Further, the
aperture averaging factor degrades with the increase in zenith angle.

2.3.2 Spatial Diversity

It is not always possible to increase the receiver aperture diameter beyond a certain
level as it will lead to increase in background noise. Hence, increasing receiver
aperture may not be an optimum solution. To achieve the same level of performance
as an aperture integrator receiver, the single large aperture is replaced by array
of small apertures (either at the transmitter or at the receiver) that are sufficiently
separated from each other. The separation between the multiple apertures should
be greater than the coherence length, ry, of the atmosphere so that multiple beams
are independent and at least uncorrelated. This technique of employing multiple
apertures either at the transmitter (also called transmit diversity) or at the receiver
(also called receive diversity) or at both sides (also called multiple input multiple
output — MIMO) to mitigate the effect of turbulence is known as spatial diversity
[58] as shown in Fig. 2.26. If a single laser beam is used for transmission through
the atmosphere, turbulence in the atmosphere will cause the beam to split up into
various small beam segments. These segments will then independently move around
due to local changes in the refractive index of the atmosphere. At the receiver,
various segments will either combine inphase or out of phase with respect to each
other. Inphase events will cause surge in the power, whereas out-of-phase events
will cause severe signal fades, and these lead to random fluctuations in the power
at the receiver. If instead of single beam, multiple independent, and uncorrelated
spatially diverse beams are used for transmission, then any overlapping of beams at
the receiver will result in addition of power from different beams. Furthermore, the
probability of deep fades and surges will be reduced significantly.
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Fig. 2.26 Concept of (a) receive diversity, (b) transmit diversity and (c¢) multiple input multiple
output (MIMO) techniques

Besides mitigating irradiance fluctuations due to turbulence, it also helps the FSO
system designer to limit the transmitter power within allowable safe laser power
limits. To determine the improvement in the performance with multiple apertures
to that of single large aperture, let us take the case of array of N statistically
independent detectors. In this case, the summed output is given by

N
L=nY (Lj+1.,;). (2.99)

j=1

where 7 is the optical to electrical conversion efficiency and I ; and I, ; are signal
and noise currents corresponding to j" receiver, respectively. For simplicity, it is
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assumed that mean and variance of signal and noise currents in all receivers are the
same. With this assumption, the mean and the variance of the total received current
I, are given as

) =N (), 0f =N[(12) = ()P +{2)] =N (02, +02)) . (2.100)

Therefore, the mean rms SNR is given by

N (Is l)

= — JN(SNR)), (2.101)
N(Gil +0,,)

(SNRy) =

where (SNR;) is the mean SNR of a single detector receiver. The above equation
shows that the output SNR from N -independent detectors can improve the system
performance by a factor of +/N. Likewise, the effective normalized irradiance
variance (scintillation index) is reduced by N i.e., [16]

1
ol ¥ 71 (2.102)

where N is the number of multiple detectors at the receivers. This is true in case of
multiple transmitters (or transmit diversity) as well wherein multiple independent
and uncorrelated beams are transmitted toward the receiver. The use of multiple
beams significantly reduces the effect of turbulence-induced scintillation.

The number of detectors or the number of transmit beams required to achieve a
given BER depends upon the strength of atmospheric turbulence. In principle, the
received irradiance statistics is improved with the increase in the number of transmit
or received antennae. The practical considerations, such as system complexity, cost,
efficiency of transmit laser power, modulation timing accuracy, and the availability
of space, will however limit the order of diversity to less than ten.

2.3.3 Adaptive Optics

Adaptive optics is used to mitigate the effect of atmospheric turbulence and helps
to deliver an undistorted beam through the atmosphere. Adaptive optics system
is basically a closed-loop control where the beam is pre-corrected by putting the
conjugate of the atmospheric turbulence before transmitting it into the atmosphere
[59]. In this way, it is able to reduce the fluctuations both in space and time.
An adaptive optics system consists of wavefront sensor to measure the closed-
loop phase front, corrector to compensate for the phase front fluctuations, and a
deformable mirror that is driven by a suitable controller. Figure 2.27 shows the
conceptual block diagram of adaptive optics system. Here, the output phase front
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Fig. 2.27 Block diagram of > Pout

an adaptive optics system
Wavefront

Beam Splitter

Pest

Controller

@our Of the light is measured by wavefront sensor, and an estimated phase front is
constructed ¢,y. This phase information is in turn used by the controller to drive
the corrector and subtract a quantity ¢, from the input phase ¢;, in order to
compensate it (refer to Fig. 2.27).

The adaptive optics is mainly used for astronomical observations. But the overall
objective of adaptive optics is different for optical communication relative to
astronomical observations. In astronomy, the objective is to increase the sharpness
of the images, and any loss of signal energy can be made up by longer observation
time. But in optical communication, the signal energy for a data bit is fixed and must
be conserved for efficient communication. Therefore, an adaptive optics system has
to implement an optimization system to minimize the overall FOV, i.e., to minimize
the amount of background light while maximizing the amount of desired signal
energy captured. This makes the design of adaptive optics system complicated and
results in increased system cost.

2.3.4 Coding

Error control coding can be used in FSO link to mitigate the effect of turbulence-
induced scintillation. Coding usually involves the addition of extra bits to the
information which later helps the receiver in correcting the errors introduced during
transmission through turbulent atmosphere. Thus, depending upon the strength of
turbulence and the link range, the choice of appropriate coding techniques can
significantly reduce the BER of the FSO system which can be traded for reduction
in the required signal power to close the link. Besides coding, interleaving can
also be used especially when the channel is bursty. The channel coding not only
improves information carrying capacity but also reduces the required signal power
at the receiver. The reduction in the required power level is commonly referred to
as coding gain and is defined as the difference in the power levels between uncoded
(in dB) and coded system (in dB) to reach the same BER level and is given as

(2.103)

P, ded
Feoge = 1010, [w} _

Peq (coded)
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Fig. 2.28 Channel capacity 10°
vs. peak-to-average power
ratio for various ratios of
signal and background
photon arrival rates
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According to Shannon’s theorem, for a given noisy channel having capacity
emphChannel capacityC and information transmission rate Rj, the probability of
error can be made arbitrarily small by suitable coding technique if R, < C. This
means, theoretically it is possible to transmit information without error if the rate
of transmission is below the limiting channel capacity C. The channel capacity for
optical channel in the presence of background noise is given as [60]

C = (log,e) % |:(1 + %) In(l+y)— (1 + 5) In (1 + %)} , (2.104)

where A; is the rate of arrival of signal photons (in photons/sec), ¥ = A,/Ap the
detected peak signal to background photon ratio, and P the peak-to-average power
ratio of the signal. The variations of channel capacity C with peak-to-average power
ratio [P from the above equation are shown in Fig. 2.28.

One of the methods commonly used to improve the channel capacity in FSO
communication is to increase peak-to-average power ratio of the signal. This ratio
is very much dependent upon the choice of modulation scheme. Therefore, the
channel capacity can be improved by using a modulation scheme that has high peak-
to-average power ratio. For this reason, M-PPM is one of the suitable modulation
schemes for FSO communication system.

2.3.5 Hybrid RF/FSO

The performance of FSO communication is drastically affected by weather con-
ditions and atmospheric turbulence. This can lead to link failures or poor BER
performance of FSO system. Therefore, in order to improve the reliability and
improve the availability of the link, it is wise to pair up FSO system with a
more reliable RF system. Such systems are called hybrid RF/FSO and are capable
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of providing high link availability even in adverse weather conditions [12]. The
major cause of signal degradation in RF transmission is due to rain (as the carrier
wavelength is comparable to the size of the raindrop) and in FSO communication
is due to fog. So, the overall system availability can be improved by using low
data rate RF link as a backup when FSO link is down. In [61], the availability of
an airborne hybrid RF/FSO link is evaluated. It was observed that the FSO link
provides poor availability during low cloud conditions due to the attenuation by
cloud particles and temporal dispersion. However, a significant improvement was
observed when a hybrid RF/FSO link was used as RF signals are immune to cloud
interference. The conventional approach of hybrid RF/FSO causes inefficient use of
channel bandwidth [62]. Also, a continuous switching between RF and FSO system
could bring down the entire system. Therefore, a new approach as suggested in
[63] gives symbol rate adaptive joint coding scheme wherein both RF and FSO
subsystems are active simultaneously and save channel bandwidth. Hybrid channel
coding is also capable of utilizing both the links by combining nonuniform codes
and rate adaptive codes where their code rates are varied according to the channel
conditions [64].

Hybrid RF/FSO link provides great application in mobile ad hoc networks
(MANETS) [65]. A reconfigurable networking environment can be formed in
MANETs by combination of wireless sensor network (WSN) technology and
mobile robotics. The performance of this network is, however, limited by the per
node throughput provided by RF-based communication. Therefore, the combination
of RF and FSO provides tremendous increase in per node throughput of MANETS.
The implementation of hybrid RF/FSO MANET with real-time video data routing
across 100 Mbps optical link and 802.11g RF transceiver has been studied in [66].

The RF wireless network poses a strong limitation on its capacity and throughput
owing to growing development in communication technology [67]. With the
increasing number of users, the chances of interference from the neighboring nodes
increase and that limit the performance of the RF system. FSO system on the other
hand is highly directional and has very narrow beam divergence. This makes FSO
system immune from any kind of interference. Therefore, the combination of FSO
and RF can help in solving the capacity scarcity problem in RF networks. The
through capacity of hybrid RF/FSO link is given in [68—70].

2.4 Summary

As the optical signal propagates through the atmospheric channel, it encounters
variation in the intensity of the signal due to various unpredictable environmental
factors like fog, rain, snow, etc. Other factors responsible for degrading the
quality of the optical beam in FSO communication are absorption and scattering,
beam divergence loss, free-space loss, and pointing loss. Also, turbulence in the
atmosphere causes random fluctuations in the intensity and phase of the received
signal. Effect of atmospheric turbulence on the Gaussian beam has been analyzed



86

2 Free-Space Optical Channel Models

by conventional and modified Rytov approximation. Atmospheric turbulent channel
models have been discussed based on various empirical scintillation data of the
atmosphere. Various statistical models to describe the irradiance statistics of the
received signal due to randomly varying turbulent atmospheric channel, lognormal,
negative exponential, gamma-gamma, etc. have been discussed. Various techniques
to mitigate the channel fading due to atmospheric turbulence are described.
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