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ABSTRACT

[MALAVIYA, NILAMBER "OPTIMUM DETECTION OF LASER SIGNAL
THROUGH TURBULENT ATMOSPHERE"

Ph.D.Thesis,Department of Electronics and Communication

Engineering, University of Roorkee,Roorkee India March 1975-

Guidej and Supervisor - Dr. A. K. KAMAL, Professor and

Head of Electronics and Communication Engineering

Department, University of Roorkee, Roorkee, India.]

The invention of laser in 1960, triggered the

imagination of a large number of communication engineers

to develop a sophisticated communication system for hand

ling huge amount of information. Considerable amount of

work has been done towards inventing new forms of modulation

and detection techniques with such coherent sources. It

is now possible to establish in practice real communica

tion systems involving extremely large band widths. These

efficient optical communication systems have the added

advantage of high achievable directivity, increased

antenna gain and higher data rates.

Laser communication systems operate at carrier

frequencies in the interval of 101%z to 101^Hz. The attri

butes of large information band width and narrow transmitted

beams of laser systems compared to radio frequency commun

ication system are simply a result of high frequency of

optical waves, narrow spectral width and coherence.
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For laser communication, the channel or medium of

transmission may be earth's atmosphere, closed optical

waveguide, or vacuum. For short distance transmission

any sort of guiding technique may be employed, but for

long and medium distances, transmission through atmosphere

becomes inevitable.

The propagation characteristics of atmosphere

have been the subject of investigation for several decades

particularly at radio frequency. The advent of laser

spurred renewed activities in the optical and infrared

region of the spectrum. The hope for use of lasers for

communication through atmosphere was hampered some what

due to the adverse role played by atmospheric effects

as reported by Subramanian [l55j. Propagation through

turbulent atmospheric channel has been reviewed by

Strohbehn [152], Lawrence and Strohbehn C1011, Brookner

[17][18] ,Kennedy and Karp £89 J. There are a number

of propagation effects due to the random spatially and

temporally varying refractive index. The ultimate atmos

pheric limitation on propagation at optical frequencies

can be established by applying communication theory

ideas to adequate statistical models of atmospheric

channel. In the turbulent case one is faced with a

slowly varying fading channel with amplitude variations

having log-normal distribution C89J and the phase varia

tions for which the probability distribution has been

assumed as Tl6ifj i
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exp(<* cos 9)

p (<P) = . "1T^(?4W-
2 * Io(c<)

The function I {«<) is the Bessel's function of the first

kind. °( is regarded as a parameter that controls the spread

of the density.

The transmitter sends a signal whose intensity is

modulated with one of a set of M-possible intensities each

T second long. One can associate a signal energy component

mk for the k intensity. During an interval of T second,

one of the M equal energy signal is known to be transmitted.

During transmission through the atmosphere multipathing

occurs due to inhomogeneities of turbulence. The signal is

perturbed by background radiation noise, which is assumed

to be white, stationary, Gaussian and statistically independ

ent of the channel perturbations. The receiver determines

with minimum probability of error as to which signal was

transmitted. It does this by appropriately processing the

received signal S. This operation consists of computing the

a-posteriori probability of the M received signal and choos

ing the one with the largest probability.

An upper bound on average probability of error of

multiphoton count laser system has been derived. The signal

has been assumed to be disturbed by background radiation noise

alone. It has also been mentioned that the probability of

error bound can be used to attain any required standard of

performance in terms of the allowable error.
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Analytical expressions have been derived for the

a-posteriori probability of detecting M-possible signals,

with multipathing and perturbed by random variations in phase

and gain. Receiver structures are proposed which can imple

ment the analytical expression giving the a-posteriori

probability. Decision is given in terms of that signal
which gives the maximum a-posteriori probability. The physi

cal realizations of the proposed receivers are also

discussed.



CHAPTER I

INTRODUCTION TO THESIS

1 .1 INTRODUCTION

In common with most areas of modern day technology,

the field of communication has expanded explosively in the

past decades. Today there is a greater need for reliable,

rapid and efficient means of communication over larger

distances. Significant advances in communication system

performance and economy have come about by virtue of

technological progress in the form of new devices such as

solar batteries, information storage and retrieval devices,

lasers and space vehicles for satellite repeaters. Modern

communication systems incorporating these and other devices

may include a number of links that employ different trans

mission media such as underground or submarine cables,

microwave radio relays, tropo-scatter path and communica

tion satellites, each with a different analog or digital

modulation method and each with its particular type of

transmission equipments.

Noise impairment during transmission, various

kinds of non-linearities, unavoidable attention and phase devi

ation over the transmission band, random time fluctuations

in the channel transmittance and mutual interference are

some of the problems encountered.

One of the aims in a communication system is to

provide high quality of transmittance. It is necessary to
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avoid excessive disturbance from noise inherent in trans

mission medium and also noise or interference from other

sources. Besides noise-, it is also necessary to consider

disturbances that originate in a variety of unavoidable

imperfections in the channel. These channel imperfections

and the resultant transmission impairments are usually of

greater concern than additive random noise in communication

system.

At present different techniques are available for

transmitting a large volume of message over a long distance.

The oldest of these is the co-axial cable system, which

still carries a large proportion of the communication traffic.

Amplifying equipments are located every five or six kilo

meters apart depending on the amount of traffic. Another

method which is in use is by means of microwave-radio relay

towers spaced few kilometers apart. A third long distance

technique called wave guide, has also been perfected but is

not yet in wide-spread use. The fourth long distance tech

nique involves the use of satellites. Broadband communica

tion by satellite operating within the microwave radio

bands are possible.

The announcement of laser in 1960 £107] and subse

quent work on intense coherent optical sources [593 ,stimulated

the work towards laser communication as another suitable

technique for long distance transmission. The basis for this
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is the simple fact that the capacity of a communication

channel is proportional to the width of its band of frequen

cies. Thus a communication system utilizing electromagnetic

waves in the visible region of spectrum, where enormously

wide bands of frequencies are available, should inprinciple

be capable of carrying many times the amount of information

carried by lower frequency radio wave systems.

Laser communication may be divided into four categories

[139]:

(a) Terrestrial short range path through the atmosphere.

(b) Closed pipe system

(c) Near space communication for relaying high data rates.

(d) Deep space communication from the outer planet.

The division into four classes depends upon the path

length, data regimes, line-of-sight requirements for laser

links and weather effects. Each class has its own particular

problems and solutions. The short wave length of laser makes

enormous antenna gains possible even with physically small

apertures. Even narrow band laser signals are capable of

carrying thousands of time more information than microwave

radio signals.

The importance of directivity factor can be noted

by stating that the beam width of an electromagnetic signal

is given by the diffraction limit as 6 = 1'£7 X , where

X is the wave length and D is the transmitting aperture.

Since X is 103 to 10 times smaller at optical wavelengths
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than at microwaves, D may be 10 cms to achieve bandwidths

less than 10 ^ radian. The power required for transmiss

ion due to directionality factor is much less at laser

wavelength than that at microwaves as given by the ratio

2

, where the subscripts L and M refer to laserV0!

and microwave wavelength respectively. In a laser commu

nication system with 30 psec. pulses, a bandwidth of appro

ximately 30 GHz is easily obtainable. At a laser

wavelength of approximately 3x101^" Hz, 30 GHz is 10"^ of
the optical carrier frequency. One thousand such channels

along the same path would only increase the bandwidth

utilized to 10$ of the carrier frequency. Yet, 30 GHz

being used in some experiments, far exceeds the total

microwave spectrum. Further, the directionality factor

of the laser would easily allow overlapping of spectrum

for different links without interference problems.

There are large number of photodetectors and detec

tion techniques available for use in a laser communication

systems [3J[ifl] [lOlf] [l1l][l36] [n^j [l56][l68] .The correct
choice of a particular detection technique and photodector

depends mainly on the wavelength of operation, the Informa

tion bandwidth of the signal and the sensitivity desired for

the demodulation of weak signals.

The history of receiving devices in the optical

and infrared region goes back to nineteenth century. Although
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photon effect had already been observed, the detectors

developed in this period were of thermal effect type.

The operation of thermal detectors depends on the heating

produced by the incident radiation. Essentially, thermal

detectors measure the rate at which incident energy is

absorbed. In contrast with the thermal detectors, the
so called photon detectors measure the rate at which quanta

are absorbed. Phototubes, photo-multipliers and photo-

conductive semi-conductors are examples of photon detec

tors, in receiving systems, thermal detectors are not

preferred because of their inherently slow response. Proper

design of demodulator systems for optical signals requires

specially designed photo-detectors that are efficient and

fast. The major requirements imposed on photo detectors

and detection systems for laser communication applications,

thus include Cl^+03 s

(i) Large response to incident signals

(ii) Sufficient instantaneous bandwidth to accommodate

the information bandwidth of incoming signal and

(iii) Minimum of noise added by demodulation process.

Attention must not only be given to the choice of

the optimum detector but also to the other system parameters

such as desired field of view, optical band width, possible

relative motion between transmitter and receiver and inter

ference due to sun and other radiation. Photo detectors

in a laser communication system which convert the intensity
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of the carrier into electrical signals are usually square

law detectors which respond to the intensity of light

averaged over a number of optical cycles. This is because

the speed of response is determined by the carrier trans

port and relaxation process within the photodetector.

These processes do not have sufficiently short time

constants to reproduce field variations which occur at

optical frequencies. The main consideration in the sele

ction of a photodetector for a laser communication recei

ver is the relative output levels of the detector due to

laser carrier and due to noise. Number of criteria for

optical detector performance exist. Among all the detec

tors possessing sufficient bandwidth and acceptable physi

cal characteristics, the detector to be chosen should have:

(i) highest quantum efficiency

(ii) lowest noise equivalent power

Thus the correct choice of a particular detection tech

nique and photodetector will depend on wavelength of

operation, the information bandwidth of signal and on

the sensitivity required for the demodulation of weak

signals.

A laser signal propagating through the earth's

atmosphere is attenuated due to absorption of radiation

by atmospheric constituents and is subjected to scattering

by particles in the atmosphere. Signal is also severely

affected by the turbulence in the atmosphere. It is con

venient to consider the turbulent medium to be composed
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of discrete blobs, each of which is homogeneous but of

different refractive index than its neighbours. An

inhomogeneity dimension is associated with each blob.

The smallest and the largest inhomogeneities are charac

terized by the dimension Jb and L respectively. The

effect of atmospheric turbulence depends upon the rela

tive sizes of the beam diameter dfi and the inhomogeneity

dimension lb [35] .If dg << 1b , the major effect of

turbulence is to deflect the beam as a whole. At long

ranges the beam appears to execute a two dimensional

random walk in the receiver plane. For djf lb , the inhomo

geneities act as lenses which focus or defocus all or part

of the beam, imparting a grannular structure to beam cross-

section. If & y> & , small portions of the beam are

independently diffracted the beam phase fronts are badly

distorted. For communication from a deep space transmitter

to an earth receiver dg*4, ib . The principal turbulent

effects are then beam spreading, beam scintillation and

spatial coherence degradation. In the opposite case,

that is, for an earth transmitter and deep space receiver

dg << Sb . Under these conditions, image dancing and beam

steering are the predominant effects of atmospheric turbu

lence [35] .

Although optical systems are severely influenced

by various properties of atmosphere, techniques have been

developed which may over come many of these effects. A
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number of optical communication systems have been experi

mentally investigated in the laboratory and at lower

atmosphere.

The physical basis for various effects of atmos

phere turbulence on laser system is briefly discussed by

Davis £35] • As to specific application, the signal-to-

noise ratio for an AM signal passing through the turbulent

atmosphere is derived in terms of this ratio. The effect

of power fluctuations on the probability of detection for

laser radar is discussed in general.

Detailed reviews of the components, techniques

and atmospheric channel descriptions are available.£17] [18]

[19] [101] [152] . There are three main factors that affect
the channel time spread for clear weather conditions.

These factors are fl8j :

(i) multipathing due to atmospheric inhomogeneities,

(ii) dispersion due to variations in index of refrac

tion with frequency and

(iii) the channel molecular absorption due to absorbing

gases and water vapour.

Multipathing results from the scattering by atmospheric

inhomogeneities. A measure of multipathing in the channel

is obtained from the spatial statistics of the phase of

signal wave front. In particular, it is obtained from the

structure function of the phase of the signal observed.

Let <jt. be the phase of the signal arriving at any point i
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on the receiver. Also let, the position of the point i

be designated by the vector r.. Then for locally homo

geneous and locally isotropic turbulence, the structure

function for the phase of the signal observed at points

1 and 2 on the receiver is given by:

...(1.1-1)yr2 •*,) =D^ (?) = C*2 "rfj)2
Let the propagation time for the ith path be t(r.) . The

structure function for the propagation time at the receiver

is given by :

Dt(r) = t(r2) -t(ri) ] ...(1.1-2)
J

The above structure function provides a measure of the

channel time spread.

The ultimate atmospheric limitation on communica

tion laser frequencies can be established by applying communi

cation theory ideas to adequate statistical models of atmos

pheric channel. For the Gaussian fading dispersive radio chann

els discussed by Kennedy [92] , it has been shown that with

proper signals and reception techniques the incoherence attri

butable to Doppler spread or time spread does not reduce the

channel capacity. A very complicated receiver is required to

realize the full potential of the channel. The optimum receiver

for a classical Gaussian field is obtained in the same way as

for Gaussian processes. The well known results of Price [i26]

and Kennedy [911 can be used. Many results have been

obtained in connection with Sonar and Seismometric application
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as reported by Gaarder [56] , Schweppe [lif6] and Capon [253

and with optical application by Harger £6*+] and Kennedy[90]

The radar detection case with log-normal fading

has been considered by Heidbreder and Mitchell £70] and

Fried and Schmeltzer £50] in the case of one sensor and

assuming a suboptimum receiver structure. Much work has

been done in constructing and evaluating the performance

of various optical receivers based on direct detection,

local heterodyning or transmitted reference systems by

such workers as Goldstein et al[63] , Miller and

Tilloston £112] ,Ross [139] ,Cooper [33j ,Brookner
et al [20] and Denton and Kinsel £if23 .

In the present work, receiver models are proposed

for the case when there are random phase and random gain

variations due to atmosphere turbulence. Expressions are

derived for the a-posteriori probabilities for the two

cases in the presence of additive background noise. Also,

an upper bound on the average probability of error of

multiphoton count laser system has been derived.

1.2 ORGANIZATION OF THE THESIS

The work embodied in this thesis has been arranged

in the following manner.

Chapter II begins with a brief idea about the

turbulent atmosphere. This explains the various significant
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effects of the atmosphere on the communication system.

Discussion is also given of the available results on the

adverse role played by atmospheric turbulence at laser

wavelengths.

Chapter III is concerned with the problem of

determining the performance that can be achieved with a

photon count laser detection system. Here one is concerned

with a photon counter at the receiver and the ensuing

photo-electron statistics that results when M-ary laser

beam is incident on photoemissive surface of the detector.

An expression has been derived for the upper bound on the

probability of error. The results are presented in terms

of the ratio of received signal energy to noise power

and information rate. A discussion is also given of the

results so obtained.

Chapter IV is devoted to find the structure and

performance of optimum receivers for reception in a turbu

lent atmosphere. Constraints imposed on the communication

systems, background radiation noise and its statistical

descriptions are given. An attempt has been made to

explain multipathing, random variations in phase and

random variations in gain and affects caused thereby.

Thus the received signal depends on the transmitted message,

the effects of the propagation medium and the additive

background radiation noise. The job of the proposed
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receiver is to process the received signal in such a way

so as to reproduce the signal as faithfully as possible.

A summary of the contributions made in this thesis

is given in Chapter V. Suggestions for further research

work in this area have been incorporated.



CHAPTER II

ATMOSPHERIC LIMITATIONS FOR LASER DETECTION

2.1 INTRODUCTION

The medium or channel through which the laser

beam travels has a significant effect on the communication

system characteristics. For laser communication the medium

of transmission may be earth's atmosphere, closed optical

waveguides, lens system or vacuum. For short distance

transmission any sort of guiding technique may be employed,

which to some extent precludes any undesirable effects due

to atmosphere. For long and medium distances transmission

through atmosphere becomes unevitable £ll2]]p35l . The

atmosphere acts as an attenuating channel for transmission

in the millimeter and microwave range, but it may degrade

the performance of a laser communication system completely

f^ [16] [17] [18] [19] [20] [33] [67] .

A laser signal propagating through the earth's

atmosphere is attenuated due to absorption of radiation by

atmospheric constituents and is subjected to scattering

by particles in the atmosphere. Part of the sunlight

incident upon the earth's surface is absorbed which

causes the surface air layer of warm air to become less

dense and rises to mix turbulently with the surrounding

cooler air. Air temperature thus varies from point to

point in atmosphere in a random manner.
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The temperature fluctuations are a function of

altitude and wind speed £158] . The index of refraction

of air is dependent on its temperature. When a laser beam

traverses a region in which there is a temperature change

in the air, the beam is totally or partially deviated

depending upon the relative size of the beam and tempera

ture inhomogeneity. This leads to random amplitude and

phase variations of laser carrier.

At any instant of time atmosphere is not perfectly

homogeneous and turbulent free throughout the path of

transmission. Temperature, pressure, density, refractive

index and wind velocity show fluctuations about their mean

value and atmosphere is said to be turbulent [l*fl] [iMfj .
Although the above physical parameters tend to distort the

wavefront of the nominally coherent optical radiation,

however, the refractive index inhomogeneities contribute

the maximum distortion thereby producing the turbulence,

[1V1] [ilfif] [156] [162][171] [172] .

A simple model of turbulent atmosphere, however,

can be described in terms of a distribution of spherical

inhomogeneities of refractive index called eddies. The

largest eddy size can be considered as the outer scale

of turbulence, while the smallest eddy size is taken to

be microscale or inner scale of turbulence. The values

of the outer scale and the inner scale depend upon the

height above the ground, both increasing with altitude.
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Refractive index of the atmosphere is a function

of both temperature and humidity of the air and is given

by L158] :

(n-1) = 10"6xZ9 (p i£00 p\ _ ( }
x a "p v

where

n - refractive index

T - temperature of the air

P - water vapour pressure

p - pressure of the atmosphere

The refractive index fluctuations are, as a result,

dependent upon temperature and humidity variations which

result from turbulent mixing of blobs of various dimensions.

The effect of temperature and humidity fields in determining

the refractive index variation has been studied [158] .

It is often convenient to write the refractive index n(r)

at any point in space as

n(r) = nQ(?) + a,(r) ... (2.1-2)

where

n (r) - mean value of the refractive index

n.. (r) - random variation about its mean.

For turbulence considerations, the behaviour of

n1(r) is of prime importance. The refractive index varia

tions can be statistically described by a quantity called

structure function, which has been discussed in detail

by Tatarski £158] .
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2.2 KOLMOGOROV'S THEORY OF TURBULENT FLOW

Statistical theories of turbulent flow were advan

ced in the year 19*+1 when Kolmogorov and Obukhov establis

hed the laws, which characterize the basic properties of

the microstructure of turbulent flow at very large Reynold

numbers.

Consider an initially laminar flow of a viscous

fluid. This flow can be characterized by the value of

kinematic viscosity v , the characteristic velocity scale

V and the characteristic length L0 . The laminar flow is
VL

stable only in the case when the Reynold number R =

does not exceed a certain critical value Rcr« As the

number R is increased, the motion becomes unstable.

Suppose a velocity fluctuation v, occurs in a region of

size fb. The characteristic period t a lb /v^ corres

ponding to this fluctuation specifies the order of magnitude

of the time required for the occurrence of the fluctuation.

The energy of the given fluctuation is proportional to
,2

v„ . Thus, when the velocity fluctuation under considera

tion occurs, the amount of energy per unit time is given
2 3

by v^ / t *• v / lb . The energy dissipated as

heat per unit mass per unit time is of the order of

v v'2magnitude £ = ,„ lb . if the velocity fluctuation

lb2
is to exist, it is necessary that the inequality given

by Eqn (2.2-1) holds, that is,
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'3 \ '2 Pv^ /* > vVjfc /^ ... (2.2-1)

v /A / v ^tb / ^ ^ 1

or «• v^ /v =Re >1 ... (2.2-2)

Re given by Eqn (2.2-2) is the inner Reynold number denoting

the fluctuations corresponding to the size.

Let us assume that the number Re is gradually

increased, the laminar motion loses instability and velocity

of fluctuations v occur. If the initial Reynold number
m

v% & / v was only a little longer than R , then the

fluctuations which arise have small velocities, This means

that the first order velocity fluctuations, which arise,

loose stability themselves and can transfer energy to new

second order fluctuations. As the number R is increased

further, the second order fluctuations become unstable and

so on„ Let the geometrical dimension of the smallest

fluctuation be lbQ and let their velocity be v . For all

the velocity fluctuations with size ib> lb , the inner

number B.Q is large. It follows from this that their direct

energy dissipation is small compared to the energy which

they receive from larger perturbations. Thus their fluc

tuations transfer almost all the energy they receive, to
3

small perturbations. Consequently the quantity vl / lb

which represents the energy per unit mass received per

unit time by eddies of nth order from eddies of (n-1) th
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order and transferred by them to the eddies of the (n+1)th

order, is constant for almost all the sizes. In the small

est velocity perturbations with size £t this energy is

converted into heat. The rate of dissipation of energy

into heat is determined by the local velocity gradients

in these smallest perturbations which is of the order of

v -v'
. Thus for velocity fluctuations of all scales,

we have,

or

,3

v' = (e*,)V3
lb

(2.2-3)

For all scales the size of the fluctuations depends on the

energy dissipation rate £ . For smallest inhomogeneity

o o 0J

v v;

of

From these equations one gets,

o
t3/ e

ifjv e

1

1
...(2.2-if)

...(2.2-5)

The quantity lb can also be expressed in terms of the

dimensions of largest eddy as



L

- 19 -

*o = ~^J^
e

VL

Thus larger the Reynold number of the flow as a whole,

the smaller the size of the velocity inhomogeneity which

can arise.

2.3 ATTENUATION AND SCATTERING

Optical transmission through the clear atmosphere

has been investigated both theoretically and experimentally

by many workers C53B7J [18] [23] [28] [33] [3?][7l][72J [id]
[108] [109] [119] [120] [131] [153] [155] [162] [171] [172] .

These workers have reported that the constituents

of the atmosphere form one of the limitations for optical

transmission. These constituents can be classified in three

categories.

(i) Particulate matter such as dust and aerosols

(ii) Precipitation manifesting Itself in the form

of haze, fog, rain and snow,

(iii) Absorbing gases such as carbon dioxide and water

vapour.

The effect of particulate matter on optical radiation is

to scatter energy away from the original direction of

propagation. Precipitation in the form of droplets

...(2.2-6)
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produces significant scattering, the precise amount depend

ing upon the size of the droplets with respect to wave

length of radiation. It should be recalled that the water

droplet may vary in size from a fraction of a micron, as

in the case of aerosol and haze , to several centimeters

as in the case of hail. The atmosphere also contains many

gases having narrow and broad band absorption spectra,

some of which coincide with laser wavelengths. Laser pro

pagation is consequently difficult due to attenuation of

the beam.

In the clear atmosphere, scattering and diffrac

tion caused by inhomogeneities are of great importance,

although the constituents of the atmosphere produce much

more scattering and attenuation [102] [101] [108] . The atten

uation and scattering of laser beam by rain, fog and snow

have also been studied C283£29] • A simple picture of diff

erence in attenuation of waves by fog and rain has been

substantiated by theory and experiment. The relatively

low attenuation by rain is, in part, the result of forward

scattering. The scattering patterns of fog drops have little

directivity compared with laser beams themselves therefore

the forward scattering correction for the fog attenuation

of narrow laser beams is small. If the beam width of the

incident laser beam is comparable with the width of the

scattering patterns of precipitation particles, the forward

scattering will reduce the scattering loss significantly.
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When the scattering of the precipitation particle is added

to the original attenuated beam, a broadened beam is obser

ved at the receiving plane. Measurements show that various

degrees of beam broadening occur when a 0.63 t* laser beam

propagates through precipitation . Beam broadening result

ing from rain is more pronounced than that of snow and fog.

Beam broadening measurements during clear weather do not

differ much from those taken during snow fall. However,

during the snow storm, the amount of beam broadening and

attenuation is large £29] •

When a laser beam is incident on a turbulent

medium then due to the turbulent mixing of various layers

scattering of the beam occurs. The mean density of the

energy scattered in a given direction has been calculated

by Tatarski. The scattered energy comes out to be the sum

of two spherical waves whose amplitude and phases depend

on the refractive index fluctuations inside the given

volume [158] .

Thus atmosphere has a pronounced effect on coherent

light, even during" fair weather. Useful optical transmission

system which use the atmosphere as the transmission medium

will require some useful techniques to achieve high

reliability.
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2.if PHYSICAL CHARACTERISTICS

The turbulent atmosphere is an inhomogeneous medium

in which the refractive index is a function of position and

time. It is also described as to consist of large number of

regions with varying dimensions called eddies, over which

the refractive inn"ex deviates from the average. When a

laser beam passes through such a medium, it interacts with

the eddies, producing random variations in amplitude and

phase of the signal. This randomness causes variety of

effects which degrade the directivity and coherence property

of laser radiation. A major effect is to deflect the beam

randomly and it may miss the collecting aperture totally.

The coherence degradation leads to beam broadening. In

addition, the beam dancing due to beam deflection and

image blurring or the intensity scintillation of the

received image due to coherence degradation form the

various effects encountered. Davis [35J discussed the

physical basis for various effects of atmosphere turbulence

on laser systems and summarised the Tatarski's results.

The most important conclusion is that Tatarski's results

for amplitude and phase fluctuations are not applicable to

laser beam of arbitrary diameter, but provides an adequate

approximation when the beam diameter is at least a factor of

two greater than the lateral correlation length for

amplitude fluctuations which is true in many applications.

Hodara [71T derived from elementary principles, simple
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expressions giving order of magnitude for various effects

of atmospheric turbulence on lasers. The various dele

terious effects have been considered by several authors

[2] [27] [70] [71] [72] [753and are summarized below :

2.if=1 Beam Steering

The entire beam may be deviated from the line

of sight giving rise to a loss of power at the receiver

aperture, when the receiver is in the far field of transmitter,

2.if.2 Beam Dancing

Due to the time varying refractive index, there

is a steady drift of the centre of the received beam. In

addition to this drift there is a change in the angle of

arrival of the beam. Thus the received wavefront becomes

tilted related to the line-of-sight axis. The displace

ment of the image with time is called the beam dancing.

2.if.3 Beam Broadening

Small angle scattering by the inhomogeneities

spreads the signal energy over a larger region. In case

when the size of the beam is large compared to the tur

bulence scale size, the beam can be considered as consis

ting of many ray tubes, individually small compared to the

scale size6 Each of these tubes, is displaced from the

unperturbed position in an uncorrected manner and beam

broadening results. Scattering by dust particles, aerosols,

precipitation and turbulence all constitute the beam

broadening.
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2.if.if Image Blurring

Destruction of the phase coherence across the

beam leads to a blurring of the image. The interference

between different parts of the beam take place in a time

varying manner. The amount of blurring is proportional

to the loss of coherence of the wavefront.

2.if.5 Random Beam Scanning

Time variation of refractive index gradient

bring about beam scanning. Hodara £71] has derived expre

ssions using geometrical optics approach. Beam deflection

at a point is given as:

Lcz
Ae - A -— ... (2A-D

where

c n L ,
cT

A - gradual index change,

L - correlation distances parallel to the
cz

direction of propagation.

L - correlation distances transverse to the
cT

direction of propagation.

The mean square temporal angular variation within a coherence

interval is

^2 u ^2 (_££ )2 ... (2A-2)
c c T

LcT
Over a path length L , the beam traverses L / LqZ

coherence intervals. Because the deflections are uncorr

ected from one interval to the other, they add upon a

mean square basis and the total mean square deflection



_

LP

Lcz
6

• 25 -

<*6MS> 3
L L

cz p

A n2
L2
LcT

...(2.if-3)

2.if.6 Random Phase Change

Phase changes may take place at random in the direc

tion of propagation or perpendicular to it. The phase varia

tions over the collecting aperture imposes limitations upon

the maximum permissible amplitude modulation rate MR

2 * c

MR <£ JZZZ==ZZ ZZZ==Z=Z_ •*• (2A-if)
2L L -n2
A p c

1 - exp (-D2/L2 )

D - collecting aperture diameter

2.if .7 Random Cross-section Change

A more serious limitation is caused by random

changes in beam cross-section. The change in beam cross-

section sets a lower permissible limit to the modulation

depth w . The signal-to-noise ratio is given as
r m °

P w

*±- . -i ...(2.^5)
PN

where

51

^1

I - initial undistorted intensity and

61 - change in the intensity.

The maximum tolerable value of w is one which satisfies
m
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1/2

< wm < 1 ...(2.if-6)

2.if.8 Phase and Frequency Fluctuations

Hodara f72~\ investigated the effects of atmospheric

turbulence on the phase and frequency of optical waves.

Turbulence induces random variations In optical path length

along the various rays that make up the wave front,, It

results in phase fluctuations across the beam as well as

along the beam. The former degrades the spatial coherence

across the wave front, twisting it and bending it in random

fashion. The latter reduces temporal coherence along each

ray causing random frequency modulation. The spatial phase

instability is described by comparing the phases of wave-

fronts at two neighbouring observation points spaced P^

apart in a plane perpendicular to the mean direction of the

arrival of the beam. At these two points the phases are

Ph1 = wQt + U1

Ph2 = wQt + f2
...(2.A-7)

TjL and y are random variables describing phase fluctua-
2

tions with zero mean and< A ¥ >variance.

There are three quantities which are found to be

useful to describe phase instabilities

The cross-correlation function
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? (fV "^1 ^2> ... (2A-8)

Structure function

VP*} = <(Vi 3)2> ...(2.if-9)

Coherence function

Yl2(Pje} =<exp [iO^ -U2)]>...(2.»f-10)

2.if.9 Frequency Instability

It has been pointed out that it is easy to measure

the rate of change of phase in terms of frequency. Refractive

index fluctuations along the path cause random variations

in the arrival time of the successive wave fronts. The

mean square frequency deviation is given as

A f*

where

L L
P c

Y*

< A nd>

2

- path length

correlation length

correlation time

...(2A-11)

2.if.10 Polarization and Angle of Arrival Fluctuation

Atmospheric turbulence produces fluctuations in

polarization of laser beam. The initial polarization can

be resolved into component E. in the plane of incidence
IJv

and E1 parallel to interface, then,

tan Ph

E

...(2.if.12)

1x
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gives the initial angular direction of polarization. After

refraction through the interface the transmitted components

have different values E and E corresponding to a change
2X tdj

in polarization given by

E
2y

tan (Ph + A Ph) = ...(2.^-13)
E2X

pf a beam is propagating along a z-direction and

at any point the correlation distance are L and LcT,

parallel and transverse to the direction of propagation,

then the random polarization variation is given as

A Ph2 = "<

—2~ T2An^ Lcz

L2
cT - cz

This shows that mean square deviation in polarization angle

is proportional to the mean square refractive index change.

2.5 ATMOSPHERIC SCINTILLATIONS

An infinite plane wave travelling through a turbu

lent atmosphere is subject to severe perturbations of its

phase and intensity due to various physical effects caused

by turbulence [39] QiO] [if3] [51] [53] [5*f] [93] [9*f] &19] [j20]
PI 59]- '

A convenient way of describing the intensity fluc

tuation is in terms of the fluctuations of the logarithm

of amplitude. One is concerned with the covariance of the

log amplitude measured at two points on a plane perpendicular

to the nominal direction of propagation. The results concerning

L

— ...(2.if-lif)

L
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the log-amplitude covariance for propagation of an infinite

plane wave were derived by Tataraski [l583 . The root mean

square log-amplitude fluctuation U. and r.m.s intensity

fluctuation o- for a plane manochromatic wave propagating

through the atmosphere may be approximated for small signal

fluctuation by

U2 a log (A/AQ)2

= 0.31 C2 K7'6 L1V6 ...(2.5-D
n w p

2 _. 1^2 ...(2.5-2)
or ri

where,

A - amplitude of the turbulence distorted

electromagnetic wave

A - amplitude in the absence of turbulence

L - path length traversed

K - wave number

Fried et al [52] made measurements of the scintillation of a

laser beam after propagating over a 8 km path near the ground.

Measurements were made of the statistics of scintillation

for various collector sizes and under varied environmental

conditions. They obtained accurate measurement of the

refrac tive index structure constant, under variety of

conditions. For laser beam propagation the collector

aperture should be much less than the correlation distance.

In a ground to ground optical communication it is necessary

to reduce scintillation to prevent carrier fading and conse

quent loss of information Fried and Schmeltzer [50] analysed
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the effects of scintillation on an optical data channel

and presented the numerical results. Fried [51 J examined

theoretically the effect of atmospheric distortion of an

optical wavefront on the performance of an optical hetero

dyne detection system. The point of interest is the way

in which the distortion of the wavefront and intensity

variations affect the detector performance, particularly

the average signal to noise ratio.

2.6 STRUCTURE FUNCTION AND LOG AMPLITUDE COVARIANCE

The statistical theory of optical propagation

in a randomly inhomogeneous medium has been given in terms

of the logarithm of the amplitude of irradiance by Tataraski

Cl58l . The refractive index variations along a path of

propagation modulate the intensity in a multiplicative

manner. The variations induced in each subrange of the

path then combine multiplicatively such that the effect

of the atmosphere in each subrange is independent of the

initial degree of coherence. These refractive index varia

tions modulate the logarithm of the intensity and the

amplitude in an additive manner, that is, the observed

variation of the log-amplitude is the sum of the many

random perturbations induced at various places along the

path of propagation. As a consequence of the central

limit theorem, the variations of the log-amplitude should

follow a normal distribution.
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During sunrise and sunset, temperature gradients

close to the ground gradually change due to preferential

heating or cooling of the air with respect to the ground

and cause a steady drift in the mean value of refractive

index. Thus the process is no longer stationary. Tataraski

[158] called such processes as random process with station

ary increments and said that a more adequate characteriza

tion of atmospheric turbulence for such processes is struc

ture function defined as the mean square difference between

index fluctuations at two points.

It has been shown by dimensional analysis that

the structure function is given by the relation

D = C2 r2/3 ...(2.6-1)
n n

in the interval between inner and outer scale of turbulence,

within the inner scale of turbulence, structure function

is given as

Dn = Cn *'o/3 Cr/V2 ...(2.6-2)
The approximate value of structure constant is given as

p <1.9 An2>
C£ 0c ...(2.6-3)

T2/3
Lo

Fried ' 52\ developed the techniques for measurements of

turbulence induced effects on optical propagation as a basis

for remote probing of atmosphere. The optical strength of
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turbulence is measured by refractive index structure cons-

tant Cn(z) . At present there is very little data available

on the value of optical strength as a function of altitude.

A relationship exists between the spatial covariance

of scintillation and the distribution along the path of

propagation of the optical strength of turbulence. The

former is measured by the conventional log-amplitude cova

riance and the latter by the refractive index. The two quan

tities are related by an integral equation as

7/f. co ^ ., „ K p2
C*(P) = V I z5/6C2 (z) F( -JL-) dz ...(2.6-6)

0 n ifz

K P2
where F( r*—) is a function which is represented in a

series form. An analytical expression is also known C903

for the function of log-amplitude covariance to include

its temporal and spatial dependence. The spatial"temporal

log-amplitude covariance is given by

VP>V •Kw/6 J«5'6 C2(z) f[^- (p -V(z)ts}2 ]dz
, v ...(2.6-7)

where V(z) is wind velocity at an altitude z.

From Eqn (2.6-6) and Eqn(2.6-7) the values of the

structure constant at various altitudes and the values of

spatial-temporal log-amplitude covariance can be found.

Fig. 2-1 and Fig. 2-2 indicate the variations mentioned

above. The covariance data can be used to determine the

expected signal-to-noise ratio [85J .



CHAPTER - III

M-ARY LASER DETECTION IN BACKGROUND RADIATION NOISE

3.1 INTRODUCTION

The reception of signal in noise presents problems

of critical importance in the theory of communication,since

noise of varying degrees always obscures the desired signal

or message. Because the observation period during which the

signal may be recovered is necessarily limited and because of

the inherently statistical character of signal and interfe

rence, information is lost and recovery incomplete. Of

course, reception of signals under such conditions can

usually be carried out in a variety of ways, but very few

of these possess optimum properties.

The performance of communication systems employing

M-ary signalling alphabet in a noisy environment is of para

mount importance. Their high capability of information

transfer, one of M- possibilities, makes them attractive

to any potential user of such a communication. At the

same time, the immunity to noise and the required bandwidth

and symbol duration of the signals of M-ary communication

system must be answered before a decision on its desirabi

lity is made. The equipment complexity, the sensitivity of

the M-ary system to network tolerances and to unexpected

changes in noise statistics must be ascertained.
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In the past, analysis of binary communication and

detection, both for phase coherent and phase incoherent has
received wide attention L6][8 ] [l3j [22] [23] ^ [26J [31 j [65]

[68][l1>f][ll5][l16][l25j Mi137' •

The derivation of error probabilities and channel

capacity under fading conditions, random multipath and non

white noise has also been given [11 ][12] [l*+][l5»] W W
l>5j L57j [61J [62] I69J [79] [100] [108] [l 3^j [l23] M &»]
[15^] [157] [160] .

For M-ary communication, a number of results of

orthogonal signals are available. Some approximate results

for the error probabilities have been derived by various

authors [1] [10] [66] [78j [97] [117] [118] [128] [129] D30] [W]
[1U93D50] [170] [161] [173].

The problem of optimum reception of binary Gaussian

signal and M-ary Gaussian signal in Gaussian noise in terms
of the observable waveforms has been considered and a scheme

for deciding among Malternative mean and covariance with

minimum probability of error has been given by Kadota [81J

[82] [83] -.

To cope with the large communication traffic

over various distances on overland routes, greater signal

band widths are required. For large bandwidth, the use of

laser beam to communicate information is becoming increasingly

important. In a laser communication one is concerned with
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a photon counter at the receiver and the ensuing photo

electron statistics that results when a laser beam is

incident on a photoemissive surface of the counter.

A knowledge of the output statistics of a quantum

detector is necessary for the application of the techniques

of optimum detection and estimation theory. In the physical

theory of coherence these statistics are a means by which

the light incident on the detector can be studied. In both

the cases, a useful statistics, which is relatively easy

to evaluate is the probability of detecting events or counts

in the given interval of time. In an idealized detector,

the conditional probability of k counts in a given time

interval, with known incident radiation, can be shown to

obey Poisson law, with the time average intensity of

the field as rate parameter. There have been a lot of

controversy regarding the detector statistics. The assump

tion of Poisson statistics is valid for dark current and

background illumination of thermal origin and for signals

from a thermal source such a luminiscent diode at small

signal level encountered in a communication receiver.

Photon statistics and communication under Poisson regime

and communication with lasers has been of interest to

many workers [if] [7j[33] [36] [77] [38] Q*] [VJ [**8] [58] [8o]
[86] [873[88] [98] [99] [no] [132] [j33j [H*J[l63J •Usually
signals from lasers do not exhibit exactly Poisson distri

bution. However, for signals from a single mode or a mode
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locked multimode laser with coherence time long compared

with the duration of the signal pulse and operating well

above threshold, the Poisson statistics is valid.

In what follows, after giving a brief idea about

photon statistics and background radiation noise, a det

ailed study for the detection of a set of all possible

M-ary coded system each using large average photon statis

tics has been carried out. An expression has been derived

for the upper bound on error probability averaged over

this set of systems.

3.2 PHOTON STATISTICS

The description of the photo-electron statistics

emitted from a material stimulated by sources has been

treated both semi-classically and strictly quantum mecha

nically. The semi-classical treatment amounts to treating

the light incident on a photo-emissive surface classically

and using first order perturbation theory to account for

photo-emission from the surface matter. For a number of

situations, the two approaches yield similar results.

Mandel [105] [106] has shown that the probability of photo-

emission of electrons in the interval t to t+ * for any

time t is

1 r i np(n,t,f) = 11 U(t,<) exp [-11 U(t,T) ...(3.2-1)
[n
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U(t,*) = I(t») dt« ...(3.2-2)
f

I(t) - instantaneous incident intensity

This result is obtained by solving the problem of an elec

tric field interacting with a photo-emissive surface using

perturbation theory. The probability of emission of a single

electron in the time At is

p(1,t,f) At = 11 I (t) At ...(3.2-3)

where,

i\ - quantum efficiency of the detector

The average mean count recorded in time * is

n = H U ft,*) ...(3.2-if)

and the average variance recorded in time * is

o2 = n + il2 (AU)2 ...(3.2-5)
n

here,
(AU)2 a U2(t,f) - U(t,f)2

n in Eqn (3.2-5) represents the fluctuation associated with

particles obeying a Poisson distribution and the second term

in Eqn (3.2-5) can be interpretted as a photon-bunching

effect called the excess noise.

When the output of the laser is a mixture of many

modes plus noise, the distribution can be difficult to find.

The extension of semi-classical techniques to a source that

is a mixture of multimode signal plus noise has been attemp

ted by Hodara and others.
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In optical receiving system, photodetectors con

vert the observed optical radiation into electrical output

signals. Output is modelled as a sequence of electron

counts and the optical photoelectrons obey Poisson statis

tics. The occurrence of event over an observed interval

At is said to obey Poisson process if the probability of

exactly k events occurring is given by

(nAt)k e"nAt
p(k} _. ...(3.2-6)

The parameter n is the average rate of occurrence and is

called the intensity of the process. If the event occurs

in a sequence of interval At , in which density may vary

from one interval to next, but is constant over each

interval, then it is a discrete time varying process. In

photo detection each event corresponds to the emission of

an electron which occurs upon arrival of a photon, each

photon having a fixed energy. The level is therefore

proportional to average energy received per interval,

while the intensity n is proportional to the average power.

When the average number of arrival during the

observing time is large, the fluctuations approach a Gaussian

distribution about the mean with o- = Jn . The emission

photoelectron statistics from an idealized photoemissive

surface when laser light impinges on it, has been examined.

Both experimental and theoretical treatments have been given
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by various authors. In practical communication systems,

the received radiation, which has propagated through a

random medium may loose its coherence. In addition, the

receiver photo-emissive surface may not be uniform. Thus

the condition maintained in the laboratory when verifying

theoretical work may not be reproducible in a practical

communication system.

3.3 NOISE CONSIDERATIONS

Optical receiver performance is often limited by

background radiation from the sun, moon, planet , stars

and sky. These radiations impair the laser signal thereby

increasing the detector shot noise level.

Background noise is analysed by modelling the

receiver photodetector output as a Poisson process with

a rate parameter proportional to the detected optical

power P. With P in watts, the average detected current

I in amperes is found to be

I a ...(3.3-D
hv

where,

il - is the detector quantum efficiency

v - is the frequency of the incident optical radia

tion in hertz.

The mean square fluctuation about the average current I has

the value 2q I B, where B is the electrical bandwidth of the

photodetector in hertz. This variation is often represented



- hO -

as a noise current whose r.m.s value is J2q IB . The current

I is composed of three component currents: the current

I resulting from detector information carrying signal
s

p . the current I, resulting from undesired background
S • D

P. and dark current ld . Hence,

i = i. + h + h

=^-(Ps +V+Id ...(3.3-2)
This equation shows that the noise current fluctuations

occur even when the dark current I, and background current

I. are negligible compared to the signal current Ig« This

is the case of noise in signal or self noise. Of course,

background noise and dark current add to these self noise

fluctuations in every laser communication system and thus

it becomes desirable to minimize their contribution. The

mean number of photon in a single quantum state is

rfs = 3 ...(3.3-3)
ehv/kT . 1

In order to arrive at the amount of fluctuation in the radia

tion itself, one must consider the fluctuation in each

quantum state.

The mean square fluctuation in the photon case is

given as,

~2 _
ns

ehv/KT

(ehv/KT „.l)2

= fT (1+ nj ...(3.3-if)
s sy



The noise energy in a signal will be at least hv , the

average background noise competing with the signal may

be much less than hv if average number of background

photons are much less than the number of signal photons.

Since this means that in the same time frame in which one

signal photon is received, on the average, much less than

one background photon will be received.

Discrimination against background noise can be

made by choosing a detector with high quantum efficiency.

The background noise can be minimised by s

(i) Reducing the input optical spectrum to that of

the transmitted spectrum by means of an optical

filter.

(ii) Reducing the field of view to the minimum poss

ible for system operation.

(iii) Reducing the post detection bandwidth to the

minimum that will pass information.

In short one can say that the best detector to

discriminate against the background noise is the detector

with the highest quantum efficiency and the best detector

to discriminate against internal noise is the detector

with the lowest noise equivalent power.
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3.if CHARACTERIZATION OF PHOTON COUNT DETECTION SYSTEM

In the laser communication system, as has been

previously mentioned, one is concerned with a photon coun

ter at the receiver and the ensuing photo-electron statis

tics that results when the M-ary laser beam is incident

on a photo-emissive surface of the detector. The model of

such a communication system is shown in Fig. 3.1.

The transmitter sends a signal whose intensity is

modulated with one of a set of M-possible intensities each

T second long. The received signal is corrupted by back

ground radiation noise. The output of the photo-detector

at the receiver is a time varying process of electron

counts. The receiver observes the counting process over the

time interval (0,t) and decides which of the M-possible

intensities is received. The information signal may take

any one of the Mpossible forms {m^ where i =0,1,2,...,M-1

with the sequence of discrete digits it is possible to

characterize the transmission capability required to

communicate the source output to a distant terminal. In the

simplest case, one can have a source that produces statistically

independent binary digits, each of which is equally likely

at a uniform rate of I bits / second. During any interval

of time T, this source generates a sequence of IT binary

digits. The transmitter alphabet consists of L photon

count levels (a.. ,ap,... ,aL) each having the dimension r.
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The output of the transmitter will thus be a different T

second long multiphoton count signal. This output is desig

nated as,

(Pi) = (Pi1 I Pi2 * *••' Pir ) ...(3.if-1)
i = 0,1,2,...,M-1

The output of the photodetector consists of a vector set

of the photo electron counts

{Qi} =(qi1> qi2»*~ 'qir} ...(3.if-2)
i = 0,1,2,...,M-1

Each of the q.«s consist of two components, one is the

average count which is the result of the signal current

while the other is caused by the thermal and shot noise

produced in the photodetector. If the efficiency of the

detector is il , then the vector set JV.l of the average
component is given as

K) = Oph . ip12, ...,iPlr)
...(3A-3)

i a 0,1,2, , M-1

= <vn i vi2 ,... ,vir)
...(3A-if)

i = 0,1,2,...,M-1

The vector set of noise photo-electrons is given as

/hA> Cnt1 , n.2 , ..., n±r)
...(3.if-5)

i a 0,1,2,...,M-1
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3.5 PROBABILITY OF ERROR BOUND

In this section the objective is to derive an

expression for the average error probability bound for

the entire ensembles of possible signals of the transm

itter output.. This will help in making a judicious choice

of particular signal to meet any given performance criterion.

It is assumed in analysis to follow that the photon count

represented even by the lowest alphabet letter is large

and the maximum distance between the alphabet letters is

very small. Alphabets are also assumed to be equispaced.

The probability density of receiving Q.± counts

is given by the Gaussian distribution since the photon

counts are assumed to be large [122] [131] . Therefore

2 -1f(Qi/V±) =
(2*V) r/2

exp -(Q±- V±)d /2V] ...(3.5-D

where,

V

V.

b.
0

'ot

vi + °t • T

1

L

L

J=1

"H a.. , j a 1,2,...,L

o^_ - variance of the detector thermal noise

current.

^ot ™ observation time

C - charge of electron
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To reduce the error, the average signal photo electron

count at the receiver has been taken as v , the arithmatic

average of various letters of the received alphabets. The

optimum detector observes the entire sequence and decides

in favour of that mi which maximizes the a-posteriori

probability, that is, the receiver sets the optimum

value of m. as m = mk ,if f(m±) f(Q1 /v±) is maximum

for i = k , where i = 0,1,2,... ,M-1. f(n^) is the a-priori

probability of the transmitted message. Since the logari

thm of a function is a monotonic function therefore, the

maximization of the a-posteriori probability given above

is equivalent to the maximization of

log [f(m.) ftQ./v.) ] ...(3.5-2)
Substituting Eqn (3.5-1) in Eqn (3.5"2) it follows that

the maximization of Eqn (3.5-2) is equivalent to the

minimization of

(Qi -V^2 -2V log [f(mi)l ...(3.5-3)

This decision rule can be implemented either by a bank

of correlators or matched filter.

Since the average number of photo-electrons during

the observing time is large, the fluctuations approach

a Gaussian distribution given by C131 3

f(N±) a exp
(2tt V)r/2

- |N.|2/ 2V ...(3.5-if)
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Let f(E/Vk) denote the probability of error when the trans

mitted signal ism,. An approximation to f(E/Vk) for any

set of M equally likely signals in additive Gaussian

noise is obtained by noting that an error occurs when Vi

is transmitted, if and only if, the received data is

closer to at least one signal v"k , k ^ i, If E^ is

used to denote the event that the receiver decides in

favour of V. when V, is transmitted , then

f(EAk) =«ib^ U ... B^)
Now since the probability of a finite union of events is

bounded above by the sum of probabilities of the consti

tuent event

.'. f(E/Vj /

where,

Q(x) =

M-1

i=o

i*k

M-1

H
i=0

2tt

f <**>

' <W
Q

JW

co ,t2/2
e dt

.(3.5-5)

The average value of the probability f(E, .) is given as

. xfow
for all
photon
count

fCrp n\±) ...(3.5-6)
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M-1

f(EAk) = J>_
1=0

M-1
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for all
photon
eount

f(Y.) f-CB^)

>__ f<\i>
1=0

i^k

...(3.5-7)

It is well known from the theory of Q-function that

...(3.5-8)Q(x) < exp [-x2/2

Vvk

Juv

< exp

= exp

L

« II exp

(vi -v2
8V

1 J— 9-— V~ (v.„ -V )2

-~ ^-w2 ...(3.5-9)

where v\^ and VkJ^ are the components of V± and V,

respectively. The average value of f(E..) will be

f(\±) < B exp 8T (vi* vk*> ...(3.5-10)

*a1
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Let the distance between the S"1 alphabet and u alphabet

be

"Su

s,u = 1,2j...j L

Further let,

vi& = bs and \ib = bu » then

<*!«, - V 2 =dsu
over the ensemble of photon signals, the probability of the

joint event (viA = bs , V^ = b ) is f f , independent of

the coordinate lb , therefore,

a (b - b )
s uy

lsu
a f (Vi* " \t)

...(3.5-11)

= fsfu ...(3.5-12)

independent of all i and k.

The statistical independence of (V.- - V-. -\ permits the

simplification of Eqn (3-5-10) by using the fact that the

expected value of a product of statistically independent

random variables is product of their expected values.

Therefore, Eqn (3.5-10) can be written as

r

f(\t> < II E

From Eqn (3-5-12)

1

exp

8V
(Vi* - \*>

E exp <vi* - V
L

= z
3=1 U=1

(Vi«T \*> 2= d2
su

exp

...(3.5-13)

-r.2
"I

dsu / 8V
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L L

fs fu exp (-dsu / 8V) ..-(3.5-1^)

s=1 u=1

...(3.5-15)

Let, r-

L L

Io = - log Z Z Vu 8XP ("dsu ' 8V)
s=1 u-1

r L L p -i
•*• %'<H Y J fsfuexp -d2u / 8V

. fc1 S=T £1
r

- 11 ^
fcsl

= a^o

-r»T

'• f(\i) < 2" ...(3.5-16)

Since the bound given by Eqn (3.5-16) is valid for all

values of i and k

...(3.5-17)f(Eki) a f(E)

If I is the transmission rate in bits per dimension, then

M= 2rIr .Therefore using Eqn (3.5-7), (3.5-16) and (3-5-17)

*™ < 2"r(I°~Ir) ...(3.5-18)
Eqn (3.5-18) shows that as long as the transmission rate I

is less than the factor I , the average probability of error

can be made arbitrarily small by taking the dimension r

sufficiently large. In the special case when all the

alphabet symbols are equally likely, then Eq. (3.5-15) gives
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1 Y V" exp (d2 /8V)
I a - loe^ ~3 *— •£— su
xo 62 l2 3=1 u=1

d„ can be expressed as
su *

bL - b1d = Jt L(s-u)
su l-!

b =0.99 b
1

If

L

.-.(3.5-19)

d = 2j21 (s-u) -..(3.5-20)
L-1

With Eqn (3.5-20) in Eqn (3.5-19) it is seen that I can
o

be expressed as a function of b£ / v - a measure of peak

received signal energy divided by the noise power. Values

of I have been calculated for different values of bT / V
O 1j

with the help of IBM 1620 computer and results obtained

are shown in Fig. 3.2 . The computer program and results

are shown in Appendix II. From Fig. 3.2 and Eqn (3.5-19)

it is evident that maximum value of I is

(1 ) - loe bits / dimension
v o'max ^2

and the exponentially decaying nature of average probability

of error given by Eqn (3.5-18) now holds for larger informa

tion rates per dimension.

3.6 COMMENTS

It can be concluded that for a laser communication

system the probability of error achievable with optimum

(BffftAL Lisww wwasmr of roorkee
ROORfcEB
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a-posteriori probability computing receiver satisfies
rlr

the simple bound given by Eqn (3.5-18) with M = 2

and I a function of signal energy to noise power ratio

as given by Fig. 3-2.

With the help of the bound given by Eqn (3.5-18)

it may be possible to attain any required standard of

performance in terms of the allowable probability of error.

Reliability has always been considered during system

design . However, as systems have become increasingly

complex, the reliability problem has become more acute.

A major objec tive of system reliability analysis is to

investigate the means by which a reliability requirement

or goal can be achieved in the best possible way. This

means a thorough analysis of the relationship of reliabi

lity with the other important parameters of the system.

In the previous section, the average probability of error

for large average photon statistics has been derived.

More complete knowledge of the achievable error performance

provided by I is embodied in a function called relia

bility function [8lf] as is discussed in Appendix I.

The reliability equation shows that reliability

depends on number of parameters, such as average number

of signal photon, average number of noise photons,

information rate and the channel capacity. For the laser

communication system to be more reliable, the average



- 52 -

number of noise photons should be less. This can

be made small by avoiding the background radiation.

Therefore in the system, there should be proper arran

gement to nullify the effect of background radiation

which can be done by the use of proper optical filters,



CHAPTER IV

BY ATMOSPHERIC TuBHIT.TffirnR

>t.1 INTRODUCTION

The performance and structure of a receiver in a
communication system depends on the form of signal used to
transmit messages and on the nature of random noise that
accompanies the signal . The tools of probability and
statistics are used to design receivers which discriminate
noise corrupted signals from noise only or which distin
guish between different signals in the presence of noise.
By an optimum receiver is meant a receiver which best
satisfies a given criteria under a given set of assump
tions. The principal approaches of optimizing the recep
tion of signal contaminated with noise has been conside
red cy various authors, one of the criteria for optimum
reception is the maximization of signal-to-noise ratio
This was one of the earliest criteria investigated. Pre
viously, band-pass filtering techniques were developed
to effect discrimination between a desired signal and an
interfering signal with adjacent but non-overlapPing
spectra. Matched filter theory is one of the important
results of this criterion.

Another approach to the optimum reception problem
that has received considerable attention is based on the
methods of statistical interference. The application of
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statistical decision theory to problems in communication

is being actively pursued. Despite the power of the method,

certain limitations restrict its range of application.

Those limitations result from requirements on the system

model that can never be completely satisfied in practice.

One limitation is concerned with the cost assignments. A

more important limitation stems from the need for a-priori

information concerning both the signal and noise processes.

It has been found that the receiving process can

be described as a transformation from a set of a-priori

probabilities to a set of a-posteriori probabilities

for every possible transmitted message. It can be explained

by means of an ideal observer that calculates the

a-posteriori probabilities of all possible message from

the received wave form and present this information to

another observer at the receiving end, in suitable form.

Since the received waveform usually contains more informa

tion than that required to compute the a-posteriori probab

ilities, the total receiver must eliminate undesired infor

mation. Undesired information in this context refers to

extraneous noise interference as well as information not

pertinent to the desired output. Once the ideal observer

presents the available information in the form of an

a-posteriori distribution, the observed may select

the most probable message as the one with the greatest

posterior probability.



- 55 -

Let X ,X ,...,Xn constitute a complete set of

possible transmitted signals,with a priori probability

p(X^) associated with the signal X , Let y-j »y"2> •••>yn

represent the possible received wave form.If X^ is

transmitted and y. is received, yk may not be identified

with X. because of noise. After the waveform yk has been

received, the state of knowledge of the observer is altered.

In the case of noise free transmisssion medium, one signal

in the set is unmistakably singled out, that is,its proba

bility of occurrence has increased to unity. The proba

bilities of occurrence of all other signals in the set

simultaneously decreases to zero in this case.

If, however, waveform yk is contaminated by

noise there is a doubt concerning the exact identity of

the transmitted message or signal. This is particularly

true when two or more signals in the set are similar to

one another. In this case the situation after reception

can be represented by a set of a-posteriori probabilities

which describe the probabilities that the received waveform

y, contains signal X±. The a-posteriori probability

that signal a. is present in yk is described by the con

ditional probability p(X±/yk) that is, the probability of

X given that y is received. Thus, in the a-posteriori
i k

theory of reception, a posteriori probability and proba*

bility densities provide a complete description of the

results of the receiving process. In order to attack a
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problem by using statistical methods, certain information

must be available before hand. One should know, more

particularly, the statistics of noise and, if possible,

also the statistics of the signal. The less one can

assume known concerning these, the more difficult is

the solution in general. A clear statement should be

available concerning the number of alternatives among which

the decision must be made. In addition to this, another

datum is required for the problem, namely, a criterion

of excellence by which the performance of a reception system

can be rated and with respect to which the optimization

can be carried out. Once the criterion is selected, the

optimum system is in principle determined. It is important,

however,to understand the strength and the limitations

of this theoretical approach. in practice , performance

specifications are rarely explicit enough, to fix the

optimum system uniquely . More often, the designer must

himself supply a definition of best for the situation

at hand, which is sufficiently precise to determine

a unique system and which at the same time accurately

reflects the given design constraints.

Optimum design depends on the nature of signal

and noise statistics, and it is usually assumed that some

knowledge of these is available. However , in practice

reliable estimates of these distribution, are not easy to

obtain. So optimum performance may be defined and determined



- 57 -

in situations where the signal probabilities are unknown,

or only partially known.

The theory of posterior reception has been app

lied to a laser communication system using photon counting

detection to obtain optimum receivers in the case of

signal perturbed by background radiation noise and by

random variations in phase and gain due to atmospheric

turbulence.

In the subsequent sections, after the precise

characterization of the additive noise, the randomly

varying parameters and the transmitter, an analytical

expression has been derived for the a-posteriori proba

bility of detecting the M-possible signals and then to

give a decision in favour of that signal which gives

the maximum a-posteriori probability,. The receiver

structures are also propose-d.

if.2 ADDITIVE NOISE CHARACTERIZATION

Optical receiver performance is often limited

by background radiation from the sun, moon, planets, stars

and sky. Background radiation impairs laser signal detec

tion by increasing the detector noise level. The origin

and magnitude of the several kinds of background noise,

including background radiation sources viewed directly,

radiation reflected from background objects and radiation

scattered by the atmosphere into the receiver field of
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view has been discussed at large. Also the effect of

background radiation noise on the performance of optical

system has also been dealt with by various authors.

Reception with the sun as a direct background

is usually not feasible because of its high brightness.

The sky presents a background radiance due to scattering

of incident radiation and due to emission by atmospheric

particles as a result of absorption of incident radiation.

At night, incident sky radiation, is due to star light,

galactic light, air glow and scattered light from

these sources.

Background radiation from the moon and planets

consists of reflected sunlight and self emission, by the

bodies. The reflected radiation spectrum is the same as

the sun's spectrum, but the radiation intensity is reduced

by the absorption of the body. The spectral distribution

of radiation reflected from the moon and the planet is

similar to that of the sun differing primarily in magnitude.

This magnitude is determined by the distance traversed by

the radiation, the ratio of the total reflected radiation

to the total incident radiation properties of the reflect

ing bodies and its orientation with respect to the sun and

the receiver.

The background radiation noise is assumed to be

additive noise, the samples of which are statistically

independent. This assumption ensures the maximum randomness,
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Also, let it be that each sample of the additive noise

has the same mean square value so that the squared samples

contribute to the total energy of the noise. If all the

samples are assumed to have Gaussian distribution with

zero mean, then the entropy will be maximum. Such type

of additive noise is stationary white Gaussian noise

as given by Woodwards [169] . The probability distribu

tion is given as :

p( n) a k exp
1 T 1

n2(t)dt ...(if.2-1)
N i i
° 0

This has a constant power spectral density N over the

bandwidth sufficiently wide to cover the transmission

band. In Eqn (if.2-1) T represents the length of the noise

data and k is the normalizing constant of the density. This

noise is further assumed to be independent of signal and

channel disturbances.

if. 3 CHARACTERIZATION OF RANDOMLY ViiRYING PARAMETER

The preceding section has dealt with the statis

tical characterization of the background radiation noise

which accompanies the signal. However, this is not the

only undesirable feature which affects the signal parameters,

When a laser beam traverses through the atmosphere, then

it comes across the inhomogeneities in the atmosphere which

are called eddies . These eddies are of various sizes.

The message signal after having encountered with the
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inhomogenieties takes number of transmission paths. Each

path has a different path length and transmission delay,

but for one particular path the length and delay may be

assumed to be fixed. Because of the difference in path

length and transmission delay, the transmittance of the

signal varies. The variation in transmittance gives

rise to distortion of received signals, with resultant

transmission impairments of various kinds. The trans

mittance variations give rise to distortion and inter-

symbol interference so that the error probability is

increased.

In the turbulent case one is faced with a slowly

varying fading channel which differs from the often

considered Gaussian fading channel because the amplitude

variations have a log-normal rather than Rayleigh distri

bution.

The liability to deep signal fades and resultant

excessive transmission impairments can be significantly

reduced by various methods which depend on resultant

probability distribution of the combined signal-to-

noise ratios.

In order to describe the random phase variations,

its probability density should be such as to specify the

variations in a generalized form. This density can be

given as
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exp (°( cos cp)
p(cp) - — , -* < cp *f tt

2 TT I (O

...(if.3-D

where,

o( - spread of density

I (ot) - Bessel function of first kind.

Eqn (if.3-1) gives a family of densities, members of which

depend on the values of °< . This family of probability

density for phase angle has been described and plotted

by Vantrees (16*0 , and as mentioned by him was first

used by Viterbi [165 3 •

The probability density for the random gain varia

tion can be specified by taking into consideration the

fact that in the case of turbulence the multipathing severe

ly affects the gain of the received signal [161 . The

mulcipathing causes the gain in the signal to fade in time.

As indicated by Brookner Pi6"] » this type of gain variations

of the signal have log-normal distribution given as

1

P(G) = zzr exP
o-G 2"rr

(log G - A* )2

2 o-2

where,

(* - average value of gain
p

cr - variance of the random gain

...(if. 3-2)
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if.if TRANSMITTER CHARACTERIZATION

The transmitter sends a signal whose intensity is

modulated with one of a set of M-possible intensities each

T-second long. One can associate a signal energy component

mk for the k intensity. Thus the transmitter sends a

set of M-message signal a,^,....,*^...^. During an inter
val of T-sec, one of the M equal energy signal is known to

be transmitted. If signal mR is generated, then the infor
mation which is transmitted into the channel is given as

mk cos tot .The output of the channel will be xk under
the hypothesis than mk was transmitted. The signal x

is perturbed by additive noise which is due to back ground

radiation. The additive noise is assumed to be white

Gaussian noise n(t) with a constant spectral density N
* o

Due to the atmospheric inhomogeneities in the turbu

lent atmosphere, the transmitted signal takes a number

of paths which is called multipathing. Due to this multi

pathing there is time delay in receiving the signal. Each

path has got different path lengths, different transmission

delays, gain and phase but for one particular path these

parameters namely path length, delay, gain and phase may
be assumed to be fixed. Let G., cp. and r. be the gainj
Phase and delay for this ith random path. At any instant
of time, the state of the multipath is characterized by
the vectors :
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G = G.., Gp, ...G^, ...) Gn

I B ?H ^2J •••9i' '*'•" 9n
7 — T T f T

- 1> 2' *** i' *" ' n

..«(W»»1)

mm mm

The variation in each parameter is random. Thus G , 9

and ? are random variables each of which can be repre

sented by a probability density function. The multipath

channel is represented as (G ,? ,r ) where the symbols

G ,9 and * are defined by the equation (if.if-1) . Thus

the output of the channel is given as,

xk

n5~ G.mk(t- <1). cos (Wt + <p±) ...(if.if-2)
i=1

During transmission, the signal is perturbed by the

random variations in phase and gain, which has also

been taken into account in the subsequent section for

the computation of the optimum receiver structures.

if .5 ANALYSIS FOR a-posteriori PROBABILITY AND THE RECEIVER

STRUCTURE

The transmitted signal xk is perturbed by

background radiation noise n(t) which is assumed to be

an additive noise. The resultant signal S is the observed

data for that particular transmission. Thus the observed

data is given by the equation

S = x. + n (t) ..,.(if.5-1)
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The probability of receiving the signal S when xk was

transmitted under the channel condition ( G , <P , r ) is

denoted as Pk(S/ G,9," ) . From Eqn Of.5"D » one can
infer that this probability will be the same as receiving

the noise data n(t) when the signal x. was transmitted.

This is mathematically expressed as,

Pk (S/ G,5,~) • Pk [n(t)]

...(if.5-2)

Using Eqn (if.2-1)

Pk(S/G,9,?) = k exp
N

] (S-x^2 dt

= k exp

a k exp

o 0

1 TJ (S^-2xkS)dt
N

o 0

1 f T

N
o L 0

,2. 2

JS2dt +J x^dt -2 J^Bdt
o o

...(if.5-3)

T

Since the received waveform S is known, the integral J S dt
0

is constant. Further, if the energy in each transmitted

signal x is chosen the same for all the nessages , then
K

T

I
T
f x2 dt is also constant. Also, the noise power density

•t k

N can be measured prior to reception of S. Therefore, the
o

first two terms in the exponent of Eqn (U-.5-3) are constant

and the equation can be written as :
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Pk(S/G,cp,") = K(S,xk) exp

where,

K(S,xk)= k exp - 1
N o

_ J x S dt
0

rT T

'S2dt + / x2 dt
0 0 K

J
.(h.5-h)

...(if.5-5)

Substituting (if.3-1) in Eqn (if.5~if)

Pk(S/G,9,tr)= K(S)Xk) exp

n

2S T n
— f I G. m, (t-f.) cos(03t+cp.)dt
NQ 0 i=1 X k 1 ±

=K(S>Xk) JJ exp
i=1

...(if.5-6)

2SG. T
m, (t-T.)cos(0Jt+9.)dt

No 0 k X

i ki ...(if.5-7)

n

i=1

where,

2 T
Zki = « J Smk(t-r±) cos (drt+qOdt ...(if.5-8)

o 0

It is found, however, that in addition the uncertainty

caused by additive, noise, an additional uncertainty

created by the randomness of signal parameters due to the

turbulence effects. In this section the signal parameter

of particular interest is the phase and gain of the signal.

The phase cp is a random variable and consequently a density
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function may be associated with this random variable. Instead

of choosing a particular density one can specify a family

densities indexed by a single parameter. Such type of density

function is given by :

exp (<=< cos cp)
-ir < cp 4tt ...(if.5-9)p(9) a

2 * Io(«0

The function I (<=<) is a modified Bessel function of the

first kind which is included so that the density will

integrate to unity. <* can be regarded as a parameter

that controls the spread of density Eqn (if.5-7) can be

written as

Pv(S/G59,")

= K(S,xk)

= K(S,xk)

= K(S,x, )
k;

= K(S,xk)

n

1=1

n

1=1

n

exp

exp

exp

i=1

n

exp

i=1

2G.

— j S m. (t-< .)cos(Ci)t+9,)dt
No

N
o 0

S. nL(t-t\) (cosfcjt COS9J

- -sinCtJt sin9n-)dt

2G,

S \(t-*±) cos 0)t cos 9± dt
° 0

2G
i T

7T f s m, (t-^.) sin Wt sincpn- dt
N„ J K 1 1

o
0

2G±

N

[Xki cos9i " Yk± sin9j ...(if.5-10)
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S mk(t - O cos wt dt
0

T

S mk(t- O sin 0)t dt
0

Further let,

\i " "ki
cos ©.

ki

Yki « Mki 3in6ki

Eqn (if.5-10) can be written as

Pk(s/Gj9,7)
n

= K(S,x. ) exp

la1

2G.

N^ \i coS (eki +\ )

0+.5-1D

(if. 5-12)

...(if.5-13)

This shows that the probability of receiving the signal S

under the known channel conditions of gain, phase and delay

time, is given in terms of the product of exponentials

for different paths.

With the phase variation 9 having the density func

tion given by Eqn (if.5~9) , the probability of the observed

data S under the two known channel conditions gain

and delay time is given as,
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IT

K(S,xk)

n

exp
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exp(°(cos9.)

d9.

-7T

i=1

2Gi
F" Mki cos(ekl+V

2^ IQ(°0

n

K(S,xk) J T
exp

5
N

M. . cos(eki+9.)+c< cos9i d9.

2"T («)
O -7T

n

1=1

TT

2G,K(S,xk)
exp (— M. . cose, .+°0 cos9.

w ki ki l
.. 2* Io(°0

1=1

-7T

7ki d9.

...(if^-m

Integral in Eqn (if.5-1*+-) is a standard integral whose

solution is given in terms of the Bessel function. Thus

Eqn (if.5-1 if) reduces to

Pk(S/G,")
n

i=1

K(S,xk)

2*-I0(«) °

- 2G

(<*+ —= M, , cos e, .)
N ki ki

o

, 2G. ;
+(irMki sine-}\1>

1/2

...(if.5-15)
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Eqn (if.5-15) gives an expression for the a-posteriori

probability of the received data when the signal is pertur

bed by random phase variations during the transmission.

The hardware implementation of this is physically realiza

ble as shown in Fig. U-.1 . From the figure it is clear

that the receiver operates on the received data for each

transmission so as to compute the set of a-posteriori

probability and then decides in favour of that symbol

which is most probable a-posteriori. The received symbol

is cross-correlated with the delayed symbol m^t-*1".) and

with cos d)t , which is passed through an integrator. The
2G

output of the integrater is multiplied with — and passed
No

through an adder which adds the spread of the density °< .

This sum is then squared in a squarer. The received symbol

is also cross-correlated with the delayed symbol m.,(t-* )

and sin G)t , passed through an integrator, and a multiplier

in which it is multiplied by 1 . The output of this is
No

squared in a squarer. It is to be noted here that in this

case when the symbol is cross-correlated with sin GJt the spread

of the density <k is not added. Now the output of the squarers

of the cosine correlator and sine correlator is added to

gether, the square root of which is passed through a circuit

which performs the operation of calculating the Bessel func

tion of the first kind. This process is repeated for the

symbol m1 at different paths which are having their own

gain change, phase change and the change in delay time. Thus
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if there are n multipath, we get n different combinations

of cosine and sine correlators and multipliers etc. The n

different outputs I (.) are multiplied together in a multi

plier. The output of the multiplier is passed through a

circuit which gives the product of the output of the pre

vious multiplier with LiL_ . K(S,x ) is obtained by
27T io(cQ *

S and xk as shown in Fig. if.1. S and xk are squared

seperately and each passed through an integrator. The

integrated output from both the case is added and the sum

is passed through a multiplier which gives its product with

- ~ . This product is passed through a circuit which
o

performs the operation of k exp (.) to give the output K(S,xk)

K(S,xk)
As given above the product of and the

2TT Iq(o()

multiplier output gives the value of the a-posteriori

probability p^S/G,?) for one value of M. The whole pro
cess described above is repeated for different values of

the original symbol in which k varies from 1,2,...,M .

This gives the a-posteriori probability Pk(S/G,?). Ultimately
the maximum of these a-posteriori probabilities gives the

desired value.

Now the case of random change in the gain will be

considered. The distribution for the random gain G. is

given by the log normal distribution density function v/hich

(HWML l!«Y UXIOSrcr Of ROORKEE
&OOSJLE£
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is given as

P(G.) =
Gio- \2jr

exp

(log Gi- V> )

2 Or'

where V is average value and o- is the variance of the

random gain. With gain variations G., having the density

function given above the probability of the observed data S,

under the two known channel conditions - phase and delay

time is given as

Pk(S/9,T)
co

= ' k(S,xk)
0

n

!

1.
1=1

i 2SG± 1
mk(t- \) cos(wt+9i)dt |p(Gj_)dGi

0 J

n

i=1

exp
N

oo 2SGj_

K(S,x,)

0

exp
N

o 0

mk(t-fi)cos(u)t+9i)dt p(Gi)dGi

...(if.5-19)

Eqn. (if.5-19) can be further written using Eqn. (if.3-2) as

Pk(S/9 ,* )

n

K(S,xk)

1=1

J2^

co

0 G,
exp

2SG,

N
o

mk(t-f;L)cos(wt+cpi)dt

exp

0

(log G± - M) 2

dG,

2o-<
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n
oo

K(S,xk) f

o-J^r
0

n

Gi
exp

I K(S,xk) f 1
— exp

Gi

i=1

*W J
o

0

2S
— m (t-*.)cos(0Jt4-9.)dt

N k i i
o

(logGj^ - M)2

202

dGi

GiZki +

(log G.-M)2

2cr

dG.
1

...(if. 5-20)

where Z . is given by,
lex

Jki

2 T
f S mk(t - *±) cos (Wt + 9±)dt
0

N

The probability Eqn (if.5~20) gives an expression for

the a-posteriori probability of receiving symbol S under

two channel conditions phase and time delay. From Eqn (if. 5-20)

it follows that the receiver operates on the received data

for each transmission so as to compute the set of a-posteriori

probabilities and then decides in favour of that symbol

which is most probable a-posteriori. This decision is made

independent of previous or succeeding decisions. The scheme

shown in Eqn (if.5-20) can be implemented by standard circuit

ry as shown in Fig. if.2. From the figure it is clear that

the received data is cross-correlated with delayed symbol

nL.Ct-0 and with cos (QJt+9..) . This is passed through an
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integrater which integrates the correlated output within

the limits 0 to T. A multiplier in succession to this

multiplies the integrated output with |- ,product of
which is designated as Zir Z^ thus obtained is used to
perform a non-linear operation in the next block. For this,
7 «« I*. -, . ,_ (log G.- t* )2.2^ is multiplied by G. and added with 1 i

o

o-2
The exponential of this sum is divided by G.,. This quantity

r (log G^ M)2 "1
1 exp

G1
Z11G1 +

o-2
is integrated within the

limit 0 to oo , which completes the nonlinear operation

indicated in the Fig. if.2. The above process is performed

for different values of k = 1,2,...,M and for a single path,

Similar operation is now repeated for different paths

i a 1,2, n for each value of k = 1,2, M. Non

linear operation outputs from each path and for each

value of k are multiplied and passed through a circuit

which performs the operation of multiplication with
K(S,x )
—; • The implementation of K(S,X, ) has been discussed
o-JT^ K
earlier in connection with the receiver structure for

random phase varying channel. The multiplied output of

— gives the a-posteriori probabilities p (S/cp,r) .
o-j2~Tr k

Finally the maximum of these probabilities gives the

desired value.

The receiver structures described above for

random phase variations and random gain variations are
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optimum in the sense that they give the maximum

a-posteriori probability. It is evident from Fig. if.1

and Fig. lf.2 that the hardware implementation of these

optimum receiver is physically realizable.



CHAPTER V

CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

5.1 CONCLUSION

The propagation characteristics of atmosphere have

been the subject of investigation for several decades at

radio frequencies. The advent of laser has triggered the

imagination of many workers to think of a very sophisticated

system for handling the huge amount of information. This

possibility is due to the property of high frequency radia

tion, a high degree of coherence and monochromaticity of

laser radiation. Being a high frequency source of radiation,

broad band operations are possible with laser for communi

cation applications. But this hope of laser communication

through atmosphere, has been tampered somewhat due to the

adverse role played by atmospheric effects. The precipita

tion and gases present in the atmosphere selectively absorb

radiation at certain optical wave lengths hence causing

attenuation of signal. Particulate matter and precipita

tion droplets cause scattering. In addition to these, the

major limitation is due to the physical effects-beam dis

placement, image blurring, random crosssection change, beam

spread, frequency and phase fluctuations.

In this thesis a brief description is given of

the various atmospheric limitations to laser communication.

Laser communication at present is an inter disciplinary
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activity in which both applied physicist and communication

engineers play important roles. Lasers have the inherent

advantage of enormous potential bandwidth, high data rates

and wide spectral range. This makes the communication

possible on earth, in the telephone systems and between

computers. Deep space mission depends crucially on its

high data returns. To cope with the explosion in communica

tion terminals, many forms of wide band laser transmission

systems are being developed to trunk the information

across the town and around the world. Laser communication

system design is highly dependent on the application. This

is specially so, since compromise between component relia

bility and system design is required for every application.

Laser receiver performance is often limited by

background radiation which impairs the laser signal detec

tion by increasing the detector noise level. This is not

the only limitation when the transmitted laser signal

passes through the turbulent atmosphere. In this case,

due to atmospheric inhomogenieties there is a random phase

variation and random gain variation also. In this thesis

receiver models are proposed for a laser communication

system perturbed by random phase varying channel and random

gain varying channel.

Until now, every communication satellite has

operated on a link from satellite to a ground station. The

effort can be made to construct a data relay system which
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would relay data collected by low flying satellites upto

a synchronous satellite hovering over the earth at a 22,000

mile orbit, collect the data from all the smaller satellites

and then relay it at high rates either from one sunchronous

satellite to another or directly to the ground. For this

type of thing laser communication will be most suited.

Anticipated needs for future space communication

channels requiring large dynamic range and a high degree

of linearity can be met with laser communication system.

In addition, eventual shortage of microwave channel for

point communication through the atmosphere will require

other modes of communication . Laser systems will be ideal

to fill the needs.

5.2 SCOPE FOR FURTHER WORK

So far, many valuable studies of laser beam propa

gation using atmosphere as a useful channel have been under

taken, particularly for ground to ground communication but

the quantitative investigation of such a propagation and

the available prac tical system is still not very satisfac

tory [9] [21] [73] [7if] [76] [77j [_95J [llf2j [m]. Agreat deal
of effort is still required to have a better understanding

of limitations of atmosphere for a laser communication .

At present, data on microscale changes of atmosphere refrac

tive index are scarce and their inter-relationship with other

atmospheric conditions are not fully analysed. It would be
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interesting to study the relationship of refractive index

variation process to other atmospheric conditions so as

to characterize the process fully.

The communication traffic over various distances

on overload routes will grow with new services such as

videophone and data communication . These new services

require a greater signal bandwidth than the telephone links.

Moreover a much greater bandwidth on the transmission path

is required if digital formats are used. However, digital

transmission has significant performance and operational

advantages compared with analog transmission.

Because of their very large bandwidths, laser

communication systems are capable of meeting the requirements

in the future. Optical systems may differ in components,
complexity and adaptability in accordance with whether

the transmission medium is atmosphere, glass fiber or a

beam wave guide. The search for these new transmission

media has an important common objective, the reduction of
transmission cost per unit of signal band width.

An effort has been made to study the variation
of the optical strength of turbulence with heights but it

would be worth while to conduct measurements of the variations

of the optical strength with height which are useful for
remote probing techniques.
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The high data rate requirements for space-to-space,

space-to-ground, computer-to-computer , as well as require

ments for deep space communication, constitute a strong

justification for the pursuit of a critical study of optical

communication through atmosphere. Many system studies for

deep space applications have been performed by many workers

in the past, but at the present time, there is no general

consensus of opinionon an adequate theoretical solution to

the turbulent propagation problem. This may be due to the

complex nature of problem and an inadequate coordination

between the multidisciplinary activities, such as the

technical language barrier existing between laser communi

cation theorist and quantum physicist or between device

technologist and the physcist working on the statistical

properties of the turbulent atmosphere.

Although some of the atmospheric laser systems

have been successfully demonstrated and are currently used

as operational systems, it should be mentioned that laser

communication systems are still in the so called primitive

research and development stage and many technical problems

must be explored before the potential advantage of laser

systems could be fully and practically utilized.

The effect of various physical parameters such as

intensity fluctuations, random beam scanning etc on the

signal-to-noise ratio can be studied. The practical

significance of this investigation can be emphasized, in a
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way that both the intensity scintillation and random beam

scanning can be correlated with the directly measurable

parameters of the atmosphere. The signal intensity at the

detector which also appears as a factor in the channel

capacity expression can also be correlated to the signal

power at transmitter and the quantities like, rain, snow

fall and fog condition.

The channel capacity studies including atmospheric

effects are yet to be developed in more detail. After find

ing the posterior probabilities, as has been derived in

the previous chapters one can go for the calculation of

probability of error and then the reliability considerations

for the case when the signal is being perturbed by randomly

varying parameters.
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RELIABILITY CONSIDERATIONS FOR LASER COMMUNICATION

In a laser communication system, the broader objective

should be the consideration of optimum performance taking

into view the various factors involved such as economy,

transmission quality, reliability, flexibility in providing

various services, time required for development and proper

planning. Also the specifications of various basic require

ments must be considered, which are essential for its design

and operation to ensure satisfactory performance.

The reliability is discussed taking into account the

probability of error bound given by Eqn (3.5-18) derived

in Chapter III which is reproduces here as

fW < 2"rCl°~Ir) ...(3.5-18)
If,

P_ - average transmitted power

NQ - spectral density of additive Gaussian White noise.

The probability of error bound of Eqn (3.5-18) can be written

as

RT -TPS/2N
f(E) < 2 e ...(A.1-1)

where,

R - information rate in bits/sec.

Eqn (A.1-1) can be put in a more suitable form as

—— / -T(Cm -R)fCE) < 2 °° ...(A.I-2)
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where

s -,c = log e
co N 2

o

If the information rate is measured in nats per interval,

the bound can be expressed as

f(E) < A exp -T C E(R)
co

...(A.1-3)

where A is a constant and E(R) is termed as the reliability

function of the system. In the laser communication system,

the transmitted power is given as

Ps = -jp- p h CJ ...(A.I-if)

and N = n h 03 ...(A. 1-5)
° 2 *

where,
ri - average noise photo-electron

P - nr/ T

n - average signal photo electron.
r

h - Plank's constant

With the help of Eqns(A.I-if) and (A.1-5) channel capacity

can be given as

, 1+ n * ( ft T-^c = p log ( —zr~ 5 ...m.i t)
n

when n is large

c = JL -c ...(A.1-7)
- oo
n
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It has been found that for the rate R in the range R = C

the reliability function can be given as £8*0 :

E(R) =|
1/2

1+2nRC -[(1 + ifn (1+n) R/C )]

n -n [l+im(1+n) R/c]

,1/2
R [1+ ifn (1+n) R/C J

20 (1+n)2 R/C
.(A.1-8)

The reliability equation shows that reliability depends

on number of parameters such as average number of signal

photons, average number of noise photons, information rate

and channel capacity. It is difficult to judge the exact

variation of the reliability with these equations by the

above complicated equation. The variation has been shown

graphically by calculating E(R) with various numerical

values of the parameter. The results have been found on

the IBM 1620 computer. E(R) is positive for all values

of R less than C when n is non zero. Its hehaviour for

several different values of n is shown in Fig. A.1. Fig.A.2

shows the values of channel capacity per unit average

signal photons as a function of n . The exponent factor

CE(R) is plotted as a function of R for p/n = 1 and

n = 5 x 10^ and n = 25 x 10 . It is shown in Fig. A.3
r y r

and Fig. A.if . The variation of reliability with noise photon

for different values of np is shown in Fig. A.5. The optimum

performance of the system is independent of time at which

the observation is made.
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APPENDIX II

C N MALAVIYA ECE UOR

99 READ 100,L,N
100 FORMAT (21 2)
101 F0RMAT(E16.8)
102 AL=L

AL1 =1/(AL*AL)
AL2=(AL-1.)*(AL-1.)
DO 500Ia1,N
SUM=0
D0if00J=1,L
U=K

AN=I

ASU=ABSF(S-U)1.25
P= (ASU*ASU* AN) /AL 2
AP=EXPF(P)
PUNCH 102,AP,U,S

i+00 SUM=SUM+AP
A10=-1 ,ifif27*L0GF(SUM*AL1)
PUNCH 101,A10

500 CONTINUE
GO TO 99
END



- 85 -

Computed values of information rate (T ) for different
2

values of signal-to-noise ratio (b / V)

0.28659if80 0.15375380 E+01

0.88618972 0.1871 3ifMf E+01

0.966if6790 0.19668ifOif E+01

0.99031587 0.19916653 E+01

0.99972217 0.19979228 E+01

0.99920651 0.1999*+872 E+01

0.99977551 0.19998775 E+01

0.99993868 0.199997ifO E+01

0.99998528 0.19999991 E+01

0.99999870 0.20000051 E+01

0.10000025 E+01 0.20000051 E+01

0.10000036 E+01 0.20000067 E+01

0.100000if0 E+01 0.20000072 E+01

0.28153372E+01 0.398 959^E+01

0.298 if7298 E+01 0.399997+3E+01

0.29988123E+01 o.if00ooi35E+oi

0.2999916+E+01 0.if0000135E+01

0.30000027E+01 0.if0000135E+01

0.30000093E+01 o.ifOoooi35E+oi

0.300000 98 E+01 o.ifOOOoi35E+oi

0.30000098E+01

0.30000098 E+01

0.30000098E+Q1 o.50000115E+01

0.300000 98 E+01 0.50000173E+01

0.30000098E+01 0.50000173E+01

0-300000 98 E+01 0.50000173E+01
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