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INTRODUCTION

The progress in radio science in general and wave propagatioﬁ,
in particular dﬁring the last decade has been remarkable. At
first this progress was stimulated primarily by interests in
radic communications and military needs. Then there was a.
period when space research was a driving force. Now the pro-
gress is much a result of an upsurge of interest in problems
concerned with environmental sciencies,'by earth resources,
pollution and conservation.

In parallel with this general progress in radio science, we
are witnessing a development towards a new generation of power—
ful technology, a new generation of devices and concepts.

Solid state microwave sources can efficiently be controlled by
microprocessors to give a specifiec field configuration., Dyna-
mic matched receiver filtering is provided by devices based on
surface acoustic waves. New opto-acoustic systems together with

charge—coupled devices hold great promise in regard to intri-

cate on-line processing and pattern recognition.

The radic scientist is facing a challenging and inspiring
future, one of matching new technological achievements to a
wide field of applications making use of radio wave propagation.

These new technological achievements make it possible to opti-
mize the usage of the propagation medium for the desired appli-
cation. To achieve this optimization, however, it is mandatory
to have a rather detailed understanding of the wide spectrum

of wave propagation phenomena involved,

In this condensed course we shall endeavour to offer a unified .
set of theoretical expressions based on simple first principle
physics., The aim iz to present theoretical expressions which
lend themselves to further analysis, so as to form.the basis
for adaptive manijpulations, and thus maximize system perform-
ance. These lecture notes are intended for advanced students
or scientists with good all-round knowledge in the fileld of
electromagnetics and wave propagatlon theory, but it does not
assume previous acquaintance with this speciaiities. An effort
has been made to use simple first principle first order mathe-
matics so as to produce a set of notes which can be read from
cover to cover without supporting literature. With this in
mind, the first portion of the course includes wave propagation
phenomena which cannot be classified as scattering and diffrac-
tion but which form a useful basis for the subsequent treat-
ment of these more complex problems.

SCATTERING OF ELECTROMAGNETIC WAVES. A SUMMARY OF BASIC THEQORY

Consider a volume dv within which the permittivity ¢ and/
-

or the field strength E° varies. For a plane wave incident

on the scattering volume, we have

-
j(mt-kl-x)
E = E1 e



Figure 2.1 Scattering from an elementary
scattering element

where ﬁl as shown in Figure 2.1 is the wavenumber of the
incident wave.

_If then is be the wavenumber of the scattered wave and 4
be the scattering angle (angle between Kk, and is) we can
define a differeance wave vector

- - -
K = k1 - k.

such that

IE] " ﬂf sin 8/2
which 15 the Bragg conditions for scattering in the direc-
tion 8. A 1is the wavelength of the radio wave.

If then the permittivity ¢ or the field strength Eo within

the elementary scattering veolume dv differs from the average
b ]

values of ¢ and E , a dipole moment is set up

-+ -
drP = e dv Eo

* Ed
+ jlwt~k, -x}
= je dv E, e

At the distance ; from this dipol moment we will have a
polarization potential ¥ given by

-+ . > >

- Ae dv Eo 3(mt-k1~x-ks-R)
v * T&R ° -

Integrating this over all contributions to the pelarization

potential within the total volume V illuminated by the

transmitter and seen by the receiver (the scattering volume).

we have

-
1 + T o+ _jlut-Ker}
Poe o EG ST ar

where © 4is a position vector such that
- - - - - -
K,+x+k R = K°=&

vhera

- P nd
X = k, -k,

xpowing the polafization potential T we can calculate the
field strength E, from the well known relationship

-

- -
Es = Y7 ex +

-

-
k' r

Provided now the scattering volume ({spatial region 1llumi-~
nated by the radar} is small in comparison with the distance
R (R >> v'/%), then

2 -
k'D »> 99 - i

such_that the scattered field Es is given by

- kz*
z
E! Jid



The scattered field resulting from an integral of elementary
scatterinc elements is then given by

ks2 . L —jﬁ-; 3>
TR JEMm €0 e a'r {2,1)
\'

-+
Es—

|

omitting the time factor eJi%%,

Here

- - -

K - ko - ks

- .
ko * wavenumber of incident field

E = wavenumber of scattered field.

Ehus, if ¢ be the scattering angle (angle between Es and
ko) we have

.
k| = 4L sin 072

A being the wavelength of the electromagnetic wave.

Note that equation (2.1), which is derived from Maxwell's
- equations, is perfectly general and does not consider the
nature of the scattering object.

The E(F) and ¢(r) functions may be stochastic, in which case
statistical descriptions have to be used (spatial autocorre-
lation functions, spatial spectra), or we may be dealing with
ordered variations in which case well-behaved analytical
functions may be used (1, 4, 5, 6, 7). l

2.1

Correlation properties of electromagnetic waves having
different frequency (bandwildth considerations)

Let us now simplify our apprcach and dirgct our attention to
a one-dimensicnal scattering object. We combine the various
factors contributing to the scattered field into one, namely
one which is directly related to the scattering cross-section
as a function of distance.

We define the function £(z2} as the delsy functicn. This
has dimension field strength such that the scattering c¢ross-

section as a function of distance .z along the direcg}on of
propagation {z 1s measured along the direction of K]} is

obhtained by squaring the f£{2) function. From equation
(2.1) above, we therefore have

>+
-

&) - [ £(%) &3F2 g3 ‘ (2.2)

(3R]
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| ]
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Note that the delay function £(z) 'tells us how the scatter-
ers are distributed along the direction of propagation. Using
the terminology of the communication engineer, we wish to
calculate the "bandwidth®" of the reflecting object. The ques-
tion which we ask is the following: If we illuminate an object
which .15 characterized by a delay function £(2Z} with a set of
coherent (mutually correlated) electromagnetic waves, how are
the coherence properties of the scattered wave influenced by
the shape of the scattering object (by the delay‘function
£(2))?

Let us start with the general expression for the scattered
field ({equation 2,2 above)



E(K) - V() [ £(z) 732 4, (2.3)

This equation states that the field strength/voltage at fre~-

quency w {the amplitude spectrum) ig the Pourier trans- .
forn of the delay function £(z).

A convenient way of expressing the degree of coherence
(the bandwidth properties) between different waves ig by
;he correlation R{Aw) between their complex amplitudes.

R(bw) = Elw) E¥(w + Aw)
IE(a) |?

R{AF) . DELAY FUNCTION

R{AF)

Figure 2.2 Illuminating an object with a set of corre-
lated radio waves, the coherence properties
of the scattered waves are determ;ned by the
distribution in depth f£(z) of the scat-
terers constituting the scattering object

The overbar denotes statistical average. The average may be
a time average or an ensemble average. )

Hence

e

E* (R E(FesE) - f £(2)eIR T g3

x [ !(E+f}e'jtx+°i’(2+r, ar

+* * - ~4(E T - - - ~jaK.2 +
B REEaB - [[o IR E g TEEag) 00K g

(2.4)

NHote that such a statistical average can be obtained in seve-
ral ways. We can sealect the product E(u) B*{u+du} for a
given As at n different values of « and thus obtain an
ensemble of n independant samples provided E(u,) is un-
correlated with E(w,) etc (see later).

Alternatively, if we are dealing with an object which is tima
variable {e g the sea surface), we can make use of a time

. average.

The second factor of Eq (2.4) is recognized as the complex
autocorrelation function of the delay function. The ph sg-
factor of the autocorrelation function ({the term e 3% ‘%) is
rapidly oscillating with Ai since the space coordinate z
{the distance from the illuminator to the scattering object)

is 'large in comparison with the incremental range *.



Expression (2.4] then reduces to:

E(X) E*(E+aK) e7ItK 2 (R e I KH2K) T g% (5.5

provided 1z, the distance from the radar to the object, is large

in comparisén with the size of the object and provided the

"beat-wavelength™ (see figure 2.4 and 2.5} %% alsoc is large

in compatison with the aize of -the object.
Hence

E() B (2228

-yhe, -3t twraw) ox
e I R(r) e dr

= x (2.6)

where A 1is a normalizing factor of the form I R(zx) dar,

Equaticon (2.6) states that the complex correlation in the
frequency domain of waves scattered back from an object cha-
racterized by a given delay function is the Fourier transform
of the autocorrelation function R(r) of this delay function.
By measuring the bandwidth of a reflecting object, we obtain
directly statistical information about the delay function
characterizing the object.

The modulus of the auteocorrelation function R(%? is di-
rectly the Fourier transform of the R(r) function, This
is depicted in figures 2.2 and 2.4.

Let us now, 1n order to ensure a physical understanding of the
general principles inveolved,calculate the bandwidth for a set
of objects characterized by simple analytical delay functions.

19

First, let us consider an cbject which can ke characterized
by an exponential delay function

£it) = e °F

The 1/e width of this delay function is

The voltage at frequency o 1s the Fourler transform of this
exponential delay function. Hence, omitting a constant:

Volwl =2 (a+ jm)-1

Similarly, the voltage V, at frequency (u + Aw) 1s given
by

Volw + a0} =2 {a + Jlw + Am)}_1

The normalized complex autocorrelation of these voltages is
then given by

[ fa+ 3u)7a - Sl + 801" du

R{auw) = {(2.7)

-1

I (52 + mz) duw

Solving this integral, we derive the following expression for
the modulus of the autucerrelation function:

R{dw) = ,/1 v (4%° _ (2.8)
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To conform with the nomoclature cf the communications where as before R{r) 1is the autocorrelation of the delay

engineer, let us, on the basis of equaticn (2.3) above, calcu- function f(z).

late the paower spectrum and through this the "bandwidth" in
the conventional manner. Table 2.1 gives the power spectrum and alsc the bandwidth of

a set of scattering surfaces having delay functions which are

Inserting 4w = 0 into equation (2.6} abova, we obtain the simple analytical functions.

following expression for the "power spectrum”

—_—— -48z
Wi = B v - (R e © ar (2.9)
TRy T i
o  RrICTION myneace prrdaal
3
Wlw) = o AF = 0.16 %~ Hs
(EP+w? i %
-1 diieg,
1 20 i) [
FREQUENCY SEPARATION. Mtz
, Jug . Figure 2.3 Knowing the geometrical shape of a sur-
v o 1
Whﬂ-ith 8¢t | 4F,, = “37% Hz face (spatial distribution of scatterers}
.0

we can calculate the radar signature.
1f the surface manifests itself as a limi-
ted number of discrete scattering centers,

%
sin E“)n aF

Wi = 40) (— "t &44%- He the bandwidth function will be the sum
of cosinus relationships as illustrated
in the figure

640 win .—°-w .

R R
c

{
Figure 2.3 shows the frequency correlation function in a

normalized form of some scattering objects, all of size

%%QP MFLe0mE 100 m, Note the marked influence of ‘¢bject shape. Note also
Q

Wi{w) = 402 {cos -
. ° that if the cobject has a periodic structure such as an expo-

DESLRETE
JCATTEARG CEATERS nentially damped sinuscidal variation, then the correlation

function in the frequency domain peaks up at a frequency

separation AF which is different from zero and determined
Table 2.1 The bandwidth properties (multi-frequency-

radar signature) of some object classes
expressed analytically

by the peried éz:
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= =S
6F = -

Note also that the width of the "bandwidth function" is
determined by the degree to which the sinusoidal object is
damped (truncated). From simple convolution considerations
we know that if a sinusoidal function is exponentially damped
such that 4z 1s the 1/e width of the damping function,
then the width of the R(4P) function corresponding to

R(AF} = 1/2 1is given by

]
AFi = 0.1¢ iz

If, therefore, the scattering object is the sea-surface with
wavelength &z (see chapter 5.1), and 1f the illuminator
gives an exponential intensity distribution over the spot-
size 4z, then the relative wavelength resolution is given
by ’

oF 0.16 =
ﬁi - —22 - 0o 2 : (2.10)
=]

25z

Hence, 1f we,as an example, illuminate a sea-surface area
containing 10 ocean wavelengths, then our wavelength resolu-
tion is 3%,

To ensure a thorough mathematical and physical understanding
of the factors involved, we shall dwell for a moment on
equation (2.9}, table 2.1 and figure 2.3.

We have seen that the autocorrelation functieon in the fre-
quency domain of the"signal scattered bhack from a rough sur-
face (rough in terms of carrier frequency wavelength) is
the Fourier transform of the autocorrelation function of the

delay function, whereas the amplitude spectrum of the scattered

field is the Fourier transform of the delay functicon itself.

14

From general Fourier analysis (6} and alsc from equation
{2.8) above, we know that If we Fourier transform a nen-
symmetrical function, a complex correlation function results.
Thus, 1f the abject is at distance Z,, as illustrated in
fiqure 2.4, the delay function will be non-symmetrical and the
autocorrelation function R{4F) will oscillate with period
T%; . The envelope of the correlation function R(AF) is
obtained by taking the modulus of the complex autocorrelation
function as in equation (2.6) above.

RIAF)

aF

Figure 2.4 Illuminating the object with a set of electro-
magnetic waves with different frequencies, the
correlation function in the frequency domain of
the reflected wave gives information about the
distance to the object, the size of the object,
and its shape

Thus, by méasuring the complex autocorrelation function in
the frequency domain, obtained by using a multifrequency radar
System, we obtain information about the distance to the cbject,
the size of the object and about its shape. Physically

this mathematical statement can be visualized from figure 2.5
(7).
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DISTANCE TO 08JECT

£
1077,

SIZE OF QBJECT

‘AF-EGA-;
LY

1M ¢

oay

SHAPE OF DBJECT

L
\‘“' 36t

' T

Figure 2.5 The distance to the object : is determined
by transmitting two microwave frequencies with
spacing I%S s the size of the object is ob-
tained in the same manner by transmitting two

[=]

frequencies with spacing 3%; . Finally, the
shape is obtained by transmitting waves with

the larger frequency separation 7%; (ref 7)

To measure the distance to the object (assumed large in
comparison with the size of the object} we transmit two
microwave freguencies and we adjust their frequency separation
80 as to obtain one spatial beat period between transmitter
and target. In practice,what this means is the following.
Assume that one 1is interested in knowing when an approaching

16

chject passes the 100 km distance zone. Disregarding for

the moment Doppler phenomena (see later) we shall transmit
two radar frequencies with mutual separation AF = 5%— = 1.5

© 100 km
range should be 100 m long,to be of interest, then we should
check 1f the two transmitted frequencies with mutual spacing

AF = 5%; where 4z = 100 m are 1h phase when scattered back
from the target. This calls for two frequencies with mutual
spacing 0.48 MHz. WNote that the carrier frequency only enters
into the guestion in as much as it influences the scattering

cross-section of the target.

kHz. If, as an example, the length of this cbject at

Correlation properties of scattered electromagnetic field in
space, angular distribution

We have completed the section on the correlation properties

of electromagnetic waves having different frequency. We have
seen that by measuring the degree to which waves having diffe-
rent frequency are correlated, we obtain information about the
longitudinal distribution of the scatterers., If we are dealing
with a thin reflector (zero distribution in depths}, then the
bandwidth of the reflector is very large. Conversely, if the
scatterers are distributed over a large region in space, the
bandwidth is small.

We shall now focus the attention on the transverse distribution
of the scattering elements constituting the scattering ohject.
In order to reveal this transverse structure, we shall use an-
other characteristic property of electromagnetic waves, namely,
its spatial correlation properties. We shall illuminate the
scattering object with one single frequency, and at the re-
celving site we shall make use of a set of antenna elements
distributed along a base-line or in a plane which is perpendicu-~
lar to the line joining the receiving array and the scattering
cbject. At each element, we shall measure the amplitude and
the phase of the impinging wave. On the basis of these point-
observations of fieldstrength, information about the targat

can be extracted. This will be the subject of the current sec-
tion.
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w1~ Fifagtio}

Rg = AUTOCORRELATION
OF Egf7)

E(7)

Figure 2.6 The geometry of the backscattering process.
The illuminating field gives rise to a+
scattered fleldstrength distribution Es(x]

First, consider figure 2.6 1llustrating the scattering
process. We illuminate a surface with a single wave. Depen--
ding on the properties of the surface, we obtaln a certain
fileldstrength distribution of the scattered field Eé(x).

We shail now calculate the angular distribution P(8) of the
waves scattered from this surface. From eq (2.1) above, we
find the following expression for the scattered field in terms
of the fileldstrength distribution over the scattering surface:

=13

> - S —- .-)' -
(K} = I E(x) e 3Kx dx (2.11)
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_ 4r .
K = - sin

LS

this equation tells us how the scattered field is distributed
in direction 6. From this we shall derive the angular power
distributicon P(K) as follows:

-+ -+ -+
P (K] ES(K) Es*(K)

e g
[ B ) EGE) &IFX g IKIT) 35 g%
- - .
- [ @ ST [RE@ BED) (2.12)

The second integral is immediately recognized as the spatial
autocorrelation R;(f) of the fieldstrength distribution.

Hence

-
-jK.r .3+

P(K) - P(sin o) - [ Ry} e a's (2.13)

This equation tells us that the angular spectrum (radiaticn
pattern) of the scattered wave is the Fourier transform of
the fieldstrength distribution over the scattering region when
this distribution is expressed statistically in terms of its
spatial autocorrelation.

This is a relationship which is very well known from antenna
theory: The radiation pattern (angular power distribution)}
of an antenna with aperture A 1is obtained by the Fourier
transform of the fieldstrength distribution over this aperture,
Thus, if our E(X) function is a rectangular one, implying
that the fieldstrength is evenly distributed over the antenna
aperture, then the angular power distributicn is of the form
sin & by

8

and the beamwidth g = 5 where D is the aperture



1%

size. Conversely, if the fieldstrength distribution over the

sin x
X

apertuxe is of the form, then the angular distribution

of the scattered wave is a rectangular one.

We shall be using these simple relationships extensively in
the subsequent sections.

Now let us return to eg (2.13) above, and use this as

the basis for studying another important property of the
scattered field, namely the spatial correlation of fileld-
strength.

In the discussion which we have just completed, we considered
the case of a "transmitting antenna".

Now let us consider the case of a receiving cne, Our receiving
antenna consigts of a set of antenna array elements which per-
mits us to measure amplitude and phase at each array element.
The power reaching this array antenna is distributed as P(a)
over an angular region. Applying the inverse Fourier trans-
form of eq (2.13) above, it is intuitively obvious that we ob-
tain information about the spatial correlation properties of
the fieldstrencth:

RgE - [P X' T ax (2.14)

This equation tells us that the spatial correlation of the
scattered field is the Fourier transform of the angular power
distribution,

We see from this figure that if we are to resolve an object
of transverse extent Ax by means of a receiving antenna
array at distance R from the object, we shall have to measure

the fileldstrength distribution over a spatial region L, = %i .
X

20

ILLUMINATOR

-
Ely)

ARRAY ANTENNA
PROCESSOR

_PHASE FRONT
FROM b

Figure 2.7 Transverse distribution of fieldstrength.
The spatial autocorrelation of fieldstrength
is the Fourier transform of the angular
power spectrum. The size (width) ax of
the object manifests i{tself as a "trans-
verse interferogram”

Summing uﬁ these findings, we should note that by measuring
the fieldstrength distribution acreoss a broadside array
{amplitude and phase at each array-point), we obtain direct
information about the transverse scattering properties of the
scattering object.

It takes little imagination to see the analogy between this
spatial autocorrelation function and the autocorrelation func-
tion in the frequency domain discussed above. In the multi-
frequency case, we can "filter out" certain longitudinal
spatial distributions of the scattering object by using fre-
quency filters. In the case of the broadside array, we <an

"filter out" certain transverse properties of the scattering
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elements by providing a "spatial filter". This means that we
can make an adaptive system by adjusting the amplitude and
phase of the receiving antenna elements so as to match the
wavefront of the wave system which 1s reflected back from the
target of interest, whereas the waves originating from the
terrestrial background against which the target is viewed can
be suppressed. Such adaptive phased array systems have been
the subject of any recent contributions (ref 8, 9). 1In this
chapter we shall limit ourselves to referring to figure 2.7
where a symbolic presentation of the phased array concepts
are glven. We shall also point cut the very striking analogy
between the multi-frequency adaptive system and that involving

phased arrays.

Temporal correlation properties of a scattered wave, {motion

pattern considerations, Doppler)

We have shown that i1f a rigid body is illuminated by a set of
electromagnetic waves having different frequencies, information
about the distribution in depth (along the direction of wave
propagation) is obtained by studying the correlation proper-
ties of the scattered waves., Specifically, if two electro-
magnetic waves with frequency separation AF are illuminating
the object, we obtain information about a particular irrequla-
rity scale L (spatial spectrum component K = %;) where L
is related to frequency separation AF, as follows:

]

L = —

2AF

Let us now assume that a rigid body characterized by the

delay function £(z) (distribution in depth of the scattering
elements) 1s moving with velocity V. We now want informa-
tion about the Doppler shift which this frequency AF 4is sub-
jected to.

We base this calculation on the basic Doppler 2gquation

1 el -
£ = - K.V (2.15)

22

Here K = %;  where L 1s the scale-size to which the fre-
guency palr AF is matched. The Doppler shift associated
with the difference frequency 4F 1s therefore:

T

1

[ %]

V cos ¢

1 + =+
£ = FEV o= a5
. 2"%Fv.:os ¢ (2.16)

-
where ¢ 1is the angle between the wave vector K and the
velocity vector 3. '

Hence, if we illuminate a moving object with two electro-
magnetlc waves with frequency spacing A4F (coupled to scale
size L = 5%?" this frequency AF 1s subjected to a

Doppler shift £ which is proportional to AF and to the
velocity V of the object. The power associated with the
Doppler frequency £ 1s the same as that associated with the
frequency AF and expressed by equation {2.9).

Thus, knowing the shape of the target (see figure 2.3), and its
velocity, the Doppler spectrum can be calculatéd on the basis
of equations (2.9) and (2.16).

Then let us consider a flexible object. The spectrum of irre-
gularity scales constituting the scattering body are moving

at different velccities., Conslder one particular such scale

L which is distributed throughout the scattering body. Let
us assume that the width of the velocity distribution of the
scattering elements characterized by the scale L (Fourier
component X = %;) is ‘6V. This velocity distribution wili,
cbviously, give rise to a Doppler sgpectrum the wilth of which
is determined by the velocity spread:
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1 -

-
= . 2.17
Af 5o K8V { }

In terms of the illuminating fregquency AF, we get the follow-
ing expression for Doppler broadening

Af = ifF 4V cos ¢ (2.18)

Figure 3,5 shows the Doppler shift which.each radio frequency

separation AF is subjected to, when the scattering object
iz a rigid ship characterized by two scattering centers
100 m apart moving at a velocity of 20 knots.

Now let us finally consider the case where the scatterers are
distributed over the entire area illuminated by the radar
beam. If the beamwidth 1s 8 ¢ then the direction of the
backscattered radio wave will vary between - B/2 and + B/2,
such that the direction of the wave vector E will vary over
the angle 8.

As seen from the basic Doppler equation above, this variation
in K will lead to a Doppler spread in excess of that caused
by the velocity spread v,

Let us assume that the scatterers are filling the radar beam-

width and that they are moving at speed V., along a direction
which is normal to the center line of the radar bean, Scat-
terers located at the center line obviously give rise to no
Doppler shift whereas scattering elements located at extreme
positions give a Doppler shift

24F Vc

<

Af = 2 sin /2

as seen from equation (2.16) above. For Narrow antenna
beams, therefore, the Doppler broadening caused by a cross

beam drift velocity Vc of the scattering elements is given
by  (ref 10):

24

af = Y/ v_+3 (2.19)

This Doppler broadening effect is in practice of little im-
pertance when dealing with targets of finite size, but it may
be significant when dealing with a strong cross-beam ocean
surface current.

FUNDAMENTALS OF RADIO WAVE PROPAGATION THRQUGH THE ATMOSPHERE

It is the purpose of the following section to analyze a set of
practical propagation media with a view to obtaining analytical
expressions providing information about

- pathloss
= bandwidth ({resolution capability longitudinally)

- spatlal coherence (resolution capability transversely)

We shall endavour to offer a unified set of theorstical expres-
sions based on simple first principle physics. The aim is to
present theoretical expressions which lend themselves to
further analyses, 30 as to form the basis for adaptive mani-
pulations, and thus maximize system performance. Furthermore,
we shall base our theoretical approach on the concepts derived
in section 2 above, where we presented the basic theory for
scattering/diffraction.

Ideally, in the case of a radar system, we would like to orga-
nize ourselves, so as to first measure the properties of the
propagation medium, then the characteristics of the target
background, and finally, knowing in advance the signature of
the target, we could optimize the total system performance.
This is illustrated in the form of an artist's conception in
Figure 3.1.
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P(F)
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e REFLECTOR

TRANSMISSION
MEDIUM

‘Figure 3.1 Limitations of radar performance imposed

by the propagation medium. Having "test-
targets" to our disposal, we can assess
the influence of the intervening propaga-
tion medium

Line-of=-gight propagaticn

Figure 3.2 shows the distance dependence of a radic field for
various propagation mechanisms. Within line-of-site, the

power density decreases with distance as . R® and in terms of
transmitted power ET ; gain of transmiéting antenna GT ,
area of receiving aperture A , and distance between trans-—

mitter and receiver R the received power PR is given by:

B, - 7 A (3.1

The received power decreases gradually as the distances in-
creases, for a given power and beam configurations there is
no parametexr which can be altered in order to improve the
situation.
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Figure 3.2 Factors determining the path loss
in tropospheric propagation

Then let us consider what happens 1f part of the transmitted
energy 1ls illuminating the ground surface and reflected into
the direct wave. If now HT 1s the height above the reflec-
ting surface of the transmitting antenna, and Hp 1is the cor-
responding height of the receiving antenna, then the diffe-
rence 1in pathlength of the direct wave relative to that of

the reflected wave, is given by

Phase angle ¢ between the two waves is therefore

i 4n Hy Hp
L *R
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Such that when ¢ = v the two waves appear in antiphase

giving rise to a minimum in the plot of received power versus

distance, as shown in Figure 3.2. Similarly, if the phase angle

is equal to 2m, we have constructive interference and we get
a maximum. Accordingly, in order to change a maximum to a
minimum without altering the geometry 1 e the position of
the transmitter and the receiver, the wavelength will have to
be changed by a factor 2, This, cbviocusly, is within reach in
an adaptive communication system (see later).

Note that this statement is strictly correct only if we neglect
the effects of surface waves. If this can not be neglected we
shall have to include the surface wave in addition to the
direct wave and the reflected wave. This involves adding the
surface wave term

(1 - ) ael?

where R 1is the reflection coefficient of the ground and A
the surface wave attenuation factor. These parameters vary
both with polarization and with the electrical constants of

the ground. For near grazing paths, R is approximately equal
to -1 and A can be neglected if the antenna is elevated more
than a wavelength above the ground (or more than 5 - 10
wavelengths above sea water). This condition is generally
fulfilled in practice when dealing with microwaves.

Now let us assume that we will like to adjust the height of

the receiving antenna in such a way so as to achieve construc-

tive interference. As seen from the above expression, this
is achieved by shifting the receiving antenna vertically
through a distance

_ AR
sy = (3.2)
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Hence, if we are dealing with a target of vertical extent
AHTARGET we shall have to controll the propagation parameters
so as to ensure that AHR > aH

TARGET”™

Then let us, in terms of bandwidth, consider the properties of
a propagation circuit involving ground reflections. Having
already calculated the delay function related to our trans-~
mission circuit, the bandwidth is readily obtained as a func-
tion which is proportional to the inverse of delay. Specific-
ally, if the delay function, as in our case, consists of two
§-functions with separation

the correlation properties in the frequency domain of the re-
flected signal is given by the Fourler transform of the delay
function. The Fourier transform of two §~functions is a
cosine relationship. The half power bandwidth of the first
order is therefore , as we have already seen in section 2
above, given by

aF = 0.25

=3 15]

(3.3)

Introducing the geometrical expression for A above, we find
that the bandwidth 1is given by
c*R
H

AP = (3.4)
BH} Hp

The simple formulas above are based on the assumption that
radic rays propagate along stright lines. If the atmosphere
is not homogeneous as iegards refractive index, this is not
the case. If we are dealing with a vertical profile of re-
frative index we shall experience bending. (refraction).
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Knowing the refractive index profile we can calculate the ray
bending from Snell's law. We are thus able to caleulate the
total bending to which a ray is subjected when propagating
from the radar to the target (and back along the same path}.
This bending is dependent on the initial direction ¢ of the
ray relative to the isosurface of refractive index (11). In
this simple treatment we shall limit ourselves to near hori-
zontal directions of the radar beam.

Figure 3.3 Geometry related to height errors
caused by refraction

From this simple geometry shown in Figure 3.3, then, we have
thg following geometrical relationships:

B
]

E Y gz cos¢ (3.5)
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K = ———— (3.6)
1+ R é% cos ¢

Direction to target for the case of no ray bending is given by

R being the real earth's radius.

Similarly, with a bending corresponding to an effective earth's
radius "a" the ray direction is

4
& = 3
ah (o, = e,;)d
ie 5 = e, d
and
ah _ %o _ _
% - s, 1 = (k 1) . {3.7)

where k is the ratio of effective earth's radius to real
radius.

Figure 3.4 shows a practical example of the probability dis-
tribution of the bending parameter a/R. These were cbtained
from conventional routine meteorological radio sondes released
from Sola, Norway, during the winter of 1965.



31 3z

These are shown in Figure 3,5 for zero elevation angle,

For the sake of illustrating the severity of height errors,

k THE CUMULATIVE DISTRIBUTHON numbers are given for the specific case of a target at a height
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Figure 3.5 Probability distribution of height error

Based on the probahility distribution of the effective to calculated on the basis of radiosonde

real earth radius, the total bending (height error) can be

information as presented in Figure 3.4
calculated.

above
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So far we have restricted the discussion to the case where

the spatial small scale fluctuaticns in refractivity were

- negligible, we shall thus experience refracticn only and no
scattering. We shall no consider an afmosphere which is
characterized by small scale spatial refractivity fluctuations
and the effect of these on line-of-sight propagation.

As a consequénce of the fact that irregqularities in the atmo-
spheric refractive index structure lead te multipath pheno-
mena and delay variations when an electromagnetic wave passes
through the irregular transmission medium, we suffer a loss
in bandwidth. We shall now'give some theoretical results,
which are well confirmed experimentally, giving information
about the amplitude covariance as a function of frequency
gseparation (1 e bandwidth properties of the medium} and as
a function of spatial separation.

Before referencing the results of comprehensive calcu-
lations, we shall, as above, give some quantitative results
for the purpose of ensuring a physical understanding of the
basic physics involved.

Referring to the simple geometrical sketch of Figure 23,6, we
see that there are two extreme paths through which the elec-
tromagnetic waves can travel from the transmitter T to the
recelver R, ©One is the shortest direct way from T to R, the

ELLIPSOID WHICH IS
THE LOCUS OF CONSTANT

FIRSY FRESNEL DELAY FOR RAYS
ZONE § = 2/ M BETWEEN T AND R
—— = _——

- S~
g ™~
! . "_Rl
T ’ v
“ -

'.-‘_-----_

——
———

p——————— PATH LENGTH 2d ————————jt

Figure 3.6 The geometry of line-of-sight propgation
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the other is wia a path which is half a wavelength longer
than the direct route. The result of these two waves is the
vector sum of two signals with a 180° difference in phase

causing destructive incerferences.

To the first order, therefore, we would expect the width ¢
of the angle of arrival spectrum at the receiving point to

be given by
-1 _ id
tan 8 = =X
8 = iég (3.8)

Knowing the angular power spectrum (the beamwidth), the corre-
lation distance in a plane through the location of the receiver

normal to the line T - R can be calculated. We have shown
in section 2 above; that this spatial correlation of field
strength i1s the Fourler transform of this angular power
spectrum,

If this power spectrum is a function, then the Fourier
transform is a rectangular function. If the width of this,

1 e the correlation distance of field strength, be L , then
we have the following relationship between the half-power
width of the beam 8y and the correlation distance L

sin x
X

si = =5 (3.9)
where A is the wavelength of the electromagnetic wave.

In passing, note that this is the same expression as that re-
lating antenna beamwidth e; to the antenna aperture diameter
L. This is not surprising since the antenna radiatisn pattern
{the P(8) function) is the Fourier transform of the illumi-
nating fileld strength distribution over the antenna aperture.
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From equations (3.8) and (3.9) above, therefore, we have

0.88 » _ id
L - ad
i & correlation distance L = 0.88 /Ad (2.10}

Thus, the correlation distance of field strength transverse
to the line of propagation is comparable with the first
Fresnel zone.

Then let us calculate the bandwid;h Aw

From chapter 2 above, we have learnt that the bandwidth funec-
tion (autocorrelation function in the frequency domain) is
obtained by Fourier transforming the delay function.

For simplicity, let us again assume that the delay function
is of the 552—5 form with a half-power width ar = {i/2)/C.
The bandwidth functicon, i e the frequency transfer function
P(AF) or the correlation function in the frequency domain
R{AF) , would then be a rectangular function the width of
which is

AF =

2
bt Iy

frequency of the electromagnetic wave

N|=

{3.11)

These were the approximate results. Lee and Harp

{ref 12)) have performed rigorous calculations based on a
general expression for the spatial distribution of refractive
index. For detalls the reader is referred to ref (12) and alse
to ref (13).

3.2
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Summing up this secticn on line-of-sight propagation mechanisms
in relation to an adaptive radar (or communications) system,
the following should be noted:

-~ The path loss can be minimized by adjusting the height of
the transmitting antenna or the wavelength.

- The vertical coherence distance of fieldstrength can like-
wise be maximized by adjusting the antenna height. The
lower the antenna height, the larger is the coherence dis-
tance.

- If we are dealing with a homogeneous refractive index
structure, the bandwidth of the line of sight circuit can
be optimized by decreasing the height of the transmitting

antenna.

- Spatial fluctuationsg in refractive index resulting from
atmospheric turbulence impose severe limitations on band-
width as well as on the vertical coherence distance. There
is nothing we can do in order to improve this situation,
except noting that the turbulent transmission medium is very
variable. Given sufficient time, there will be a time
interval where conditions are very much better than the
average conditions.

Propagation mechanisms involving scattering and reflection

As the demand for reliable broad band communication circuits
high resolution adaptive radar systems lncreases, so does the
need for detailed information about the transmission medium.

The multitude of new demans leads to a very versatile and
sophisticated usage of the transmission medium. This, in turn,
calls for a very comprehensive description of the medium. The
transmission medium constitutes the limiting factor in many
interesting and potentially powerful communication and radar
techniques of which the following sheould be mentioned:
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= Spread spectrum modulation systems and multi-frequency radar

systems are very sensitive to freguency selective fading,
i e require a large instantanecus bandwidth. Hence we
shall need information about the circuit bandwidth and its
variability.

- Large synchronous time division multiplex communication

systems set narrow limits with regard to variations in time

delay in the system. As a consequence, information about

the delay spectrum and jits temporal variability is mandatory.

= Environmental surveilllance systems requiring a large spec-
trum of wavelengths to l1lluminate the scene of interest,
To optimize system performance, we shall need detailed

information about the effects of the intervening propagation

medium.

With these applications particularly in mind, the current

chapter will discuss scattering mechanisms and channel charac-

terization in relation to broadband communications and multi-
frequency, high resolution radar systems.

Basic relationships in over-the~horizon scatter propagation,
a brief summing up

When discussing the characteristic propertiles of a scattered
{or diffracted) wave in relation to radar and communication
systems, i1t is useful to have a physical understanding of the
basic principles involved.

With reference to section 2 above and earlier works (i, 10,

14) a brief sketch of some of the niore important derivations
will be given,

Considér a volume element dv = dx dy dx = 4'f within the
scattering volume V, this scattering volume being confined to
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the spatial regicn in the troposphere illuminated by the
transmitting antenna and "seen" by the receiving antenna. If
the permittivity (refractive index squared) within the
elementary volume differs by an amount & from the average
value of the permittivity e, . the element of diflectric bf-
comes polarized, giving rise to a dipole moment dp = se dv Eg
when under the influence of an electric field Eo‘ At dis-
tance R from the scattering element the dipole moment re-
sults in a polarization potential dr and provided

kz; >> V¥ - {(which requires R >> VL/;), the.séattered field
strength Es = kz?, where E is the wave number of the electric
field. The scattered field resulting from the integral of
elementary scattering elements is then glven by

2 + +
s - - ~jEK+r ¢ x
E, = 7. 7 Eolr) elr,t) e 4" r (3.12)
> - - -b. -
where K = ko - ks' ko and ks being the wave numbers of the

incident and the scattered fields, respectively, such that
|®| = (4w/x} sin 8/2 , where &, the scattering angle, 1is the
-

-
angle between ks and ko.

Note that (5.12), which 1s derived from Maxwell's equation, is
perfectly general and does not consider the nature of the re-
fractive-index irregularities described by the function
e(?,t). This function may be a stochastic one, in which case
the refractive-index fleld is conveniently described by the
spatial autocorrelation function of refractive index, or we
may be dealing with an ordered variation in e, say a hori-
zontal layer through which the refractive index varies in a
systematic fashion expressible as a well-behaved function

(see section 3.2.8).

In exactly the same way, EO(;) describes the spatial varia-
tions in the electric field within the scattering volume,
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From the basic equation above, we see that there are two limit-
ing cases:

<+ >
a) If the field E({r) 4is constant within the scattering
volume (or varies slowly in space In comparison with the
e{¥) funczion), then

- k2+ 5> >
-~ . 3
E, = Z?% [ ey 3K 4 2
v

>
which states that the scattered field E. 1is proportiocnal
to the Fouriler transform of the spatial variation in re=-
fractive index within the scattering volume V,

b) If e(¥) is constant within the scattering volume, then
the equation tells us that the diffraction field ED is
the Fouriler transform of the spatial variation in field
strength within the scattering volume V {see section 5,3).

- 2 e
B, = L e@ &gz
v

The intermediate conclusions are visualized in Figure 3,7 .

Figure 3.7 a) The scatter field is the Pourler transform
of the patial variations in refractive
index ciz)

b) The diffracted field is the Fourier trans-
form of the spatial variation in the illu-
minating field E(z)
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Now let us concentrate on the scattered field associated with
spatial variations in refractive index el(r).

We shall need information about the scattered power P as a
function of scattering angle 8. To obtain this we multiply
Es by its complex conjugate ES* obtaining the scattering
cross-section ¢ given by

sl8) = (1k*/2) ¢(K) (3.13)

where @(%) is the spatial "power spectrum” of the refractive-
index Irregularities such that @(E) is the Fourier transform
of thé spatial autocorrelation function of e(r)}. The scat-
tering cross-section o is defined as the mean power in the
scattered wave per unit power density of the incident wave in
the scattering volume, per unit solid angle in the direction
of Es + per unit scattering volume.

-
Note that the power spectrum ¢(K) is the Fourier transform
of the spatial autocorrelation function of refractive index
fluctuation.

Having obtained an expression for the angular power spectrum
of the scattered field in terms of the function @(E] des-
cribing the spatial variation in refractive index, the gques-
tions which arise are the following:

- Does there exist a unique form of the @(ﬁ) function for
the tropospheric propagation medium?

-
- To what extent does the ¢(X) function vary with time and
with geographical location of the scattering volume?

Many forms of the @(g) function have been suggested. The
mere important ones are associated with the following names:
Obukhoff-Kollmogorov, Booker-Gordon, Bolgianoc, Willers-
Veisskopf, Norton.
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In this brief discussion of the subject, a detailed discu551dnﬂ

of the relative merits and justification for the various @(K)
functions does not seem justified. There is good justifica-
tion (10, 13) for writing the power spectrum in the form

#(k) = KO (3.14)
where n is a number that, depending on the atmospheric con-
ditions, may vary between approximately 2 and 7. Many
theories predict n = 11/3. Experiments show (references 16
to 22) that n variles within wide limits. The theoretical
value n = 11/3 appears to be close to the median value of
the observations (see later).

Based on the refractive index spectrum expressed in the form
#(K) = K" we shall now calculate some of the characteristic
parameters of a long-distance forward scatter circuit. There
are many such, of which should be mentioned: time-delay spec-
trum, bandwid:zh, horizontal and vertical correlation distance
of field strength, antenna-to-medium coupling loss.

These will now be ¢onsidered

Calculation of pulse distortion in terms of radio-meteorolo-
gical parameters

OQur task is now to calculate the delay spectrum (pulse dis-
tortion) and subsequently the bandwidth on the basis of in-
formation about the refractive index structure e(;) as ex-
pressed by its spatial power spectrum ¢(K}, written in the

form ¢(K) = k&,

42

Using a wide-beam antenna so that the ;multipath

transmigsion is governed by the scattering mechanism- rather
than’ by the beam geometry, we first seek- an expre551on rela-
ting path length £ and the position in space of the scatter-
ing element; i e we require an expression relating £ and

the scattering angle 8 (see Figure 3.8}. If d is the length
of the chord between T and R , then simple geometrical calcu-
lations give the required results, namely

e = 2{(/a)? - 11}

If we transmit a short radio pulse, the power that reaches the
recelver has travelled through a wide spectrum of different
paths.

/e Piv)

W aY !

Figure 3.8 The delay spectrum is determined by the
variation in path length

By substituting for 6 in the expression for the angular
power spectrum (P - 8 °), we get the spectrum relating power
and path length. Normalizing this power with respect to the
power received via the shortest propagation path £, namely
that determined by the earth's tangent planes, we get:

£ =d[L + (d/2a)2|i + (where a 1is the effective earth radi-

o
us}, the power spectrum takes the form
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n/z ~n/2

2 =~
[B(eY/R/L)| = (“diz: | era) - 1|

Expressing this spectrum in terms of the path length aé ,
(i e
+ 4£), we find that the power spectrum refer-

which is in excess of the minimum path length £°
writing £ = Zo

red tao lo is given by

2 -n/:2
letaty/piey| = 11+ (82 g
d

And since 4f = tC , where C 1is the velocity of light, the
delay spectrum referred to To (the shortest time delay) is

given by
2 -n/2
|P(cy/B(O}] = |1 + (%—,-‘-‘—%I (3.15)
The 1/e width of this delay spectrum is then given by
al 2/
8t = (—Fe’ M - 1) (3.16}
8a C

If, on the other hand, the antenna beams are narrow such that
the spread in the path length is determined by beam gecmetry
rather than by the ¢(K) function (i e the beams are so
¢{K) can be considered constant when & varies
within the scattering volume), then we can find a simple ex-
pression for the delay spectrum in terms of geometrical para-

narrow that

meters. Under these conditions the delay spectrum will have
a width aAL/C given by (23)
.4 4 2
&t = 3w {a B + B7)
where B 1is the beamwidth.

Having expressed the delay spectrum in terms of radiometeoro-
logical parameters, we shall now apply a similar method to
calculate the bandwidth of the transmission channel.
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Caliculation of bandwidth

To avold the confusion which often arises when the term
"bandwidth" is used in relation to scattering processes, let
us define what we mean with bandwidth.

Consider the case where several radio waves having different
frequencies are transmitted simultaneocusly. At the receiver
the power at each of these frequencies is measured as a func-
tion of time : etc). If we

take the instantaneous ratio of power at the various frequencies
Pp (t)
1

Pr, ()

{i e we measure PFl(t)' PFz(t)

and integrate the ratio (1L e we form f dt) then we

get information about bandwidth.

On the other hand, if we jintegrate the signal at either fre-

quency over the appropriate time inverval by forming

f Pp_{t) 4t

7—§El1ET-aE we do not obtain information about bandwidth but
2

something is often referred to as "the wavelength dependence

of the scatter circuit”.

Fx(t)
Forming the [ §§:TET dt is one way of obtaining info?mation

about bandwidth. ‘Another is the following.

As in the case above we transmit a set of radio waves having
different frequency. We now make sure that all these fre-
gquencies are correlated in amplitude and'phase. This is, as
an example, achieved by amplitude modulating a carrier, thus
obtaining two sidebands ZfAM apart, if fAM

of the modulating wave. These sidebands, ocbviously, are corre=-

is the frequency
lated in amplitude and phase. At the receiving end we pick up
the two sidebands and correlate one with the other
R ,(¥}.
banded the transmission channel, the poorer is the correlation.

(1 e we
form the cross-correlation function The more narrow-
(Transmitting many correlated waves spread over a frequency
band, we can find the complete autocorrelation function R(AF)
in the freguency domain) as discussed in section 2 above.
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This is very analogous, as we shall see in the following, to
the power spectrum of the transmission channel,

By analyzing the first alternative first, we can use the re-
sults of simple network theory to obtain a simple approximate
result. We know that the response to a delta pulse of a net-
work is known as the impulse response V(i) of the network.
Furthermere, the Fourier transform of the impulse response

is known as the transfer function F(u) of the network. By
multiplying this transfer function with its complex conjugate,
we obtain the power spectrum that we are seeking. From the
previous section we obtain the expression for the impulse res-
ponse by taking the square root of equation (3.13). Analyzing
this function, we find that it closely resembles an exponential
function of the form P(:} = exp(- at). The 1/e width of
the impulse response is given by

& /n

at = at (e - 1)/8ac (3.17)

To simplify the Fourier transformation, we assume an exponen-
tial impulse response such that At = 1/a (when we introduce
only a small error). The Fourier transform of the exponential
impulse response exp(- at) 1is given by

Fle) = (o + Ju)”

The power spectrum is then given by

W) = Flu) F*(a)

) 2, =1

Substituting for o as obtained from equation (3.17) and nor-
malizing the resulting equation for « = 0 , we £ind that the
1/2 power width of the power spectrum is given by

b0 = 82’ cd”’ (&R . qy? {3.18)

3.2.4
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Now let us compute the autocorrelation function in the freguency
domain R{4w). The voltage V, at frequency w is given by

V, = Flu} = (2 + Ju)™~7. Similarly, the voltage V

1 at fre-

2
quency (w + 4w) 1s given by V, = F(u+ay) = (u+j(m+Am))fP.
The normalized complex autocorrelation of these two voltages
is then given by

[ 1te + 30 [11/6e = Stw + a0))]| Qe

R{Auw) =

[ 171" + &*)] au

By solving this integral we get the following expression for
the modulus of the autocorrelation function

Rlsa) = |1+ (sw/20)%|"} (3.19)

The width of this autocorrelation function is obtained hy
letting R(4«) = § , thus obtalning

buy = 16 /3 a’ca”t e/M -yt (3.20)

Note that the width of the autocorrelation in the frequency
domain is 2(3)5 times the 1/2-power width of the power
spectrum,

Correlation distance of field strength

In this section attention is focused on the spatial field-
strength correlation properties of a scattered radio wave.

We have a wide~beam transmitter radiating its power essentially
in a horizontal direction. The scattered wave resulting from
this transmitter impinges on two nearly identical, small-aper-
ture, receiving antennas positioned beyand the horzin relative
to the transmitter. The antennas are spaced vertically or
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horizentally such that the center line through the receiving
antennas is ncrmal to the center line through the transmitter
T and the receivers R. We measure the normalized complex
correlation of the veoltages induced in the antennas.

As shown in section 2 azhove, this spatial field-strength
correlation function is the Fourier transform of the angular
power spectrum of the wave reaching the receiving antennas.
Specifically, if the antennas are spaced horizontally, thus
giving us information about the correlation properties of field
strength along a horizontal direction, this correlation func-
tion is determined by the angle-of-arrival spectrum as mea-
sured in a horizontal plane. If the antennas are spaced verti-
cally, it is the angle-of-arrival spectrum in the vertical
plane that matters. Specifying the angle of arrival of a par-
ticular scattered wave by an elevation angle o {relative to
the center line through T and R) and an azimuth angle g
{relative to a great circle plane through T and R), we have

in the same manner as above that a refractive-index spectrum
§(X) ~ " gives rise to an angular power spectrum of the form

2 =n/2

Pla,8) - (8% + a”) (3.21)
The horizontal correlation of field strength is thus obtained
by a Fourier transformation of P with respect to g, whereas
the vertical correlation is obtained from the P(a) relation-

ship.

A rigorous Fourier transformation of expression (2.10}, how-
ever, lends itself to numerical computations only. In our
case, we need a simple approximate expression. This can be
obtained if we approximate P{z) and P{g) by a sin x/x
function, thus giving us a simple expression for the Fouriler
transform. This is a procedure well known in antenna theory.
From antenna theory we know that if L 1s the width of the
illuminating field-strength distribution, then the 1/2-power
width of the resulting angular power spectrum (beam width}
is given by

48
6* = 0.88 »/L {3.22)

where 3 is the radio wavelength. By applying these results
to cur problem, we find that the 3-decibel width of the scat-
tered beam as measured in the vertical pPlane is given by

Py/Py = 1/2 = (o + uifuo)-n {3.23)

where ay is the 3-decibel beam width of the scattered beam,
a, = d/2a, d is the path length, and a is the earth's ra-

0
dius,

By solying for L3 and substituting this in (3.22), we find
that the vertical correlation distance of field strength is
given by

_ a 1/n
L,/x» = 0.44 (3 (2 - 1) (3.24)

Similarly, the horizontal correlation distance is given by
L/ = 0a (B /P ot (3.25)

These approximate expressions are in very good agreement with
the results based on rigorous numerical transformations of the
scattered angular power spectra {24).

Note, that the correlation distance is only vary weakly related
to the spectrum slope and that refraction effects play 2 domi-
nating role.

Antenna gain degradation

From basic antenna theory we know that the free-space antenna

gain is proportional to the antenna aperture G = 4r At

When dealing with large antennas in connection with scatter
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propagatlon, however, this linear relationship no longer holds.if

1f the antenna aperture is increased by a factor k , the re~.

caeived power 1s generally increasad by a factor that is less..

than k. This apparent gain degradation is comﬁonly referred
to as antenna-to-medium_coupling loss. The phenomena can be -

explained in several different ways. We may base the discus-
“sion either on the width of the angular power spectrum of the

scattered wave relative to the angular-reception capability

of the receiving antenna, or on the spatial correlation dis-
tance of the recelved scattered field strength relative to

the dimension of the antenna aperture. In this presentation
we shall use the latter method for the purpose of illustrating
the principles involved and to get an expression relating the
"measured quantity" to the slope n of the refractive-index
spectrum, rather than to seek an expression of optimum accu-
racy.

By basing our computations on the results of the previous sec-
tion, we note that at the receiving site, the area (normal to
the direction of propagation} over which the field strength
is correlated 1s given by Lv Ly- This area may then be con-
sidered as being the effective receiving antenna aperture,
provided that the actual aperture is larger than Lv LH. If
the actual area A < Lv LH + we do not experience a gailn de-
gradation.

The effective antenna gain is thus

: -2
Gopg = 4r L, Ly 2 (3.26)

whereas the plane-wave gain is

-2
G = 4n AX

The gailn loss is thus

1/n .1/n Y :
A = 5(2 - 1;(4 - - 1) A (3.27)
v "H (a) A

_ lndex spectrum slcpe A
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Flgure 39 shows the gain loss plotted agalnst the refractive-
It should be emphas¢zed that (3.27)

,lS base& on” the’ assunptlon of 1sotrOPY; as are lndeed all the

expressions f£of the circuit parameter.,..

If the atmospheric structure is a heorizontally layered one
{strongly anisotropic), the spectrum slope n assoclated with
K wvertical will be very much different from that associated

with K horizontal. Therefore, to calculate the gain loss

.from (3.27), we shall have to use different values of n

for the two directions.

Wavelength dependence of scattered power

Consider now the experiment inveolving simultaneous trans-
mission and reception on two widely separated freguencles and
scaled antennas. If the antenna beams are narrow such that
the scattering velume 1s determined by the beam gecmetry rather
than by the scattering mechanism, then the scattering volumes
for the two frequencies are identical. Accordingly, the ratio
of the power received on the two frequencies is given hy the
ratlio of the corresponding scattering cross section as pre-
sented in (3.13). In this case, therefore, the wavelength
dependence is the ratio of power received on the two freguen-
cles given by

(POD/ROL) = (ay/apT? . (3.28)

In Figure 3.9 the power ratio is plotted logarithmically to
the basis of n and normalized for n = 6.

Two different wavelength ratios are used, namely A /x, =3

and AI/AZ = 5.5, If for scme practical reasons (e g ground
reflections) the effective gain of the two scaled antennas are
not exactly identical, an error is introduced. It can be
shown, however, that the error is proporticnal to
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. MNote that the
term wavelength dependence often refers to the case where the

the square root of the antenna gain ratio only

received power s normalized with respect to free-space trans-

mission loss. This normalized power ratic then takes the form
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COMMUNICATION TIRCUVT PARAMETER

RELATION BETWEEN CIRCUIT PARAMETER
AND RADIOMET PARAMETER

(te/ppg) A1) /(0R/BL) (3,)) = (o /a ™"

Summing up the section on circuit parameters in relation to
scatter propagation in terms of radiometeorological para-
meters n (refractive index irregularity spectrum) and a
(effective earth radius), Table 3,1 and Figure 3.9 are pre-
sented.

{3.29)

@ n
WIOTH OF DELAY SPECTRUM ay» L
e
2
BANDWIDTH Aw= !‘-5-5- ¥yt

2
GAIN LOSS 6, =Z8L plin_gyqlie gy
A

HORIZONTAL FIELDSTRENGTH CORRE~
LATION DISTANCE

Ly = — 08432
n PULERTRL

VERTICAL FIELDSTRENGTH CORRE- L L ELRN

[y £,
LATION DISTANCE ‘uh'n -1

A,

TH MA) . Ay

N WAVELENG o

24 Homz come

¢

:gﬁt;/ Table 3.1 Some relationships characterizing a
Ly communication channel

2

'S

ASROWE YWINCATE THE SMFT

= " OS0UCHS » MWL TIRE
=~ FROM 8 FAKTH RADIVS
3 o FEFRASTION
e
a =] ez 3.2.7
H P ]
™ »d
R ® W FMRCUENCY
> nud ——tiisay CIIPLING LOST
E - L — i 1
-=‘ E ) VERTTIEAL, COMR DAET
gz et BAROWIIT
o LAY SrecTRYM
a WMETH
i
-
a —

T T T T T T

T
] 1

) i 5 4 7
SLOPL & OF NEFRACTIVE [NOEX SPECTAUM

Figure 3.9 The theoretical relationship between the
circuit parameter and the slope n of the
refractive-index spectrum (¢(K) =~ K )
The curves show the degree to which the
apectrum slope affects the ecircuit para-
meter

Radiometeorclogical parameters n and a in relation to
routine meteorological observations

This topic has been considered in some degree of detall in
two earlier publications (25,26). We shall give a summary
of the results here. As we have already mentioned, and as
will be substantiated in the following section, there are fwo
radiometaeorological parameters which are of dominating impor=-
tance with respect to the characteristic properties of a
forward-scatter circuit. One is the effective

earth radius a , the other is the spectrum slope n of the
refractive index irregularity spectrum. We shall now discuss
the relationship between purely meteorological factors and
the parameters a and n.
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Determination of effective earth radius a from radiocsonde
measurements

The refractivity N (where N = (o - 1) 10° ; n being the
refractive index) is cbtained from meteorological parameters
by the Debye relationship

N o= 77.62+3.73x 10° £ f3.30)
T

where P is <he total pressure in millibars, T the absolute
temperature, and e the water vapour pressure in millibars,

Thus from knowledge about the vertical profile of P, T, and

e as obtained from a conventional radiosonde, we can calcu-

late the refractivity profile.

knowing the N profile, we can calculate the ray bending from
Snell's law (see section 3.1 above)}, We are thus able to
calculate the total bending to which a ray is subjected, when
propagating from the transmitter to the centre of the scat-
tering volume.

Similarly, we can calculate the bending experienced from the
midpath point to the receiver. (In practice, we perform the
calculation from the receiver back to the mid-path point). We
then know the effective scattering angle, which is the diffe-
rence between the angle between the earth tangent planes
through the transmitter and receiver and the total ray bending.

If d 4is the distance between the transmitter and receiver,
then the éngle 8§ between the tangent planes is given by

o
H
ol

where R is the real earth radius, By the same relationship,
we then obtain the effective earth radius a using the effec-
tive scattering angle.
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Alternatively, if the refractivity gradient &N/dz 1s con-
stant through the height interval involved (from ground to
scattering volume), then the effective earth radius is given
by the simple relationship

» SR gt
2z

assuming a near-horizontal direction of the radic beam.

We cobserve, then, that on the basis of P, T, gnd e , data from
a conventional radiosonde &scent, we can obtain the radio-
meteorclogical parameter a appropriate for a given height of
the scattering volume (corresponding to a given path length).
The solid lines in Figure 2,10 show probability distribution

of the ratlo a/R based on 230 radio soundings at Sola in
South-Western Norway during 1966 (14),

For comparison, the dashed line shows the ratio a/R based
on 45 radiosonde ascents during October and November 1970
at Maniwakl, near Ottawa, Canada. This line lies inter-
mediate to the Scla curves, but has a slope similar to the
Norwegian summer data.

Determination of spectrum slope n from radiosonde measure-
ments

Bere the reader is referred to (25), where an empirical re-
lationship was found between the atmospheric stability (a
somewhat modified version of the well-known Viisdli-Brunt
frequency v?) and the slope n of the refractive inded
irregularity spectrum. The conventional Viisdli-Brunt fre-
quency appears as the numerator in the Richardson's number

and is normally written as

Vo g @, g (3.31)
%p
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Here g 1is the gravitational constant, T the temperature, ! = & (gz + 5.50 x 10™° T + jL) (3.32)
dT/dz the vertical temperature lapse rate, and cp the spe- T ‘dz 8d0 Cp
cific heat at constant pressure. We see that the expression
whitin the brackets is a measure of the difference between Here T , measured in degrees K , and dT/dz , in degrees
the actual temperature lapse rate and the adiabatic lapse per 100 m , are average values obtained over the B850 - 400
rate. This exbressicn normally refers to a limited vertical mbar levels (1.5 to 7 km altitude).
section of the atmosphere.
The correlation of the spectrum slope n with atmospheric ‘FE '_'
parameters describing the dynamic state of the atmosphere was MANIWAK]
significantly improved when a particular weighting function M
was placed on the temperature contribution to the stability. Eﬁﬁ
Specifically, by adding a number which is determined by the g
temperature at the 850 mbar surface (1500 m altitude) to E ]
the Vdis#ld-Brunt frequency, the n - v’ ecorrclation was §MF
improved. For our particular Purpose therefore, a modified =
version of v was used: E
SHUCING EXrEMGENTS
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1328 Figure 3.11 Distributions of the slope of the spec-
5 LA SUMMER 58 trum of refractive index irregularities
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128 ‘\\ ——— and beam-swinging experiments
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Having obtained v? from the results of a temperature profile

§

by determined by a conventional radiocsonde observation, the spec-
i

trum slope n is found,‘using the expression for the n ver-

| ] sus v? regressjon line:
T
FEACENTAGE THAE GIVEN o/R 1S EXCEEDED

n = 40.6 + 708 v? (3.33)
Figure 3.10 Distributions of the ratio of effective

to actual earth radius, based on radio- Figure 3.11 shows probability distributions of spectrum slope

n. The two upper curves are for the radiosonde station Sola
in South-Western Norway for summer and winter 1966. These
curves correspond to the distributions of Figure 3.10 and form

sonde ohservations at Sola, Norway and
Maniwaki, Canada

the basis for the calculations to be presented in the following
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sections. For comparison, Figure 3.11 also shows n distri-
butions for Mainwaki and for Aalborg, Northern Denmark, as
obtained on the basis of radiosondes, The "predicted" n
distribution for Aalborg is compared with that deduced from

radio beam-swing experiments (10,16).

Channel characterization statistics on the basis of meteorc-

lagical data

From the chap=-er above, we are in a position to calculate the
probability distributions for some of the important trans-
mission channel parameters.

From the meteorclogical data as converted to the radicmeteorc-
logical parameters n and a and presented in Figures 3.10 and
3,11, we are able to calculate channel parameters such as pulse
distortion and bandwldth from the list of basic expressions
given in Table 3.1.

A set of such probability distributions is given in Figures
3.12 to 3.17 (for further details on other channel charac-
terization parameters, the reader is referred to ref {26)}).
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Scattering from atmospheric layers (waves) As we have already inferred above, and treated in detail in

section 2.2, the angular power spectrum of the scattered

In the previcus chapter, the theory was based on the assump- (reflected) wave is obtained by a simple Fourier transforma-
tion that the refractive index irregularities were distributed tion of the refractive index prefile within the scattering
randomly in the atmosphere, and superimposed on a gradual de- volume. This procedure has been substantiated by several
crease of refractive index with height. We shall now con- authors 1 e J Wailt, see ref (28).

sider another extreme case where the scattering/reflection

largely is a result of a thin strata through which the re- [U|2 N ATL (sin X) 2 (3.34)
fractive index varies drastically. For the purpose of illu- 2 sin® (%) X

strating the physics and the fundamental principles of the

i t
problem at hand, we shall explicitly present three differen Here X 1is a function of the geometry as Follows

idealized atmospheric structures, These are shown in figure

3.18. Here the first sketch (a) refers to the case we have 27 ah

discussed in the previcus section. Sketch (b} will now be X = T sin 8/2
considered. Here we assume an irregular refractive index pro-
file characterized by a layer of thickness Ah, through which where 6 is the scattering angle.
refractive index varies linearly by total amount 4n.
TAREQUL
- 5/3 LAW
IRREGULARITIES ARITIES \ |
EFFECTIVE
= z A% 5 Ah :
=] AADIUS = z
= S An T

B 5 8 8

REFRACTIVE INDEX REFAACTIVE INDEX REFRACTIVE INDEX

a2

RELATIVE POWER (REFLECTION
COEFFICIENT} dB
g8 3

g

Figure 3.18 The categories of atmospheric 10 ] ] @ ) F T % %
! ! SCATTERING ANGLE ¢ (MILLIRADIANS ! !
structure under consideration ok i i ' ' s

SCATTERING ANGLE § {DEGREES}

Figure 3.19 Angular power spectrum of a
scattered wave resulting from
a layer of thickness Ah
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This functicor is pleotted to the basis of scattering angle for
various layer thicknesses in figure 3.19.

The two limiting cases are an infinitesimally thin layer

(ah = 0} and an infinitely thick layer (ah = «}., For

dh = 0 it can readily be verified that the power reflection
coefficient is given by

la|? = ‘————5ﬂ-—- (3.33)

2 sin? 8/2

-y

te P(8) ~ @ _ {3.36

We see that an infinitesimally thin layer (discontinuity in
n) gives rise to a scattering-angle dependence of scattered
power which 1s very close to the - ;% law obtained for
homogeneous ilsotropic inertial subrange turbulence. A layer
of finite thickness results in an oscillatory dependence of
the reflection coefficient on the scattering angle. The
thicker the layer is, the more rapid are the oscilillations.
When the layer thickness approaches infinity, i e, when we
remove the upper knee of the profile, the oscillator angular
dependence disappears since we no longer get interference he-
tween the two boundaries. The result is a smooth angular
spectrum given by

|* =

|e (3.37)

te P(s) -~ 8¢

We may conclude, therefore, that a single atmospheric layer
gives rise teo angular dependences varying from 6" - g "

depending on the layer thickness. The power scattered in a
given direction is determined by layer thickness and by the

change in refractive index through the layer.

62

However, no single layer can give an angular dependence weaker
than that correspending to the 3~ law.

Finally we shall consider the spatially intermittent type
structure shown in figqure 3.18c. We shall see to what extent
such a structure influences the angular power spectrum.

In order to simplify the treatment, we shall assume that the
variance of the refractivity irregularities through the tur-
bulent stratum 1s given by a ({sin x)/x relationship and that
the spectrum of the irregularities can be written in the form
KD, '

The resultant spectrum is a convolution integral where the

K " spectrum is convolved with the spectrum of the (sin x)/x
filter function. The spectrum of the (sin x)/x £filter is a
rectangular function. The width of this rectangular filter
spectrum is taken to be 2K' and the density A is taken as
4 K' such that the integral of the filter spectrum becomes
unity. The power spectrum of such a turbulent stratum then

becomes
R+K"
E(R) = [ ack™™ak
K~-K'

Selving this simple integral we get

E(K) = AC{2K'K™™ + 2-(1-n) (=n-1) x*'x™07?

+ g%[(1-n)(—n—1)(-n-z)(_n_3] K'SK_n_“]]

Choosing then n = 4 4 1%- we get

-

E(R) = K '(1 + 107306070 + 76070 + o) (3.38)
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Figure 3.20 shows a graphical representation of this equation.
We see that unless the thickness of the stratum is less than
2 or 3 times the projected wavelength A/sin 8/2, the spatial
intermittency of the refractive index irregularities has no
influence on the angular spectrum of the scattered wave.

Furthermore, we know that all irregularities within the scat-~
tering volume contribute to the scattered field strength at
the receiver. 2 very thin turbulent layer must therefore
have a very large variance in order to give a contribution
which is comparable with that of the background turbulence in
which the stratum is assumed to be embedded (29).

Finally, we see from figure 3.20 that the existence of

turbulent layer results in a spectrum slope which is steeper

than that one would have with - % law homogeneous turbulence.
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Figure 3.20 Angular power specgtrum of & scattered
wave resulting from a thin stratum of
intense turbulence
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Transamisslon Loss as a function of canrndien frequency

Consider now the experiment involving simultaneous transmis-
sion and reception on two widely separated freguencies and
scaled antennas. If the antenna heams are narrow such that
the scattering volume is determined by beam geometry and not
by the scattering mechanism, then the scattering volumes for
the two frequencies are identical. Measuring then the ratio
of the power received on the two frequencies, we get informa-
tion about the refractive index spectrum along a vertical di-
rection within the scattering volume. Writing. this spectrum

as ¢{(K) - K7, the power ratioc is simply given by

2
LALUN (ﬁ)n (3.39)
(3,0 *,

If the received power is normalized with respect to the free-
space transmission loss, the corresponding power ratic becomes

)=
_(1 )
P 1 A, n=u
FS = = {3.40)
P A :
.I.’._(Az) 2
Fs

We see that atmospheric refraction does not enter the equation
in this case.

Spatial connelation properties of §ield sinength

We have a wide-beam transmitter radiating its power essential-
ly in a horizontal direction. The resulting scattered wave is
received by two nearly identical, small aperture, recelving

antennas positioned beyond the horizon relative to the trans-

mitter.

The antennas are spaced vertically or horizontally such that
the centre line through the receiving antennas is normal to the
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-line through the transmitter and the receivers. We measure
the normalized complex. correlation of the voltages induced in
the antennas,

As we have already seen (section 2.2), this spatial field-
strength correlation function is the Fourier transform of the
angular power spectrum of the wave reaching the receiving
antennas. Thus if the antennas are spaced vertically, the
correlation distance of field-strength gives us information
about the angle-of-arrival spectrum in the vertical plane.
Similarly, horizontally spaced antennas give us informaticn
about the angular spectrum in a horizontal plane.

Referring to section 3.2.4 above, the vertical correlaticn
distance is given by

L
v o _ a i/n _ -1
T - 0.44 F. (2 1} {3.41)

and the horizontal correlation distance

Ln 1/n
A

= 0.44 & (a*/2 . qy7d (3.42}

[sR 4]

where a 1is the effective Earth radius (i e refraction
effects are important), 4 the path length and n the slope
of the irregularity spectrum within the scattering volume
{d(K) « K-n). The vertical correlation distance is determined
by the vertical component of the three-dimensional spectrum
whereas the horizontal correlation distance is governed by the
spectrum along a direction which is determined by the length
of the path. For a line of sight path (if a scatter experi-
ment could be realized on such a path), it is the horizontal
component of the three-dimensional spectrum that matters. If
the path length is large, it is the ccmponent along a direction
which is close to being vertical that has the dominating in-
fluence (23).

66

Antenna gadin degradation

‘As we have already seen (section 3.2.5 above), the gain loss

is inversely proportional to the product cf the vertical and
horizontal correlation distances. Thus inespective of whether
we are dealing with homogenecus a random turbulerit atmosphere
as one which is characterized by a layered structure, the gain
loss is glven by:

G = 2 . 5(21/8 - 1y a}/m - pta
2

vt (a/d)? a

(3.43)

Note that this equation 1s based on the assumption that the
transmitting antenna beam is breoad both in azimuth and eleva-
tion and the receiving eam narrow in both planes. This con-
dition is necessary for the influence of the atmospheric struc-
ture on the gain less to be a maximum.

Time defay

The mechanisms we have discussed so far, all rely directly or
indirectly on the angular power spectrum of the scattered
wave. We have seen that the two extreme structure categories,
homogeneous - %% law turbulence and single, infinitesimally
thin layer, give angular spectra which for all practical pur-
poses are indistinguishable.

Admittedly there afe special sets of e g, beamswinging ex-
periments, that at least in principle can reveal the diffe-
rences but on the basis of simple single experiments and
reascnable beamwidths, it is very difficult teo analyse a
single-layer structure,

The two remalning circuit parameters to be discussed, time
delay and bandwidth measurements, doc not rely on the angular
power spectrum but on the delay function. Using wide-beam
antennas on either end such that the multipath transmission is
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governed by the scattering mechanism rather than by beam geo-
metry, we seck an expression relating path length £ and the
position in space of the scattering element (layer). Note
that the loci of constant delay in a forward scatter circuit
are concentrie ellipsoidal surfaces having the transmitting
and receiving points as foci. Discussing then layers which
are predominantly horizontal, we see that those in the neigh-

bourhood of the mid-path point of interest in a forward-scatter

experiment coincide with the constant-delay surface. It is
thus essentially the vertical distribution of scatterers which
matters in a pulse-delay experiment.

Simple gecmetry shows that if 4 1s the scattering angle
corresponding to a given path length £ , and d the length
of the chord between the transmitter and the receiver, then
£ and 8 are related by the following eguation

8 = 2((%: - 1)* (3.44)

Differentiating this equation so as to get an expression for
df/de, we fird the following relationship between 48 and al:

se = 2L oar (3.45)
a*e

Neglecting second-order terms and putting a6 = aAz/(d/2} and
@ = d/a , where 4z 1is the height coordinate measured from
the intersecting point of the two tangent planes through T
and R, and &, as usual, is the effective Earth radius, we get
the followinc expression

A ' : {(3.46)

I£ then the refractive index irregularities are limited to a
layer or thin strata of thickness 4z, then a delta pulse
transmitted at T will appear as a broadened pulse, or a
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spectrum of delta pulses at R , and the width of this delay
spectrum is given by

a2
]

24 ,, (3.47)
ac

where ¢ 1s the wave wvelccity.

As an example, consider a 200-km path and a thickness of the
turbulent strata of 10 m, From Eguation (3.46) we then see
that path length difference &£ will be

_ 1
AL = T3 Az

The width of the delay spectrum Ay asscclated with a 10-m
thick stratum will then be

Ay o 2 x 1077 us

Assume now, that the thin layer is embedded in a background of
turbulence and that his turbulence gives rise to a = J;— law
refractive index irregularity spectrum. We have previocusly
shown that the 1/e width of the delay spéctrum resulting

from a homogenecus irregularity spectrum is given by

3
dz ‘ez/n
8a' ¢

- 1) (3.48)
where n 1s the slope of the irreqularity spectrum. This
should bhe %% for homogeneous isotropic inertial subrange tur-
bulence. Using the same path geometry as in the above example,
we find from Equation (3.48) that the width of the delay spec-
trum resulting from the background turbulence is
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. - ) g’
Ay = 60 x 10 us _ Af = ______?73_______ {3.49)
20d ("0 - 1)
This is a factor 30 relative to the delay spectrum width re-
sulting from a 10-m thick layer. The background turbulence, For n = %; (inertial subrange turbulence} we find that the
however, will give a particular decrease in intensity with in- bandwidth corresponding to a 200-km path is
creasing delay whereas a thin layer of large refractive index ‘ ’

variance will give a well defined peak in the delay spectrum. Af = 1.2 MHz

. We see that the contribution to the bandwidth of the background
Bandwidth turbulence is very small compared with that of a4 thin layer

Cur interest is now finally focused on the bandwidth properties (30 - 38).

of a2 scattered wave in relation to the particular atmospheric
, Table 3.2 summarizes the theoratically obtained relationships
structures under consideration. :
pertaining to forward scattering from turbulence and from
i .
We have previsusly shown (section 2.1 above) that there is stratified layers

a simple relationship between the width of the delay spectrum

and the bandwidth. If Ay 1is the width of the rectangular Awmonpharic
seructurs Background turbulence Thin layer
delay spectrum resulting from a layer of thickness 4z, then Propagation paramats )
the bandwidth af 1is given ~lrr/3ey -
g by Angular powsrspectrum ::::, & (1 + ﬁ‘—) ::::) = {1 + d—j-.-l
POk} A, 11/§-2 PlA,) A, ¥-=3
Af = E";- = .ﬂ% ’ Wavelangth dependance ﬁ - {ﬁl ;“—:) - l'r:)
L L
Vertical E-corralaticn T L -t
From Equation (5.47) above then, we get * * Voae'™ o T T
. Fy 0.44 & L 0,44
£ ac Borizontal E-correlation 5T —i—-«_;d(“:/! Y 5 - ‘_,I_‘_H vi _.ln’
=
4 2daz
Soupling loss GL = GT. -
. A T RT AL T AN TEAT AJRTE
On the basis of the previous example with a 10-m thick layer wa® 3 a2
within the scattering volume limited by broad beams and a a' 2a
Pulge daiay AT = 7 [t - 1) A1 = o an
- Ba‘c
200-km path, we find that the bandwidth T0okg path 200-kn path, b = 10 @
4t = 80 ns dt w2 na
Af = 500 MHz ’ 2
Bandwidth af = ﬁ:ﬂ; ar < 25
. 200-kam path 200=Km path, h = 10 m
Then let us consider the bandwidth limitation resulting from ar = 1.2 stz A¢ = 300 Mz
the background turbulence. We have already shown that this
bandwidth is civen by Table 3.2 Some theoretical relationships pertaining to

forward scattering from turbulence and
stratified layers
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In summing up this section on propagation mechanisms involving
scattering and reflection, the following should be noted:

The parameters characterizing the transmission medium exhibits
dramatic wvariations with time. When illuminating a target
through this variable propagation medium, one should pear in
mind that the propagation conditions can be favourable during
small time intervals only. To achieve maximum radar target
resolution, therefore, we shall have to take many "snapshots"
and select the data sets which gives optimum resolution
{contrast).

Scattering by particles (rainfall)

A review on propagation mechanisms in relation to adaptive
radar systems would be imcomplete if the phenomena related to
rainfall were not discussed.

In this presentation a simple qualitative discussion will be
given, For details, the reader is referred to e g {2, 38,
39, 40}.

When studyinc the effect of precipitation on electromagnetic
waves, several fa tors describing the rain structure should be

considered. These are:

- Rainfall rate
= Drop-size distribution
~ Shape of raindrops

= Canting argle of raindrops (orientaticn in space of ellip-
" soidal raindrops)

Rainfall rate and drop size distribution are, evidently, the
most important parameters.

Consider a dielectric sphere of diameter D in an electromag-
netic field where the wavelength i is large compared with the
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diameter of the sphere. The sphere will give rise to an in-
duced dipole moment as discussed in chapter 2 above, and rera-.
diate the power which has been extracted from the incident
electromagnetic field in all directions.

The region where the diameter of the sphere is very long com-
pared with the wavelength is known as the Rayleigh region. The
analysis related to this case is well known and leads to the
result that the scattering cross-section of the sphere increases
as the fourth power of frequency. If the sphere has a complex
dielectric constant, part of the power incident on the sphere .
is dissipated as heat and consequently causes a reduction in

the amount of reradiated power. 4

Increasing now the frequency of incident radiation such that
its wavelength becomes comparable with the dimensions of the
dielectric sphere, the problem rapidly becomes complex. One
now will have to consider the field patterns within the sphere.
The simplest pattern 1s that obtained when the circumference
of the sphere is one wavelength. We then have a condition which
is referred tc as dipole resonance giving maximum scattering
cross-section.” Increasing the frequency further, a situation
characterized by gquadrupole resonance occurs when the circum-
ference is two wavelengths long. Decreasing the wavelength of
the field still further, hexapole resonance conditions are
reached, followed by octopole, and so on until the cross-
section becomes a highly complex linear superposition of these
multipole radiaters which finally converge to the limit known
as the "gecmetrical™ value,

Normalizing the scattering cross-section to this value, the
scattering cross-section versus frequency dependence is shown
in figure 3.21,
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Figure 3.21

CINCUMFERENCE/WAVELENGTH = 2x £}/

Normalized scattering cross-section
of a dielectric sphere as a function
of normalized wavelength
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Diffraction of radio waves by obstacles

Radio propagation over natural obstructions has been a subject
of considerable interest. Classical knife-edge diffraction
theory is used as an idealization of the physical problenm.
However, due to difficulties in obtaining an analytical solu-
tjon, particularly when ground reflections and complex ob-
stacles are considered, most of the previous work has been
restricted to compilations of results from theory and measure-

ments, i e magnitude considerations only.

The knife-edge diffraction problem has been formally solved by

several techniques. The early work by Sommerfeld, who based
his analysis on the wave equation with appropriate boundary
conditions, is perfectly rigorous and not restricted to small
diffracting angles, but generalization to the multiple-reflec-

tion procblem is not readlly accomplished.

Fresnel and Kirchhoff based their work on an analytic formula-
The Fresnel-Kirchhoff method has
the advantage of the simplicity of ray-path concept, and is

tion of Huygen's principle.

used almost exclusively in radio propagation literature.
However, the method suffers from lack of rigor and from the
appearance of the Fresnel integrals which tend to obscure
physical interpretations. 1In order to obtain practical solu-
tions to the problem of diffraction in the presence of mul-
tiple reflections, a phasor summation of the Fresnel-Kirchhoff
results is performed for the single ray problem.

In a paper by Ratcliffe (42)
for solving complex diffraction problems is sketched.
shows that if,

screen 1s illuminated by a wave

a very neat and general method
Ratcliffe
in particular, a one-dimensional diffracting

i), then the
angular power-spectrum P(8) produced, expressed in terms of
sin 8, is the Fouriler transform of the spatial distribution

E(z} of the wave front just as it leaves the screen, provided

z 1is expressed in terms of . .

{wavelength
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Bagic theory of diffraction

Our problem is the following:

=

T R

Figure 3.22 Geometry of the diffraction problem

The transmitter illuminates a region above the obstacle. This
glves rise to a distribution of field strength along a verti-
cal direction above the obstacle. This distribution is deter-
mined by multipath effects, by the ground reflection coeffi-
clent, and by the radiation properties of the antenna. On the
basis of knowledge about E(z), we want to calculate the angu-
lar power spectrum P{8) of the diffracted wave.

We now use exactly the same approach as for the scatter propa~
gation (case discussed in chapter 2) and derive the follow-

ing expression for the secondary field Es’ (scattered field
or diffracted field as the case may be):

. 2 -
EgR) = £ [ B (2) c(z) &3KZ o (3.50)

where

R = distance between receiver and diffraction element
{distance from obstacle)
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k| | = %F where ) 1is the wavelength
- - - > dr -
= - = - a/2
X = ky -k, and K] T sin 8/
elz) = distribution of permittivity above the obstacle
Eo(z) = distribution of field strength above the obstacle

@
[}

essentially the direction of the diffracted wave
under consideration.

+
Thus the angular distributjon (K distribution) of the
secondary field is the Fourier transform of the Eo(z) ef{z)
product,

Two limiting cages are of interest:

a) If the field Eo incident on the plane above the obstacle
varies far more rapidly with height =z than doces ¢(z),
then e(z) does not contribute to the conveolution ard we
can put e(2z) outside the Fourier integral. We th s have
an important relation: The angular distribution of the
diffracted wave L4 ithe Fourdler transform of the §field
sirength distribution measured in a plane above the ob-
stacle gdvding ndse to diffraction.

b) Conversely, if <¢(z}) varies rapidly in relation to Eb(z),
then EO(z) does not contribute to the conveolution and we’
have an expression for the scattered wave. . The angulas
distrnibution of the ascattened waves {4 the Fourdern taans-
foam of the peamittivity (refractive index) distaibution.

Thus, if we want to calculate the transmission loss resulting
from a given obstacle, the procedure is in short the following:
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Step 1

Calculate the field strength distribution along a verticél
direction over the obstacle, considering the influence of
ground reflections, etc. Note that if the obstacle cannot be
considered as a knife edge, then reflection from the obstacle
itself may contribute to the field strength distribution over
the ridge.

Step 2

Having obtained an expression for Eo(z), we compute the
Fourier transform of Eolz}, thus obtaining the angular field
strength distribution E_(6) of the diffracted wave. In
order to obtain the angular power distribution P{8), we shall
have to multiply Es(e) with 1ts complex conjugate E;(B).

Note that in order for this Fourier transformation to be dimen-
sionally meaningful, the space coordinate will have to be nor-
malized with respect to wavelength. The direction 8 is then
to be expressed in terms of sin 4.

Step 3

Having obtained the angular power spectrum P(2), we shall
essentially have to repeat step number one in order to obtain
the desired expression for the power receivaed at a given point
in the diffraction zone behind the obstacle.

We shall now consider this procedure in some degree of detail.

Lel us then finst caleulate the field strength distaibution
above the cbatacle.

In order to obtain simple, comparatively general and in par-
ticular physically interpretable expressions for the field
strength distribution above the obstacle (first step in the
procedure) we shall have to idealize the problem and in deing
50 make certain approximations. Let us consider the case with
one direct and one reflected wave.
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We then see that the most striking feature of the vertical
field strength distribution is the periodicity. We clearly
have a component of field strength which varies in a sinus-
oidal fashion with height.

From knowledge about the reflection properties of surfaces
under various degrees of roughness, one would expect the in-
fluence of multipath on the vertical field strength profile to
diminish with height. Hence one would expect the sinusoidal
field strength oscillation to be damped in some manner. Lastly,
we see that the DC level of the Eolz) profile 1s a parameter
of some importance.

Qur diffraction prchlem will therefore be based on the follow-
ing field strength profile:

- a constant term E,

-azk 2
-~ a damped sinuscidal term given by E,(z}) = E,e 9 sin TF z
Note that the vertical coordinate z 1is measured in terms of

number of wavelengths,

Figure 3.23 Vertical fieldstrength distribution with
ground reflections
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Angular spectirum of diffracted f{ield

The nect step in the calculation invelves a Fourier transfor-
mation of the vertical field strength profile.

a) The first term in the expression for the field is a step
function

E, (2} for z <0

for z >0

[
- ©

The Fouriler transform of this is the following
Filo) = ds(e) + 35 (3.51)

This assumes small angles @ such that 6 = sin 6. Note
that & 1is a Dirac delta function.

b) For simplicity we write the second term as follows

E,(z) = E, e °%% sin gke - (3.52)

such that g8 = A/L.

This function gives a comparatively simple Fourier trans-
form, nam=aly

Fale) = ———B (3.53)
. a” + B° - 8% + 2jas

- such that the resultant angular spectrum is given by

F(a) = F,(8) + F,(8)

RE, E,
= * o 3.54
ol 4+ 8% - 8% . 2508 I3 { )
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The angular power spectrum Ls then obtained from the fol-

lowing
Ple} = F(a) - F*{e)

This function has a proncunced maximum for a gertaih direc-
tion, namely the direction corrésponding to

8 = =+ vg% + ol

If we have no damping, 1t e if o = 0 , thén we have a
Dirac delta functlon for F,(8) centered at

>

8 =g 1e at 8 =

This is the same as the results obtained using the Bragg scat-
tering relationship in connection with the scattering from )
sinusoidal variations with height of the refractive index. From
Bragg we have the following,

Maximum scatter in a direction 48 given by
K = %F sin 8/2

where K = 2n/L. As in the diffraction case above, L 1is the
period in space of the sinusoidal variations, i e '

27 4w
T = 782

ie 8 = AL
as we obtained above.

We know that a single ground reflected component interfering
with the direct wave will give a field strength distribution
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above the cbstacle e¢f the form given 'in eguation (3.54) above.
The damping factor o will then be determined by the rate at
which the ground reflection coefficient decreases with in-
creasing angle of jincidence to the ground. The period of
oscillation, L, is given by the geometry. Let R be the dis~
tance between transmitter and knife-edge obstacle, h the
height of the transmitter above the flat earth and 1 the
radio wavelength; then the pericd L is given by

H
]
NP‘
=l

(3.55)

Thus, in this case, we will have maximum energy diffracted in
a direction given by

2h
o = ‘ (3.56)

Thus, by adjusting the height, h, of the transmitting antenna,
we can beam the diffracted wave in the desired direction. We
see that ground reflection (leading to an oscillating vertical
profile of field strength) actually increases the power re-
ceived at a given point behind the obstacle. This increase is
known as obstacle gain. Note that we shall have to transform
the coordinate system such that 4 1s measured relative to

the line joining the top of the knife-edge obstacle and the
transmitter and not relative to the horizontal line through

the obstacle top.

Let us now, as an example, calculate the obstacle gain. As
we have seen, the diffracted field, F, , resulting from the
unit step function (the DC term) is given by

tt
i

=
-
[}
|
@

The maximum field resulting from the oscillating term (i e
field in direction 6 where 6 = Ya? + g2) is, as seen from
equation (3.54), given by
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B gy
F, = ‘ B
j2a ¥Ya? ¥ T

"Obstacle gain" or "multipath gain" is then

E 2 8 2 ‘
Y= ((ET)(EE) + 1) {3.58)

Note that this gain refers to the direction 9 = Ya? + g? =

VA

2
(g

)2 + a
where L. 1is the spatial period of field strength oscillations.

We see from this equatioh that the diffraction loss relative
to that of the no-multipath case can be reduced considerably
by a proper adapting of the appropriate parameters, 1 e

- making the field strength osciliations above the obstacle
as deep as possible by making the direct wave comparable in
magnitude with that of the interfering wave (in equation
(3.54} E, + E;)

- reducing the damping factor, o , by seeking ground reflec-
tions from a surface giving a small decrease in reflection

coefficient with angle of incidence.

Tables 3.3 og 3.4 give some practical examples.

a/8 0.2

B2/E) 1 0.8 0.6 0.4 0.2 0

Chstacle gain
G0 dB 10.8 9.5 7.9 6 3.5 0

Table 3.3 Obstacle gain as a functicn of the depth of the
field-strength oscillations above the obstacle
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E,;/E; 1
a/B 0.2 0.4 0.6 0.8 1.0
Obstacle gain
Go dB 10.8 7.04 5.26 4.2 3.5

Takle 3.4 Obstacle gain as a function of damping
factor «

In the same way as the two tables above give the cbhstacle gain
for various depths of the field strength oscillations and for
variocus dampirg factors, figures 3.24 and 3.25 show the whole
spectrum in the diffraction angle range from 0 to some

20 milliradians.

We see from figure 3.24 that the higher the damping factor (for
. a given perioé L = A/ of the field strength oscillations),
_ the lower is the obstacle gain.-

Figure 3.25 skows the effect of varying the oscillation period,
L. We see that changing L results in a change in the direc-—
tion of maximum diffraction whereas the obstacle gain remains
constant since E_/E; and a/g are kept constant,

324 CONST TEAM = OSCILLATING TERM
»] B =2xi0?

AELATIVE POWER, 48
T

L L UL

e 2 4 &0 b 2 4 % ou
DIFFRACTION ANGLE {0, milliradians
Figure 3.24 Angular diffraction spectrum for various

damping factors =
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Figure 3.25 Angular diffraction spectrum for various
periods of field-strength oscillations

We have shown that a terrain obstacle within line of sight
gives rise to a well-defined beaming of the diffracted power
behind the obstacle. The @irection in which the power is
beamed 1is determined by factors such as the height above ground
of the transmitting antenna. The path loss can be greatly re-
duced by applying general adaption schemes.

The theoretical approach on which the numerical results are
based is very simple. Knowing the path and obstacle geometry
and knowing the properties of the reflecting ground, the
diffracted power spectrum can readily be optimized.
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Bandwidth Limitations of a transmissdion path invelving
didfraction

Having formed the bases for calculating the path loss and
obstacle gain, we shall now consider the bandwidth-limitations
of a transmission path involving diffraction. Like in

the sections above, the aim is to provide a method which

first of all is physically interpretable and which makes it
possible to form an opinion as to the relative importance of
the various factors involved. Secondly, the aim is to form
the basis for approximate calculations.

In section 2,1 above, we saw that the bandwidth of a trans-
mission circuit is directly determined by the delay function.
Fnowing the delay function, the bandwidth function (power
spectrum) is obtained directly from the delay function by a
simple Fourier transformation process. Referring now to
figure 3.26 w2 see that 1f the illuminated area above the ob-
stacle is wide, the delay function will be correspondingly
wide, and the bandwidth function will be narrow. We shall now
consider the case where the illumination is limited to an an-
tenna pattern of width 8 with elevation angle 8/2 such
that the total diffraction angle for a symmetrical path will
be o,

4
\/
2T

e ——

Figure 3.26 Simple path geometry for a transmission
path involving knife-edge diffractien
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From simple geometry we see that the path length difference

is given by

al = 4d/2 (e + B?)
4H
<
o = "3
and
= 2z
Bo= 3
2 .
:. Al = 5 (2H,Z + z27) (3.59)

Eaving obtained the simple relationship between path length
and ray geometry, let us return to figure 3.23. Let us again
assume that the field strength distribution above the ob-
stacle is characterized by a damped sinusoidal oscillation
superimposed on an unit step function.

Let us denote the spatial period of the oscillations as §z
and the damping function Az. As we have seen in the section
above, twe limiting cases are of particular interest: Filrst
we assume that the ground reflections are such that the oscil-
lating term (E; in Figure 3.23) dominate over the constant
term E;. In this case we essantially have a diffracting grating
with line spacing éz. The object now is to calculate the
bandwidth of such a diffraction circuit. As we lave noted from
the sections above, the center frequency in the bandpass filter
is ‘

c

o T W2

where &£ 1is the increase in path delay associated with a
vertical displacement &z. From eqr (3.39) above, we have
already established the relationship between &£ and 6z.
Making use of this, we find that the center frequency of our
filter is given by:
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Fo = 3—————11————?— (3.60) then the expression for the center frequency Fo {egqn (3.62)
gl sz + sz ) above) deduces to
As we have seen in the sections above, we can calculate éz F = & EE (3.64)
directly from the path geometry. If Hp be the height of the . °© A Ho

transmitting antenna above the reflecting plane, then
If we then express the width of the exponential damping func-

sz = -4 (3.61) tien Az .in terms of the relation period &z as

AZ = n-+ 8z ,
Making use of this relationship, the expression for the center

frequency of our bandpass filter beccmes our bandwidth becomes:

- T H
F, = _______;IE (3.62) AF, = B8:16 ¢ 7T (3.65)
E o2+ _ ¥ n A H_
o EHT :

Note the factor n 1is determined by £factors such as the rate
at which the reflection coefficient of the ground decreases with
increasing angle of incidence. This is shown in figure 3.27.

Then let us calculate the width of this bandpass filter. A&s
we have already seen (eqn (2.10) in section 2.1 above, and
figure 2.3), we have learned that if the delay function is an
exponentially damped sinusoid with 1/e width equal to AL ,

and the half power width of the resulting bandpass filter is i GROUND REFLECTIONS
equal to E ol
4 ="
a 0.16 -5 (3.63 =
Fi = .1 v .63) g
=2
. . . 3
Accordingly, we find the bandwidth aFi in the same way as "
we found the center frequency FD above by substituting for S
AL wusing the appropriate value for az. :
E
=]
: z
If the geometry is such that. S |HEIGHT OF TRANSMITTING ANTENNA IN METERS FOR A= § o

‘ © HEIGHT OF THANSHlIE‘l'TING ANTENNA IN WAVELENGTNS
28 8z >> 62
Figure 3.27 Bandwidth versus height of transmitting
~antenna for a diffraction path involving
. . . ) ‘ 7 _ _ ground refleg¢tions. The example is for
H.H, s 22 ‘ - : L . 3 ; R L a path length of -20 km and obstacle
' ' hefght s 100 m . :

which:rgqﬁires




Then censider
nate the area

then directly
s = §

= 2

da

.

If we assume a gaussian distribution of radiated power through
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the case with no ground reflections. We illumi-
above the obstacle by means of an antenna beam
the width of which is 8. . The width of the delay function is

given as:

{8 + &%)

(28 z + z*)

(3.66)

the antenna beam, the half power half bandwidth is given by

_ ]
AF; = 0.37 V4

Expressing now

8.5,

g

HALF POWER BANDWITH IN Mz
8

5 =

the vertical extent 2z of the illuminated area
above the obstacle as z = d/2+ 8 the half power beamwidth is

NQ GROUND REFLECTIONS

04C
. —
24 +dn 2

Figure 3.28

BEAMWIDTH £ IN MILLIRADIANS

Bandwith versus beamwildth for a diffrac-
tion path with no ground reflections.
The example is for a pathlength of

20 km and obstacle height is 100 m

(3.67)
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given‘by

AFQ = _0£E-c—'_z (3.68)
ZHOB 5 B

This is shown in figure 3,28,

This equation suggests that the bandwidth of the diffréction
path diminishes as the beamwidth increases.

Wwhen we increase the beamwidth 8 , the sitﬁation arises where’
the "effective beamwidth" is determined by the diffraction
process and not by beam geometry. With no ground reflections
we have shown that the scattered field falls off inversely
with diffraction angle 8 .

Writing then the angular power spectrum of the diffracted

wave as P -~ 8, we have:

P(8) ) (ao + na)~2
P(eo) 8,

Then let us define the "effective beamwidth® as the angular
region within which the diffracted power is larger than 1/10
of the maximum power obtained for the minimum diffracticn
angle eo =377 We then have:

pfe}) _ 1 _ (eo * ZBeff)_2
P(BD) 10 80
%
', Begr = =3 (710 - 1)

ZHO
= (V70 - 1)
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Referring to the example illustrated in figure 2.28, this
means that as the beamwidth ingreases, the bandwidth will

approach a limit given by the following expression:

0.37 ¢
IAFQ)LIM B— 3 X
o "eff 2 Yeff

Ingerting the appropriate numbers for obstacle height Ho and
range d , we find that the limiting bandwidth is 12 MHz,.

If we are dealing with large antennas, such that 8 is small,
and 1if the height of the obstacle, Ho is large, the expres-
sion for bandwidth reduces to

0.18 c .
= 2t8 = {3.69)
3 Ho B

AF

Finally, figure 3.29 summarizes the section on bandwidth proper-
ties of a trarsmission path involving knife edge diffraction.

T
<
+
¥
> H
[ £ 1
> X Hy

NO
GROUND
REFLECTIONS

FREQUENCY SEPARATION AF

Figure 3.29 Bandwidth properties of a transmission
path involving knife-edge diffraction
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From the summarizing figure 3.29 we see that if no gqround
reflections are involved, the transmission circuit will act

as a lowpass filter (maximum at carrier frequency). If,
however, ground reflections are involved, the field-strength
distribution above the obstacle will be pericdic giving rise
to a bandpass filter which is not centered at the carrier
frequency. This phenomencn is treated in some detall in
chapter 2.1, the results of which are summarized in figure 2.3,
Here we see that a periocdic delay function results in a fre-
quency covariance function which is displaced from the carrierx
frequency.

From the two preceding sections, we have shown that it is
possible to minimize the transmission loss by adjusting the
height of the transmitting antenna (measured in wavelangths)
50 as to "beam" the diffracted wave in the desired direction.
We have also shown that we can adjust the geomeiry 80 as to
optimize the bandwidth of the transmission ci;cuit. It remains
to study the spatial correlation properties of the scattered
field. 1In chapter 2.2 we have shown that if we are to

analyse an object, we shall have teo pro-

duce an illuminating field which is ccherent both as regards
phase and amplitude across the object. This means that if the
height of the target to be analysed is AH, we shall have to
organize ourselves so as to produce an illuminating field
which is c¢oherent over the vertical region AH.

We shall now calculate the vertical correlation properties

of fieldstrength at the receiving site of a transmission path
invelving knife-edge diffraction. We shall base these calcu-
lations on the conclusions of earlier sections (in particular
section 2.2 ard section 3.2.4). . Based on these earlier findings, .
we can derive accurate expressions if we base ocur calculations
on regular Fourier transforms.

We shall now apply an approximate method based on semi-
intuitive arguments so as to ensure a detailed physical under-
standing of the principles involved.
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e

Ft—.?

Figure 3.30 Spatial correlation of field-strength
at the receiving sight of a transmission
path involving knife-edge diffraction

From figure 3.30 we see that a transmitting antenna produces

a perieodic fieldlstrength distribution above the obstacle when
ground reflections are involved. If the ground acts as a per-
fect mirror, the transmitter can be visualized as having two
antennas with vertical spacing HT giving rise to a set of
antenna lobes of heamwidth 5%; . If we are dealing with an-
tennas of diameter D, these aftenna lobes will not be of the
same intensity, but have the appearance of damped oscillations.
The width of this damping function is determined by the antenna

aperture such that the width of the envelope will be % .
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Hence:
A
§z = ==
7, “r
and
_ A
AZ = E RT

Having obtained qualitative information about the fieldstrength:
distribution above the obstacle, let us now discuss what this
will lead to at the receiving site, The shortest scale to be
observed in the vertical fieldstrength distribution at the
receiver, is assoclated with the widest angular distribution

(as we have seen from section 2.2 above). Conversely, the
largest scale is associated with a narrow angular distribution.

Viewing the diffracting screen from the receiving end, we
will cbserve an angle of arrival-spectrum with many lobes.
As depicted in figure 3.30, the overall width of the angular
spectrum 1s therefore:

ART .
AZ .
B = — — (3.70)
A RR DRR
and simularly
A .
By = & = __2HR§ 3.71)
RR T "R

We have already seen that an antenna with aperture D produces
a beam the width of which is

_ A
B = 5

by pure reciprocity considerations, therefore, an angle of
arrival-spectrum of width 8 will produce a fieldstrength
distribution the width of which is

= 2
L =3
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