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SECTION ONE

INTRODUCTION

As a signal is transmitted from one point to another above a surface
with electrical properties differing from that of the propagation medium,
reflected signals may be generated. These signals then appear, along with
the signal travelling over the direct path, at the receiver. These additional
signals directly affect the communication and direction finding capabilities of
a surveillance link operating in this environment, These signals are com-
monly called multipath and it is the purpose of this report to describe models
of such phenomena that are useful for ascertaining the efficacy of such a link
for surveillance,

Specifically, the models developed are to be used to evaluate multi-
path effects on the DABS (Discrete Address Beacon System) performance.

For this system, a downlink receiver (sensor) is un the surface and the trans-
mitter is located in an aircraft., Clearly, due to reciprocity, the role of the
transmitter and receiver can be interchanged but, in this report, we shall use
the stated nomenclature. The link being discussed is one where the receiver
is close to the ground (5-50 m high) while the transmitter is at a highe~ alti-
tudes (500-15, 000 m) and the range is large (10-100 km). This is in contrast
to ground-to-ground or air-to-air links as found in mobile radio or satellite
communications respectively.

What we shall do in this report is consider those effects which are

relevant to the ground-to-air environment and develop models which are

e et e -G s




appropriate. Our interest will not be in the microstructure of diffraction
effects due to specific structures but will be towards developing models that
can be eagily used to evaluate the multipath effects on system performance.
Namely, we shall be interested in the general macrostructure of the multipath
environment,

The two main functions of this report are:

1. Model Descrintion: In this area. we evaluate the topo-

| graphical, geometrical, electrical, and system para-
meters and how they affect the RF signal at the receiv-
ing antenna. Specifically, specular and Giffuse multi-
path are discussed in detail in terms of the above
parameters.

2. System Performance: Once the multipath model has

been developed, the effects of the multipath signal on
the SNR (signal-to-noise ratio) and direction finding
capabilities of a monopulse antenna with a 2° beam-

width and vertical sector beam are ascertained.

1.1 REPORT OUTLINE

In Section 2, we discuss first the gecometry of the aircraft and the
sensor by introducing a canonical coordinate system. The large scale topo-
graphic features such as hills, buildings, etc. are then defined in terms of
this coordinate system. We then proceed to discuss the difference between
specular and diffuse multipatk and the surface conditions that give rise to
each of them., A model of the RF envelope of the receiving antenna output is

presented. This equation is the basis for the multipath model development,

2




Section 3 discusses the nature and effects of specular multipath on
the received signal. Using the geometrical models developed in Section 2,
" a geometrical optics analysis of specular reflections is developed. The path
length, angle of incidence, azimuth, and elevation of the received specular
multipath signal are determined. Since specular multipath arises from large
. scale surface areas, the reflection coefficient is studied in detail, The effects
of electrical properties at the reflecting surface, finite aperture diffraction and

. losses due to diffuse multipath are considered. The section concludes with a

discussion of the use of the models in the analysis of signal fading and monopulse

azimuth estimation. These issues are related to the performance of DABS.

PR TR R EA PRI PRCLS A TSP ST LD RS SR G

The model for diffuse multipath is developed in Section 4. In contrast
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to specular multipath, which is a highly deterministic phenomenon, diffuse
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multipath is random in nature. To account for this, a model is developed

for the second order statistical properties of the multipath field. A function

called the channel spread function is introduced. The spread function is then
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f evaluated in terms of the surface properties using the Kodis-Barrick scatter-
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ing cross-section model. Section 4 concludes with a discussion and evaluation

e

of the effects of diffuse multipath on azimuth estimation performance. Itis

oy

shown that there is a negligible effect in the DABS case.

Section 5 discusses other effects that, although not included in the

i models, may in time be important. These eifects include refraction, line- ,
;
‘ { of-sight limitations, shadowing, sea-surface scattering, and composite
S

, . scattering. i
) :

The last major technical section is Section 6. Here we discuss the
r £ various applications to which the models may be put to use. Specifically,
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we mention link and azimuth estimation performance and localization techni-
ques. Also discussed are antenna design, signal processing, and siting.

. The conclusions of the report are detailed in Section 7, Basically,
we show that DABS should function acceptably based on the multipath model
developed in this report. We also comment on the other uses of the model

and briefly on its shortcomings.
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SECTION TWO

FUNDAMFNTAL PHENOMENOLOGY

In order to fully understand the effect of .multipath on the energy
received at an antenna aperture, it is first necessary to describe the total
eﬁvironment in which the signal transmission is taking place. This envitorunent
includes the reflectio;i"geometries involved between transmitter and re-.- .2,
the nature of the wavéform transmitted and the effects of the receiv:r antenna
on the received sigﬁal energy. In thie section we shall treat each of these
issues separately and on a level which will provide the reader with a qualitative

as well as quantitative understanding of the problems involved.

2.1 SENSOR GEOMETRY

The basic geometry of the aircraft and DABS ground receiver is
quite simple, In order to aveid certain analytical problems we shall first
assume that we have a flat earth, Let us then choose a point O on the earth
plane and at this point construct a set of three orthogonal axes, one being nor-
mal to the plane. This will b2 defined as the canonical coordinate system and
will Le used throughout the report. The interrogator antenna DABS sensor is
located at an altitude z, above the origin., This point represents the phase
or geometrical center of the antenna. It is that point to which all phase delays

are referenced. Tre earth plane is designated the x, y plane and in this con-

text, the antenna coordinates are (0, 0, :1). The aircraft {s at an altitude
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z, above the plane and at position X, and y, on the plane. Thus, the aircraft'e
position is (xz, Yy zz). The range from the antenna is given by R‘I‘ where

2 2 2.1/2
RT= [(z2 - zl) +x2+y2] /

. (20 1)
This geomet+y is shown in Fig. 1. Another important constant is
the ground range R where

2 2.1/2
R=[x2+y2]/ .

Actually, the earth's surface is not a flat plane but contains hills and
other large obstructions such as buildings and bridges. These may be con-
sidered large scale surface perturbations, being the size of many wavelengths
of the transmitted radiation. There are also small scale obstructions such

as samall rocks, trees, grass, water, roadway surfaces, etc. which are in
size less than several wavelengths, It is necessary to consider both of

these classes of obstructions in any model. In many cases, the large scale
obstructions are limited in number and are easily defined and characterized.
For example, a large hill can be easily identified from a topographic map.
However, the small scale ohstructions are quite numerous and detailed in
their shape as compared to a long smooth hill, Thus, the large scale obstruc-
tiLas are often amenable to a deterministic analysis whereas random analyses
are necessary for the understanding of the small scale effects, Thus, we

shall ieave discussion of the latter to Section 4 and consider the former here.
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We shall assume that any large scale obstructions can be represented
as a suitably sized section of a plane that has been positioned to coincide with
the actual obstruction. For example, if there is a large building parallel to
the y axis in Fig. 1, then it can be represented by a plane of equivalent size
and electrical properties located at the same position. These equivalent
planes will be defined relative {c the canonical coordinate system.

A model of the scattering surface is constructed in the fashion shown
in Fig. 2. From the canonical system we displace another orthogonal coordi-
nate system (x', y', z') by a vector 2 (Fig. 2(a)). Then this system is rot:ted
about the y' axis by an angle a (sce Fig. 2(b)) called the cross-range tilt. It
is called cross-range because the y-axis is usually associated with the hori-
zontal range and m.ultipath reflections from such a tilted surface will cause
monopuise azimuth errurs in the cross-range direction. The resulting coor-
dinate system x'', y'", z'" (Fig. 2(b)) is then rotated about x'' to an angle 8
(see Fig. 2(c)) yielding a final coordinate system x", y", z", B is called
the range tilt angle. Finally, in this coordinate system on the x", y" plane,
we define a surface S (see Fig. 2(d)) as the scattering suriace. In this fashion
we can construct 2 set of contiguous surfaces which represent the large scale
surface topography and present a one-to-one mapping of the large scale sur-
face topography. In the next section we shall particularize this further in the
study of specnlar reflections. We shall also see in Section 4 that surface
roughness, namely small scale surface irregularities, can be included

directly by superposition.
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2.2 SIGNAL MODEL

Now, with the description of the geometry of the environment, it is
possible to discuss the nature of the gignal propagation. We shall concen-
trate on the signal transmitted by the aircraft and received by the sensor
antenna, which we term the downlink signal., For large scale irregularities,

such as hills, we can use the simplifying analytical techniques of ray theory

to determine the propagation of the electromagnetic energy from the transmit-
ter to receiver, For example, in Fig., 3, we depict the aircraft at T and the

receiver at R. We assume that the x, y plane is the surface of the flat earth

model and that S is .. -eparate large scale scattering surface. The points P

L : and G are the reflection points on these two surfaces., Path @ is called the

direct propagation path and represents the free space propagation from T to

k _ R, Path @ , TGR, is the ground propagation path with reflection point G.

, | The reflection point is determined directly from the image antenna at R'.

E Path @, TPR, is what we shall call a multipath signal return. It is a sig-

! nal return that results from other than flat earth reflections. Itis this Wpe-

b of return that proves to be most detrimental to direction finding (DF) accuracy.

The signal returns in Fig, 3, are clear, well defined signals which

( ireo appear at the receiver as signals coming from directions other than the direct
propagation path, Such strong well defined returns are called specular mul-

. tipath and result from large reflecting surfaces such as buildings and hills.
A second kind of multipath signal, called diffuse multipath, occurs due to the

s small scale surface irregularities. Obstructions such as trees, windows,

rocks, and other ''smazll" obstructions cause multipath returns to appear to

11
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come from a spectrum of directions instead of a single well defined direction.
An example of such a phenomenon is shown in Fig, 4 where we depict many
small reflectors. Diffuse multipath is a random phenomenon as a result of
large number of objects giving rise to it. As such, an analysis of its effect
must be phrased in terms of these random orientations, Furthermore, the
analysis of diffuse multipath effects requires the inclusion of diffraction

phenomena and cannot be performed using classical ray optics techniques.

To observe the effects that these different phenomena have on the

received signal, a model for such a sign:l must be developed. In general,

b e et S e

e e A A W RN i e A S

the signal will be narrowband, centered about a carrier frequency W, We

assume that the transmitter emits a spherical wave from an omnidirectional

antenna (variations from which will be considered later) having a time varia-

IR g BT IO SR A TR

tion of the form,

5(t) = \2 Re[s(t) exp(ju t)] (2.3)

P

gp—

; The term ;(t) is the complex envelope of the signal and has the form
i
= " ~ -
e s(t) = \/E_ f(t) (2.4)

where E s is the signal energy and £ (t) is a normalized version of the temporal

|
P -
i i variaticn, Namely,
T z‘ j w

¥ .

i f(t) £ (t)ydt=1 . (2.5)
} ¢
F e
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The signal £ (t) is the complex envelope of the time variation iind can
‘ take on any arbitrary form depending on the signal format required., The
signal £ (t) corresponds to the video output (e.g., baseband signal, sece Van
Trees).
We now want to consider the complex envelope of the RF signal at

the output of the antenna. This signal will be affected by the transmitter,

she transmission channel, and the antenna. To understand the antenna effects
we must first define the incident characteristics of a plane wave, via its ray,

upon the antenna,

}
’

g In Fig. 5 we have drawn an array in the canonicil coordinate system
and have defined a normal vector n relative to the aperture. An incident plane ;
wave is described by a wave vector k. 'The elevation angle of arrival of

the plane wave, ¢, is the angle between the wave vector and the plane formed

T 2 AR RIS AR R T IR AN A T X RS LG

by the vector n and the x axis. The azimuth 6 is defined by the angle made in
the n, x plane as shown, The antenna attenuates the amplitude of a signal
coming from direction ¢, 6 by a factor G(8, ¢) which is called the antenna
gain in thé.t direction. Thus, the envelope of the RF signzl for one particular

1) s . o R AP M

path can be given by

| v
Ta k1 i

- JEA G, 9) f £t -R/c) e (2.6)

; where R is the path length, ¢ the path phase, A the area of the antenna, p the

|

Pt channel transmission factor and c is the propagation velocity.

i A general model for the RF envelope can now be proposed. If there

is a free space signal and N specular multipath signals incident on the antenna,

i 15 i
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Fig. 5. Definition of azimuth and elevation angles.
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plus diffuse multipath and noise, then the received signal is given by;

N

o~ p.f -~

rit) = JEA z G(e;, ¢,) R’-;f(t - R;/<) exp(jy;)
i=0

+ffc(e, ) b(8, ¢.,t) d6d¢ + n(t) . (2.7

Here 6, ¢; are the azimuth and elevation of the ith specular signal and Py Ry
and ¢i are the transmission gain, range and phase respectively, The i=0 terms
correspond to the free space path. The term b(o, ¢, t) represents the effects
of diffuse multipath to be discussed in Section 4. The noise i(t) represents
all noise not attributable to signal transmission observed at the RF output,
One of the purposes of this report is to describe how one can evaluate
all of the terms that appear in this expression and show how they relate to
the actual terrain topography. For example, the quantity p will depend on
reflection coefficients, diffraction effects, diffuse reflection effects, as well
as the vagaries of the transmitting antenna, The term B(e, ¢, t) is a random
process imbedded in a random field. The evaluation of its statistics is Quite
involved and will require some detailed knowledge of the surface topography.
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SECTION THREE

SPECULAR MULTIPATH

The dominant multipath effect in terms of direction finding and com-
munications in the DABS environment is specular multipath. As we shall see
in the next section, diffuse multip ith plays a second order role which, though
marginally important, does not limit the performance of the DABS system.
Specular multipath is felt in terms of signal fading and azimuth estimation
errors, It can be analyzed deterministically for each specific geometry or
probabilistically for an ensemble of such geometries. It has been found that
a deterministic analysis provides greater insight into how it can affect system
performance. In this section we shall concentrate on a deterministic analysis
and briefly comment on proposed random models.

As introduced in the last section, the direct tree space signal pluse

the specular signal received at the RF output of the antenna is given by

N
Py« . R’i) :
fEsA z;c(ei, ¢;) X, f (r. - exp[wi] (3.1)

where i=0 corresponds to the direct path ray. The problem is to determinis-
tically evaluate 61. b0 Py Ri and “’1 for each of the rays. This is to be done
knowing the number of scatterera, the surface geomelry. the antenna pattern,

the aircraft position and the electrical preperties of the surface.
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3.1 GEOMETRICAIL CONSIDERATIONS

To evaluate these quantities, we must first further quantify the geo-
metry. Let us assume that the receiving antenna is an array and the phase
(geometrical) center of the array is at some vector r 1 where

*1

LAl B A . (3.2)

which is a generalization of the definition of Section Two., Likewise, assume

the aircraft is at r

r, where

v, - (3.3)

Both of these vectors are defiued relative to the canonical coordinate system

developed in the last section. Now we wili. . ‘“:;e the ith: scattering plane (i = 2)

as the septuple Pi of surface area Si’ wiin tiits Gy 5i.(i 2 2) where;

Pi = 501’ @y 51, Si’ e Oy o‘si . (3. 4)

Here, T, is the offset vector of the ith scattering plane (see Fig. 2), & and
i
7, are the dielectric constant and conductivity »f the plane. o  is the surface
i
roughness coefficient as obtained for diffuse multipath effacts. This septuple

completely defines the scattering plane and will provide all the information
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necessary for our model of the channel. Given the antenna gain, the received
signal is completely defined.

We shall proceed by first determining Ri’ the range between the trans-
mitter on the aircraft and the receiver via the ith multipath source. We shall
briefly outline this derivation and present the result. When using a ray optics
approach the point of reflection from the ith surface is deterrhined by extend-
ing the ray from the source to the image antenna. The image antenna is de-
fined as being that point relative to the scattering plane (x", y" plane) which
is equidistant from the opposite side of the plane 25 ine receiver and lying on
the normal created by the receiver and the scattering plan:. For example, in
Fig. 6 we have depicted an antenna at R in the y, z plane and a transmitter at
T also in the y, z plane. The image antenna, since the x,y plane is the scat-
tering pliue, is at the point R, The line RO is normal to the x, y plane.

The length of the path is TS + SR or equivalently TR'. The vector r) is the
vector from the origin to the image antenna. What should be noted in this
figure is that since the x, y plane is the scattering plane and the image
antenna lies along the normal RO at the same distance from the x, y plane

as 1, tken _.-_'1 has the same x, y coordinates are f.i and a z coordinate

that is the negetive of r 1’ This then suggests how the image antenna for the
ith scattering plane can be obtained. Namely, translate and rotate the coor-
dinate sysiem, relative to the canonical system, using Eoi’ o and Bi and em-~
ploy the algorithm suggested above. Then retranslate and rotate back to the
canonical coordirate system, Doing this we find that the position of the image

antenna in the canonical coordinate system is given by f_':- where
i
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Fig. 6. DImage antenna geometry in scattering plane coordinate system.
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r: = (v, -r. )Y+ r (3.5)
_li ~1 -—Oi —0i

where E is the matrix which performs the above mentioned operations. The
entries of & are;

g

. . . ]
Coszai - sinzaicoszﬁi : sing, sin2B; ¢ smzaicoszﬂi
& = |sing, sinZﬂi § c':osZBi : cosaisinZﬁi .
-sin2q cosZ B : cosq; sin2p E sina, - cosza cos2f
- i i : €%y i i i i

(3. 6)

Thus R., the path length, via the ith multipath reflector, is deter-
mined by

R, Ml - 2}) e - 5 1 .7
1

This is the value of Ri used in (2.7). Now wi represents the phase of
the ith path, If we arbitrarily define ¥, then

PP Sl L (3.8)
d’l"'l/o ﬂ'-——Qr- &l/Fi .

where xo is the free space wavelength and R, is

R.0 = [(_r_z - El)T‘f.Z - 1'1)]1/2 . (3.9)
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The term Y, is the phasé of the ith reflection process which we shall define
shortly (see ; 2. 1).

In a similar fashion, we can use this formalism to evaluate the azi-
muth and elevation (91, ¢i) of the ith multipath source. Consider the geome-
try in Fig. 7(a). The xy plane is the reflection plane which contains a point of
reflection, S. Note that at the point S the ray changes direction and is reflected
to the antenna. The azimuth and elevation are then defined relative to the

vector that represents the scattered wave. Let us call that vector T, Now
i
T, relative to an arbitrary shift of coordinates is equal to the vector 85 the
i
incident vector, except that the z coordinate has its sign changed. From the

geometry, s is given by
8, =

§=rp-rp - (2. 10)
1

We can normalize 8; 80 that it has unit length. This is defined as the vector

r; where;
o1,
L7 Ty . (3.11)

Consider Fig. 7(b). Here we depict £°i’ the scattered version of 8. The
elevation of the multipath relative to the array is defined as - ¢g+ 28 shown,
and the azimuth is - 6, as shown, Thus ¢; and 6; are easily obtal ned by know-
ing the components of T, . which are directly obtained from s, as described.
This technique can then be extended to any arbitrarily rotated plane

following the reasoning developed before. Namaely, r, can be shown to be;
i

23

e i vemes e e dman RNV S DS
U - St
- -




8-4-15765 A2

"
y
+ z
8
y §
i
. -
2
(b) |
Fig. 7. Azimuth-elevation calculation.,
24
L
| 4
h s
|

(RS —




L aulli anSmaae —— w ;u' . .
. \ . ; /
- T R . B I e et s

ARY. A (3.12)
so that the azimuth is given by
r

8
1| 841
o, = tan l—r i (3.13)

8i2

and the elevation;

r
- 8
$; = tan ! 1 : (3.14)
Ty + re
il i2

where - -

[}
e

(3.156)

&H

Thus, given the parameters, we can obtain 0 & and then knowing the form of
the antenna gain G(Gi. ¢i) we obtained the antenna dependent portion of the ith
return.

Another term that is of interest is the angle made between the scatter-
ing plane and the incident ray. As we shall see, this is important in evaluating
the Fresnel reflection coefficient of the scattering surface. In the case where
the scattering plane is the x, y plane then as shown in Fig. 8 this angle is

given by the angle §. The angle TSR, equals « - 2§. Now consider the
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general case. Let Y3 be a vector from the origin to the receiver at R and let
Y1 be a vector to the image receiver at R'. Then the vector ViV =¥y is
normal to the plane of scattering. For example, in Fig. 9 it is normal to the
x, y plane., Now let v, be a vector to the transmitter. Let Vg be the vector

from the transmitter to image antenna, Now this vector is in the direction

of the ray incident on the scattering plane for which Y4 is a normal vector.,

Let y be the angle between vy and Vs This angle can be obtained from the
relationship.

(N
<
)

¢
.
r f
»
6

=cosy . (3.16)

>
1<

i

e e s AN 3 a3 s T AAITLHE AR AR YA | e P T T L7 S SRR T S0 T e .

i i

Then by this simple geometrical argument £ equals ((v/2) - Y) (see Fig. 9).

3.2 REFLECTION COEFFICIENT

L A ST B T D

The last factor required for (3.1) is an evaluation of the reflection

coefficient, p,. This coefficient depends upon the electrical properties of the

e

y oo surface, the slze of the surface, and the small scale surface perturbations.

The electrical properties are used to evaluate the Fresnel reflection coeffi-
N " cient, which has both an amplitude and phase, The size of the scattering sur-
, face defines an aperture and the surface roughness determines the diffractive
. effects that may arise. This is a very complex issue and must be dealt with
i in detail, Finally, diffuse scattering behavior of the large scale surface may
tend to disperse the incident energy.
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Arbitrary scattering angle geometry.
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Considering the above three effects the reflection coefficient, Py

can be written as;

Py = ”Ai "Di ”Fi (3.17)

where 1 A is the coefficient accounting for the finite aperture effect, p the
i i
diffuse reflection coefficient and n., the Fresnel reflection coefficient due to
i
the electrical properties of the surface.

3. 2.1 Fresnel Reflection Coefficient

The Fresnel reflection coefficient nFi and the phase wFi, (3.8), can
be obtained by an analysis of the reflection of electromagnetic waves from
smooth surfaces with known electrical properties. The properties of the
reflector also depend upon the polarization of the incident plane wave. To
simplify the analysis we shall assume a single polarization, vertical, and
avold until Section 5 any of the problems associated with depolarizing surfaces.

The compluie reflection coefficient is a complex quantity ;zFi with

-

nF1 = ﬂFi exP(iji) . (3.18)

It is shown in Jordan and Balmain (p. 631) that for vertical polarization

A (€, - jx) sin§ - \/(er - jx) - cos’g
il (e, - ix) siné + V(er - jx) - cos®E

(3.19)
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where j equals -1 and £ is the angle of incidence given by (v/2) - v, where
Y is defined in (3. 16). x is

x= O'/wev (3020)

where 0 is the reflector's conductivity, w the angular frequency of the inci-

dent radiation and € the dielectric constant of the propagation medium, Also~
€, = /ey (3. 21)

where € is the dielectric constant of the scattering surface.
Thus for different electrical surface constants, € and ¢, values of
g and wF can be obtained as a function of the incident angle §. Usually &

i i
is quite small, which means that N is close to unity and ""F close to w.
i

However, for different surfaces, th: behavior of these terms as a function of
£ varies significantly. In Fig. 10 we have shown the magnitude and phase for
a typical surface. It can be seen from Fig. 10 that a significant change in
nFi occurs as £ increases, Also the dip at the Brewster angle may vary from

a significant drop to only a 3 1B drop in amplitude depending upon the surface

characteriastics,

3.2.2 Diffuse Reflection Coefficiant

When the surface of the scatterer is rough, energy from the incident
ray is scattered away from the specular scattering direction (and thus is lost
from the received signal}. To account for this effect, we introduce the diffuse
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reflection coefficient nDi for each surface. This coefficient has been deter-
mined by Beckmann [2] and it depends upon the angle of reflection, £, as does
the Fresnel reflection coefficient. It also depends upon the statistical proper-
ties of the scattering surface. Specifically, if z(x,y), the height of the su=-
tace at point x, y, is a zero mean Gaussian random variable with variance

aﬁ, Beckmann shows that

h sin £ 2
nDi = exp|- \—x— . (3.22)

For & close to 0 the coefficient is near unity. However, for very rough

surfaces (crh >> XO), this term decreases rapidly as the angle of inci-

dence increases. In Fig. 11 we have sketched n for two di'ferent roughness
i

ratios, ch/Xo, as a function of £,

3.2.3 Diffraction Effects

As the size of the reflecting surface decreases, diffraction becomes
important «ad ultimately dominates the behavior. For example, it is well
xaown that a rectangular surface illuminated by a plane wave from direction
k as shown in Fig. 12(a) diffracts the radiation into the specular direction and
into other directions according to the sin x/x distribution. In Fig. 12(b) we
have plotted the distributions of the diffracted amplitude of the field in the k..
lg, directions., Note the central peak in the specular direction, l_<_'. and the
presence of sidelobes in other directions. In Fig. 13 two representative
specular refloctors, S, and S,, are shown with sketches of the diffraction

pattern of the reflected radiation superimposed. The dimensions of surfaces
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Fig. 12. Diffraction from a rectangular plana.
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S1 and S2 are assumed to be small enough that the radius of curvature of the
wavefront is large compared to the surface size. This allows us to say that
the incident wave is coming {rom the direction joining the midpoint of the sur-
face to T, and the the surface is irradiated by a plane wave.

The amplitude of the field received from a reflector depends on the
width and orientation of the diffraction pattern, which in turn depends on the
size and location/orientation of the reflector, respectively.

From geometrical optics we know that if T emits a spherical wave
and the wave is scattered by some plane, then the scattered wave is also
spherical. Furthermore, the apparent direction of the radiation can be
obtained by observing the direction of the ray passing through the desired
point. Thus, in Fig. 14, we have drawn a ray diagram for a wave travelling
from T aud have shown seven receivers., The reflected wave is also shown to
be spherical by drawing the normal to the rays. Now consider any one of the
receiver points R.. For this case of an inifinite reflecting plane, we see that
there is a definite reflecting point, Pi’ at which the ray follows Snells law,
We now pose the question: If there is only a finite amount of scattering sur-

face, and Pi is not on that surface, what is received at R, ? To find the

i
answer we must consider diffraction analysis, Thus, in Fig. 13, if Ris in
the sidelobes of that diffraction pattern of surface S,, its amplitude is de-
creased. Furthermore, we can consider the following experiment. If we

fix R and T in Fig. 13, move the surface S and plot the amplitude of the
received field as a function of y, the range, we will eifectively plot out the
diffraction pattern for that surface. This result is sketched in Fig. 15, When
the surface is centered at a point y*, tiie amplitude of the signal received at

R reaches a maximum,
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Now if S is large enough (to have a narrow diffraction pattern) but
not too large (small with respect to the radius of curvature) then the point y*
in Fig. 15 will, in some sense, correspond to the reflection points P, in
Fig. 14. That is, by positioning this small surface at the right point, we
can effect a received wave that would appear to be coming from an infinite

reflecting plane. This idea is the basis of the Fresnel zone concept. Further-

more, it can be rigorously shown that if one has many such planes, that only

L R s i A LS 3

the one centered at the right position will contribute to the received field
while all others will coherently cancel.

In view of the above discussion, we can consider what portion of an

e b R ST IAD D1,

infinite reflecting plane dominates in the reflecting process. This area is
called the first Fresnel zone ana represents the region on the plane where
the first « radians of phase shift occurs. The higher order Fresnel zones
represent regions of increasing r radians of phase shift. These zones are
depicted in Fig., 16(a). The first zone is shown in Fig. 16(b) in more detail.
It is an elliptical surface located at a center point Yo1 with an extent + A,y
about that point and + x, about the x axis. These quantities are given in

terms of z), 2, and r as follows:

2z,(z) + zZT

1+ _-Y——Or i

. (_zl + zz)

VTR
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Fig. 16. Geometry of Fresnel zones.
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The area of the Fresnel zone, AF equals;

AF=1I'X1A1 .

(3.24)

(3.25)

(3.26)

(3.27)

With these values we can determine whether or not a surface will act as a

source of reflection from the transmitter to receiver,.

Namely, if it is in the

first Fresnel zone then it clearly will reflect an amount limited by the dilution

of the main lobe of the diffraction pattern due to its finite size, If, however,

it lies ouside the firat Fresnel zone then its contribution to the reflected sig-

nal will be limited to that portion which is in the zone,

Thus, as the reflect-

ing surface moves out of tha Fresnel zone its reflected signal amplitude at

] ‘? &
a9
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the receiver decreases, the amplitude being determined by the sidelobes of
the diffraction pattern.

Thus an evaluation of the diffraction reflection coefficient, nDi, can
be determined {rom the diffraction pattern of the surface being irradiated.
However, such a calculation is often quite tedious. A reasonable approxima-
tion is let nDi equal the ratio of tha amcunt of reflecting surface area in the
first Fresnel zone to the area of the first ."resnel zone. This is a quantity
that is easily calculated, I‘hat is, if A, is the area of the ith reflector 1n. the

first Fresnel zone then;

A

T A (3.28)

s

Thus, (3.19), (3.22) and (3, 28" provide all that is nacessary for Py
in (3.17). Furthermore, this completes the specifications of ail the para-
meters in the specular signal of (3. 1).

3.3 EXAMPLES OF RECEIVED SIGNALS

The model developed at the beginning of this section for the specular
- portion of the received signal can be used to demonstrate the effect of certain
terrains or structures on the signal. The dominant eifect is that of fading,
where the direct return and other multipath returns add coherently to cause
a decrease in signal amplitude. This can produce a reduction in the signal-
to-noise ratio which seriously affacts detection and position estimation. Using
the model just developed, it is possible to see what type of multipath environ-
2 ment will give rise to the more deleterious effects and how through proper

siting and antenna design, they may be prevented.
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The fading property of the signal is easily observed by evaluating the
power in the specular returns. Thus, let Z.r(t) be the magnitude squared of
(3.1). It can be written as;

N 2 Rz
o(t) = EsAZ ;iz Gz(ei, d:i)!f(t - _ci-)

i=1 1
N N
G(6;, ¢;) GO, ¢.) pyp.
+EA y iR
e Zf %
- J-—
ifj
R R,
-k i\ =
f (t - "E') f(t - "?:l) cos(t//i - wj) . (3. 29)

Now if f(t) has a width which is long in time with respect to the path differences
then the time dependence may be neglected by integrating (3. 29) and using the
assumption in (2. 5). The resulting time integrated function is called s and is
(3. 29) with the time dependence absent. The first terms are clearly indepen-
dent of the path differences and are always positive. The second terms, those
involving the double summation, depend on the path differences due to wi - wi
and can be negative., They represent the result of coherent addition of the
wavefronts,

This phenomenon has been investigated by Spingler and Fig. 17 is a
plot of these amplitudes versus aircraft elevation angle on a radial flight,
One can note clearly the beat phenomenon and see the multiple beating., These

results are for a typical ATC radar beacon interrogator antenra. Fades of

20 dB are not uncommon in this data set.
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Using the model developed in this section we have analyzed three
specific cases in detail, Each case assumed a flat earth plus a single addi-
tional scattering plane. The three cases are depicted in Fig, 18, Case I is
an example of a slightly sleoping hill, Case II is a large vetical obstruction
that is parallel to the y axis. Case III represents a moderately sloping rise.
Ir all cases, the aircraft flew a radial out along the y axis at a fixed altitude.

With each of these examples we also analyzed the effect of multipath

ares e e YN

on monopulse azimuth estimation and the performance of multipath-inter-

PO

ference detectors (MID) (see McAulay and McGarty). For monopulse we
have two responses Z and Z&.corresponding to an antenna gain G4(6, ¢) or

G A(O, ¢) respecitively. Using these gains in (3. 1) and properly eliminating

S RNV TS A APy BB

B T L R R o)

the time behavior (matched filter detection) one obtains 3 and A. It is clear

that they are complex numbers. The estimated angle is given by

xa,

8 = k Re[2 (3. 30)
=

b !

where k is the monopulse slope. The MID i¢ given by T where

$
|
s 3
o r= i| xm[é (3. 31)
- z
L .
i In Figs. 19-21 we have plotted s, 8 and T respectively versus 1/R (where R
- is range}. The plot of 8 in this fashion shows the periodic nature of the
| i received signal directly. The rapid beats are due to the extra reflecting

plane while the lower frequency modulation is due to the flat earth reflection.
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Fig. 18, Geometry of reflecting plane for cases discussed.
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'The angle estimate in Fig. 20 for Case I shows the combination of both fading,
SNR losses, and the multipath bias modulation effect note by McAulay and
McGarty. The plot of T shows how such multipath is registered by this detec-
tor by its passage beyond the detection thresholds shown. These cases were
done for 512 element dipole array that was tilted down 4° and had a 3 dB/degree

vertical cutoff below the ""horizon.'

In a similar fashion, Case II is shown in Figs. 22-24. Here the mul-
tipath effect on angle estimates is more clearly pronounced in Fig. 23. Case
IO results are shown in Figs. 25-27 for a hogtrough antenna and in Figs. 28-
30 for an antenna with vertical aperture. What is most clear here is that
vertical aperture does help significantly in reducing the angle errors (Fig. 29).
This is a result of increasing the effective SNR as is evidenced by comparing
Figs. 25and 28.

Various other analyses are possible that exhibit the effects of in-
creased surface roughness, changes in the electrical properties and other

reflecting plane orientations.

3.4 CONCLUSIONS

The effects of reflections from large smooth surfaces has been
modeled as the coherent sum of plane waves incident on the antenna aperture.
The waves can be completely characterized by their ampli- de, phase,
azimuth and elevation relative to the boresight of the antenna. In chis section
we presented a detailed model which could be used to develop a received sig-
nal which would be representative of specular multipath.

The specular multipath model developed depended upon the following

points:
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1. Geometry: For each multipath source a plane was posi-

[

tioned at the source location and tilted in both range and
cross range directions to coincide with the actual surface. |
Evaluation of propagation distances could then be made

directly knowing the location of the receiver and trans-

mitter. All geometrical constants were determined for

each multipath reflector in terms of the offset position of

the plane, its range and cross range tilts and the locations

of transmitter and receiver.

!\)

Reflection Coefficient: The effect of a multipath signal on
agimuth estimation and link reliability depends directly
upon how strong it is relative to the free space signal.
The ratio of multipath to free space signal amplitudes is
given by the reflection coefficient. These were

a. Electromagnetic Reflection: This is determined
by the Fresnel reflection equation for a plane
wave at the interface of two media with differ-
ent electrical properties.

b. Diffuse Multipath: This represents the fraction of
incident radiation that is not lost to other than the
specular direction as a result of surface roughness. ,

c. Diffraction: If the surface is of finite size than its :

location and size must be ¢onsidered. This results

———— o

in a study of where the scattering aperture falls

relative to the Fresnel zone projected on the scatter-

ing plane.
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The inclusion of all these items leads to an analytical model which
can be used to simulate what would be observed by an arbitrary antenna from
a given terrain. Specific results for an antenna with the characteristics of
the DABS experimental facility antenna (vertical aperture 8)\0, horizontal
aperture, 26)\0) were evaluated. The antenna has a sum beam with a 3. 2°
beamwidth in azimuth difference beam and a sector beam in elevation with
3 dB/degree cutoff at the horizon. Plots of the sum beam, the monopulse
azimuth estimate and the multipath-interference detector were plotted for
three different multipath geometries. As a result of these simulations the

following conclusions were reached.

1. The monopulse azimuth errors were in general quite sraall

B T
-

except when both fading from the flat earth and the multipath
plane (tilted surface) occured simultaneously. In those

instances the effective free space signal was reduced resulting

B L PR MR

in an exceptionally large multipath to signal ratio and thus a

i
:
i

large error. This effect can be countered however by using
a large vertical aperture with a sharp cutoff below the hori-
zon,

2. When the vertical apertyre is reduced to M 0 serious fades
and monopulse errors o

3. The inclusion of a vertical aperture can reduce vertical lobing
fades on the sum beam power from 20 dB with a \ o aperture
to 6-8 dB with an 8\, aperture.

4. The MID shows strong correlat.on between large azimuth
errors and ites output. Therefore, it may be useful as a multi-

path detector.
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The simulations discussed in this report represent only a small

number of those that have been performed. Furthermore, recent compari-
sons of simulations with actual data obtained at DABSEF indicate that the

model does represent the observed phenonmena quite well in many cases.




SECTION FOUR

DIFFUSE MULTIPATH

Diffuse multipath is a random phenomenon, distinct from specular
multipath, and must be treated as such. In contrast to the development in
the last section, where exact descriptions of the scattering surface were
given, in this section the nature of the scattering surface is describable in
only a probabilistic sense. The reason for this is that the diffuse multipath
arises from the roughness of the surface and is predominantly a diffraction
effect. This will become important when we analyze the effects giving rise
to the scattered field.

In the estimation of the azimuth of a cooperative 3ignal source, the
effects of multipath tend to degrade the performance of such estimates. The
multipath encountered has been divided into two different categories, specular
- 1diffuse. Specular rultipath results from large smooth surfaces occupy-
ing a significant part of the first Fresnel zone. Diffuse multipath differs
from the specular form in that when it is scattered, it does not propagate in

a single direction but in a continuum of directions, depending on the rough- L"’

ness properties of the scattering surface. Diffuse multipath is a diffraction .
phenomenon where the element doing the diffracting is a small surface per-
tubation.

The effects of such scattering were discussed by Kerr(1951) in an

attempt to analyze the effect of sea surface scattering on radar performance.




The approach used by Kerr was to obtain a scattering cross section for the
surface. A more detailed approach was undertaken by Rice (1951) when he
modeled the surface by means of a deterministic polynomial and then solved
the random problem. His approach was quasi-deterministic and directed at
sea surface scattering. A different approach using the ¥irchoff approxima-
tion was presented by Eckart (1953) and was directed at acoustic scattering
from rough surfaces. Equations for the field were obtained and then averaged.
The resulting equations were then solved for the required quantities. This
work was latter followed by Ament (1953, 1955), using a similar approach.

Hoffman (1955) extended the analysis to the vector problem encount-
ered in electromagnetic field problems, using *“e Kirchoff technique. Other
attempts were made by Clark and Herdry (1964) to evaluate backscattering
effects. The prime reference using the Kirchoff method is Beckmann and
Spizzichino (1963). Their results give the field decomposition in terms of
different scattered directiors. They assume a Gaussian surface behavior
with knowledge of surface standard deviations and correlation iengths. Experi-
ments yielding these values have been discussed by Fung and Moore and Hayre
and Moore.

Most of these previous results are not suitable for an analysis of
azimuth estimator performance, however. It was shown by McGarty (1974),
for the case of bearing estimartion with a sonar array, that a function called
the channel spread function was necessary to evaluate performance. This
function gives the intensity of radiation incident at the receiver from all direc-
tions. This function cannot be obtained from the Beckmann and Spizzichino

model. However, analyses by Kodis (1966) and Barrick (1968) provide exactly
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what is necessary for the performance determination. Their analyses obtain
a scattering cross section which relates the scattered radiation into a specific
direction from a specified incident direction. The method of analysis differs
greatly from others in that it solves the scattering problem first using a
stationary phase technique (similar to Twersky (1957)), and then an averaging
technique. The averaging technique yields a very physical formula for the
scattering cross-section. It is in terms of the average number of scatterers,

the average surface curvature ({ollowing Longuet-Higgins [1, 2]) and reflection

coefficient.

4.1 THE SIGNAL MODEL

In Section 2, while discussing the nature of the total returned signal,

we defined the diffuse multipath return as

G(6, ¢) b(6, $, t) A6 do

where 0 is azimuth, ¢ elevation and G(6, ¢) the antenna gain for those angles.
The terms B(e, ¢, t) represents the random return from, 6, ¢ at time t. It

is clear then that b (8, ¢, t) is some form of a random process in time. More-

over, it is also a random process in space. Such processes are also called g
random fields. 4:
We can motivate the structure of b(@, ¢, t) by considering the geome- ‘:

try shown in Fig. 31. Here, as before, we have a transmitter at T and a E
W

receiver at R. We place, centered at (x', y'), an incremental surface dS.

Energy is now transmitted from T and scattered from dS into all directions.
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The amount arriving at R will depend on the diffraction nature of the surface

Gl e B

(recall our discussion in Section 3. 2. 3).

The azimuth 6 and elevation ¢ are shown in Fig. 31. It will be shown

ARt o b MR L AN

latter that each (x', y') pair uniquely corresponds to a (6, ¢) pair, thus with

this one-to-one transformation we can equivalently phrase the multipath in

R L Y

terms of these variables. Let us now also consider the temporal behavior
of B(e, &, t). Since we are assuming that the surface is not moving and that
T is moving slowly compared to the measurements, the temporal behavior of
the received signal is merely that induced by £ (t). Specifically, with these

assumptions we have
B(O, ¢, t)=B(o, o) £t - ) (4.1

where R is the path length TSR. This then represents the effect at R at time
t of the source at T radiating onto dS. The term 1;(9, ¢) represents the ran-
dom nature of the signal at R at time t.

Consider now some point r which lies in the receiving aperture
as shown in Fig. 32. Now the total reflecting surface can be viewed as the
source of many waves incident on r. Specifically, the surface dS generates
a wave incident from direction k as defined by the vector from r to dS. Thus,
we can consider each of the contributors from this surface to point r as the
contributor of a plane wave with an amplitude b(s, $) or equivalently E(l_c_)
where k is uniquely defined by 6 and ¢. This allows us to write for an iso-

tropic (omnidirectional) recsiver at r the observed signal as

Y
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Fig. 32. Geometry of receiving aperture.
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s(r, t)= | [ blk) exp(ik - 2) £t - D) ak (4.2)

For simplicity, let us assume that the variation of f(t) is small so it can be

neglected. Thus we consider 3(5_) where

s(z) = | | bk exp(j k - 1) (4.3)

Here 1~)(l£) equals 1;(6, ¢) and k . r is merely the projection of the incident
direction vector on r.

We now define the properties 1;(1:_) should have to be consistent with
properties of ;(E)' Note that 5(3) is a random field in r generated by 13(1().

The first assumption on EQc_) is that it is a zero mean Gaussian random field.
Thus

EbK]=0 . (4. 4)

This assumption is consistent with the roughness assumption leading to the

definition of diffuse multipath. Since it is Gaussian, all we need for a com-

plete statistical description is the covariance. That is, we need

Efs(r) 3 ()] =K, (5 ) . (4.5)

This is written as;

R [ f [ [ B[ 5" ) explik - £ - k' x) dkak'

(4. 6)
69

e e — e R
; ~ ?

A AR e - -

LY

&k T N i Zriertvsi 4

G




It is convenient at this point to assume that ;(5) is a homogeneous

random field over the aperture so that;
K (e, r') =K (r-1') . (4.7)
This implies (see Yaglom) that;
.k
Epb(k) b (k)] = K(k) 8(k - k') (4.8)

where &k - k') is a two dimensional implse function. The function K (k) or

K(6, ¢)is called the channel spread function and it is a measure of the energy

coming from direction (6, ¢) to the point r.

It is the channel spread function that defines the angle estimatioa per-
formance of antennas (see McGarty [1]) and thus plays a dominant role in deter-
mining the effects of random multipath phenomena, It is the evaluation of this
function from first principles and the use of it in system performance evalua-

tion which will interest us ir .is section.

4.2 THE CHANNEL SPREAD FUNCTION

To evaluate the cffect of diffuse radiation on azimuth estimation per-
formance, it is necessary therefore to determine the channel spread fun-~tion.
To obtain this function, we must first evaluate the time behavior of the irra-
diated surface and also the radiation pattern of incremental portions .. the
surface. Once these two relationships are obtained, the spread function can
be obtained directly.
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Consider a point source located at position (0, r, zz) on the flat
earth model as shown in Fig. 33. A receiver is located at (0, 0, zl). The
source emits a spherical wave which begins at time ty and is received by the

receiver at time tl where

where d0 is the distance between the source and the receiver and is given by;

dq= J:z +(zy - zl)2 ) (4. 10)

The power density of the wave received at the receiver is PO/ (4 rrdcz)) where P0
is the power of the source.

The source also irradiates a portion of the surface of the earth and
this surface scatters the radiation in all directions. The fraction of the inci-
dent power scattered to the receiver from the ith incremental area is given
by o, the scattering cross-section per unit area. Assume that there are N
such areas. Then, the total amount of power per square meter received at
the receiver due to the N discrete incoherently radiating surface areas is,

SN’ where;

N
o, P A
S, = i o 1 (4. 11)
N (4«'23 ny: .
i=1 bRt

R T S u«.& e




3 s ek ewhe W

}*

DIRECT PATH __——"""

—

— (o,r,zz)

I
——

-
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where Ai is tae area of the ith scattering section, Rli is the distance from the
receiver to the ith scatterer, and Ro; is the distance from the transmitter to
the ith area.

Now, at any one instant of time, not all of the ground is illuminated
by the source. For example, att = ty the wave has just begun to propagate.
The minimum amount of time it takes for a wave to propagate from the source

to the receiver via a reflection from the earth's surface is,

r2+(zl+z 2

s c

2)

(4. 12)

where c is the speed of propagation. At this instant, the area of the scatter-
ing plane illuminating the receiver is only a point. Fort >t g+ We can find

the area by finding the equations of all {x, y) such that the distance R, + R

1 2
equals ct. The resulting area is that area from which the receiver obtains
power at time t. This follows directly from the fact that R is the distance
from the scattering point to the receiver and R, the distance from the scatter-
ing point to the source.

From the geometry of Fig. 34, it is clear that

Ry =x%+y% 4l (4. 13)
and
RZ=x%+(r-y)%+ 2l . (4. 14)
2 2 .
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Then, if we define for each time, t, a distance p as;

p=ct (4. 15

PP P N

we can show that the area irradiated which gives rise to signals received at

the receiver at time t >t_ is bounded by the ellipse given by (see Appendix I)

al(y -y 2+ b2 x%= 1} (4. 16)
where
als= r(p2 - rz) (4. 17)
b2 = 4p° (4. 18)
(p -r +z§-z§)r :
Yo © Y (4. 19)
2(p” - r7)
and
‘Q
(2 2, .2 .22 2, 2 2 !
2 ka -r +zz-zl)-4zz(p -r) q
ro=p*d L. (4. 20)
0 2 z 3
(p"-17) 1
3o
i
i.

Thus, for any time t, the surface from which radistion is received is bounded
by the ellipse given by (4. 16). We shall call the area of the elliptical surface :

A(t). It is easily shown that as t = =, the elipse turns into 2 circular region. :
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Now, if we assume that the receiver is omnidirectional, then we can
calculate the total power density at the receiver. This can be obtained directly
from (4. 11) as a limiting case. Namely, if o(x, y) is the fraction of incident
power scattered from (x, y} into the receiver, then the total power density at

the receiver at time t is given by S(t) where

P
0 )
S(t) = — rix, y) dxdy (4. 21)
(4 Afk) R RZ

where A(t) is the bounding ellipsoia.
There is ar imporiant intevpretlation of £q. (4. 21) worth noting. Con-
sider the special case of a reflector which scatters the incident radiation uni-

formly in all directions. For this case we let o(x, y) equal ¢, and obtain for

0
S(t);
o, P
(4w) Aft) R1

S(t), now in Eq. (4.22), is the power per square meter at the receiver at time

t. As tincreases, the ellipse grows; however, the irverse di. tance squared
values weight contributions less and less. It can be shown that (4.22) approaches
a limiting value at t = ©, An exact calculation is shown in Fig. 35. Here,

we have plotted S(t) versus time for r = 15 .m, zy = 10 m and Zy = 3 km,

Note L:ow rapidly S{t) approaches almost a s’:ady-state value. What this
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Fig. 35, Area, S{t), vs time (z1 =10 m, Zy = 3 km, R = 15 km),

77




implies is that there will be little time fluctuation in the diffuse field due to
this effect.

The response S(t) due to pulses is shown in Figs. 36 and 37. Here,
the source er.aits a 1 psec and 1. 6 psec pulse respectively. The correspond-
ing power density is plotted. Again, note the sharp rise and cutoff values for
the diffuse radiation. The rise time is about 0. 5 psec while the decay time is
about 0. 25 psec,

To complete the analysis, the scattering cross section p2r unit area
o(x, y) must be determined. To do this, we shall follow Kodis and Barrick
and obtain the function O’(GS, bl ¢i)’ This is the fraction of the incident power
incident on a surface S from and angle q;i and scattered into direction (93, 4)5).
These directions are shown in Fig., 38, Here, it is assumed that the incident
field is a plane wave, making an angle é; with the z axis and having a wave
vector lying in the y-z plane.

To obtain this function, we write the scattered field as

E (x)=-jup [ T(zr, r') J(x') dS (4. 23)
s

where I'(r, r') is the dyadic Green's function given by (see Silver, p. 132)

Pix, r') = (I* __12 v V) (explj k|r - x/|1/(anlz - £'|) (4. 24)
k

and J(r') is the surface current density =nd j is J-1.
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Fig, 38, Scattering geometry,
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Using the Kirchoff approximation, Kodis shows that the field scatterea

in direction 55 due to a source from 1-<1 is given by

_ 2jk jkr[ ,
Egelly k) =ggz e | 45'Q -k ko) bxd)
J
 exp[j(k, - k). r'] (4. 25)

where

s X

helg

o>

(4. 26)

and fiis the unit normal directed into the scattering plane at every point and
€is the polarization vector of the incident field. Using the method of station-
ary phase and then averaging, Kodis shows that the scattering cross section

is given by
o(0,. by &) = y< | 1, RO (4. 27)

where n, is the average number of specular points per unit area,< |r, T, >
the average absolute value of product of principal radii of curvature, and R(§)
the reflectiosn coefficient. The angle £ is the local angle of incidence at the

specular point and is given by the relationship;

cost = % ‘/l'- sin ¢ sin ¢ cos 6, + cos ¢, cos | (4. 28)
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Barrick has shown that
7. 255 tan?
nA=__é_Zexp- _s_ziJ (4.29)
with
(4. 30)

2. . :
where T, is the correlation length of the surface and o, is the variance of the

surface height. tan yis given by

\/sin?‘q;i - 2 sing sin¢s coseS + sin2¢s

= 3%
tan y cos¢i¢ cosé ) (4.57)

The curvature has also been shown by Barrick to be

2

<jry r,|> = 0.1387 wdl sec4 (4. 32)
|1 2| . ;—-2- Y . .

Finally, for vertical polarization over a perfectly conducting piane, we have

i
for the reflection coefficient

- sinq)i sin¢8 sinz 6, ta, ag

-
»

b AR R Lt g s B e

R(€) =

(4.33)
4 sng cos ZE
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where
a, = cos¢, sing_ + si.n<1>i cosd coses , (4. 34)
a, = sing, cos¢  + cos; sing  cos6_ . (4. 35)

If we define a constant C as the product of 0. 1378 and 7. 255 then we

can combine (4. 28) - (4. 35) to yield;

4 2
(8. 645 &) = C 225 exp [ "a_nzl] IR(ﬁ)lz : (4. 36)
8

8

This is the resulting scattering cross-section. We can observe its behavior
easily in this form. By using (4.31) we first see that for positive b5 and bg
tan y increases as the azimuth 8, increases or decreases from zero. This
implies that the angle yis increasing as an absolute value of the azimuth,
Thus for fixed b3 and bg the azimuth behavior of the scattering cross-section
is dominated by y which in turn is reflected in the two terms; exp(-tanz v/8 2)
and seczy. The former term decreases with increasing y, the rate of increase
depending on the value of sz. The latter term, increases with sec4y, inde-
pendent of s, Now two distinct regions are possible. The first is for large
s: In that case, the sec4y behavior dominates a scattering cross-section
which increases with azimuth. Large s implies that Ty the correlation
length, is small compared to the surface roughness. This can be called a

very rough surface. For example, if o is 10 m, then the value of o, nseded
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to insure this condition is on the order of 10 m, A second effect to note is
that the amplitude about zero azimuth depends inversely on 82, Thus, a very
rcugh surface scatters less in the forward direction. The second region is
that in which 32 is small, i.e., ¢, >> 0y, 80 that e:-:p(--ta.n‘2 v/ 2) dominates
the profile of the scattering cross-section. Figs. 39-42 depict results for
e varying cases. Note that in Fig. 40 we have almost a specular scatter sur-
face with minimum spread. This results from a very large value of vy, the
surface correlation length.
"The assumptions that must be made concerning the surface in order
that the analysis leading to (4. 34) be consistent are (see Barrick):
1. The radius of curvature, p, everywhere on the reflecting
surface be much greater than the wavelength. Thus p >> )‘O'
2. Multiple scattering effects can be neglected.
e The mean square surface height is much greater than a

wavelength, that is o’ﬁ cos? 9 >> A2

0"
Condition (1) and (3) are direct limitations on the types of surfaces.
Specifically, (1) requires that the surfaces be very rounded since XO at 1090
Mhz is about one foot. Furthermore, (3) states that unless h is very large,
the approximations breakdown at grazing angles; ¢ n/2. That is most sur-
faces 'look'' like specular reflectors at grazing angles such that ¢ = n/ 2.
Further limitations concerning the surface correlation coefficient
are discussed in Barrick [2]. He notes that the correlation must be quadratic

about the origin. Specifically, the result in (4. 36) arsumes that the surface

height z is a Gaussian random variable with a correlation, E[z(x, y) z(x', y')],
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Fig. 39. Scattering cross-section vs azimuth (‘.tai = ¢’a = 880, 8 =1/2),
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Fig. 40, Scattering cross-section vs azimuth (e‘:i =6, = 88°, s = 1/26).
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Fig. 41. Scattering cross-section vs azimuth (@i = ¢‘ = 880, 8 = 2).
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having the form, exp(-a p:), where p:‘ is (x - x')z + (y - y’)z. This forin
ensures power conservation and correct behavior as the ray optics limit is
approached.

'Y We now want to evaluate the spread function K(6, ¢) which represents
the power per unit area per square radiaa incident at the receiver coming

from directions ¢ in elevation and @ in azimuth. To do this, consider an incre-
mental area AS' as shown in Fig. 43, Draw a line from the origin at an angle
6 in the x, y plane, bounding dS' on one side and a line at angle 8 + A8 bound-

ing AS' on the other side. Now ¢ is given by

2 2
$= tan~1[_’.‘_;i.l_] . {4.37)
1

The loci =f constant ¢ for constant zy are circles in the x, y plane.

Circles for ¢ and ¢ + A¢ are shown alse in Fig, 43. The crogs hatched area

in this figure represents the region of the scattering plare from which the source
receives radiation coming from the solid angle ¢, ¢ + A¢p, and 6, 6 + A Q.

The power per unit area received from this area ie K(6, ¢) A8 A$. Also,

f o AS is directly defired by the bounding region,

For any point in the area from Fig. 44, we see that

{ 3 12§

8 = m;l[ y + ;r -y) ] ) (4. 38)
L 2 .

L The scattered angle ¢S is given by (4.37). The angle 8, the angle used for

the scattering cross-section is given by
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Fig, 43,

Spread function geometry.
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6'=0+y¢ (4. 39)

where

el 2] (4. 40)

Thus, we have for any 6, ¢ pair

FPO (0 + ¥, ¢¢)ﬁdy
— 2 . (4.41)
K(8, ¢) = lim (4m) : RS
A6+ 0 es:
Ad =0
| A6 Ad _

whereg?is the intersection of the region formed as in Fig. 43 and the area of
illumination at time t. Note that x, y and ¢; are functions of 6 and ¢ so that

by using the Jacobian of the transformation some simplification of (4.41) may
result. However, another simplifying tool can be used if we introduce variable
Po where

pp= WxHy" . (4. 42)

But, from (4.37) and Fig. 44 we note that

Py = %) tan ¢ (4. 43)
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Here p, is the radius of a circular coordinate system in the x, y plane. Then 'ﬁ
%= pg 8inf = z, tan¢ sin6 (4. 44)
Y = pg cosb = z, tang cosé . (4.45)

With these substitutions we can write ¢ as in {4. 40);

_1[ zy tan¢ sinb
¥ = tan |t -z, tand cosG] (4. 46)
and
RY = z{(1 + tan%e) (4. 47)
R% = z% tanzq: +e2-2r z, tang cosd + zg . (4. 49)

Then using the transformation from x, y into Py’ 0 the integral in (4. 41) can

be written using

dx dy = p, dp, dé (4. 49)

as;
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P f o(8 + Y(6, &), 4; ¢;(0, )py dpg 40

0
K(0, ¢) = lim (4. 50)
20+ (4m° 1g,  Rj(6, ¢) Ro(6, ¢)

B A6 A )

where we have assumed that A(t) is large enough (t >> to) and have explicity
stated, ¢, R1 and Rz in terms of 8 and Y. Now using (4. 49) and (4. 43) we can
take the limit to yield;

Py (04609, §), 4 0,0, 4)) =} sec’ ¢ tang

K(0, ) =
(4m)°

(4. 51)
R{(6, ¢) R5(0, ¢)

as the rssulting channel spread function for this diffuse multipath field.

An evaluation of the channel spread function has been performed and
the results are shown ir: Figs. 45 to 48, This is for a time large enough so
that all the surface is irradiated. The ground antenna is assumed to be at
20 m and the aircraft at 1 km. The value of 8 varies as does tha range of the
aircraft, In these figures, we have normalized (4. 51) by Po/ 41rdg and have
plotted 10 log10 of that ratio.

In Fig. 45, we have a fairly 'smooth surface (s = 0.5), We note tke
bright spot near the horizon and a rapld decrease as € goes from broadside.
A similar plot is shown in F*7 46 i:.ut now the aircraft has quintupled its
range. We note the narrowing of the peaks. This narrow area is the glisten-

ing surface mentioned in Beckimann and Spichizzino. The remaining two plots
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Fig, 45. Contour plot of gcattering cross-section (R = 10 km,
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show how sidelobes appear as the surface becomes more rough. 'Thisisa
result of the increase in the radius of curvature term as well as a slow
decrease in the average number cf scatters as appear in (4. 5»1).

With K(6, ¢), the azimuth spread for a given antenna vertical gain
can be evaluated. Let G{¢) be the vertical gain of the antenna; then, azimuth
spread K(8) is given by

™
> _
K(6) = Gio) K(9, ¢) 2 . o (4.52)

As before, this is a function of o, Ops Zys %o T, and time. A sample plot
for r = 30 km using the vertical array proposed for the DABS antenna is
shown in Fig. 49. Note the sharp central peak and the drop of 6 orders of
magnitude as the azimuth increases. This profile is cealled the glistening
surface by Beckmann and Spizzichino.

It is also possible to use the gain in azimuth, Thus, if G(8, ¢) is tae

gain of an antenna in elevation and azlrnuth then, the quantity

T

Z ™
f j G(6. ¢) K{6, ¢) 46 d¢
Jm  Jew

0

4 do

(4. 53)
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represents the diffuse energy-to-signal value for the given antenna gain
G(68, ¢). This has been evaluated in Fig. 50 versus range for the DABS
antenna, From this plot, we see that the diffuse multipath is quite low and

would predict that it should not cause any difficulty in azimuth estimation.

4.3 PERFORMANCE

The azimuth estimatior performance of an array is determined by
its beam pattern or ambiguity pattern, the inherent system noise, and also
the effect of multipath interference. For diffuse multipath, as the type dis-
cussed in Section 4. 2, the performance can be given in terms of the ambiguity
function and the azimuth spread function. We have the azimuth spread in

terms of

™

Z
K(6) = G(¢) K(6, ¢) dp . (4.54)

™

2

For the performance analysis we want K as a function of u which is cos6
where 6 = 90° represents broadside. Furthermore, we want K(i) to have

unit area. Thus, we define the constant;

38}

o = K(6) do (4. 55)

as & normalizaiion factor. Then, in terms of the function K(6), we have
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Fig. 50. Plot of multipath energy to signal vs range.
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>

K 25D = coso . (4. 56)

o,
1

a

The ambiguity function of array is defined asB (s) and is givea by
B i) = oG mu + wnf? (4.57)
where _rgl_(y.) is the N x 1 complex vector

exp(-j2nd n/h )

é(u) =l . (4. 58)

exp(-j2mdgr/N o)

Here, d1 is the displacement from the origin of the ith dipole receiver (for a
dipole array), A, is the wavelength, and N is the number of dipoles.

The total gignal energy is given by

2
o =0, E {4. 59)

where E_ is the energy of the transmitted pulse and aé represents channel

attenuation effects. The total diffuse multipath signal level is

(riz =E, o‘i2 (4. 60)
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since we assume the signal due to diffuse muiltipath has been generated by

the source. The noise is assumed to be a2 zero mean Gaussian white noise

process, independent from element to element in the array and has a variance

given b

2 _Np
o
n

=2 . (4. 61)

For analytical purposes it becomes convenient to define two ratios, the multi-

path-to-signal ratio, £, and the noise-to-signal ratio, y. These are

(4. 62)

(4. 63)

<
]
mqnl BqN

New it has been shewn elsewere that the Cramer-Rao bound for estimating p

is giver. by (McGarty (1]}

i
var{p -f) 2 - 5 (4. 64)
where
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2
J=C 0.2 9 (1)
8
ap
p=0
1 .
2 5%
to; K@) — B - 1) ap' (4. 65)
1 C
7 where
NZ 0'2 + o‘f‘é 66
C= (4. 66)
{2 ,, L\l A ‘
% NollpZ+alN +"1‘I’)
& =fK(u') Bp - p') dp' (4. 67)
By using (4. 63), we can rewrite (4. 66) as
r 2
C= (’;‘ t £9) (4. 68)
r yN(N€ + €2 + Ny)
prome and the term in the brackets in (4. 65) becomes
) )2 ) 1 )2 .
. E +E K(w) g7 Biw - w)dp' . (4. 69)
k " A W
| p=0
)
The bound on cri can be shown to relate to o-g as;
F
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cg= -tan” 0+ tan” 0 [l +2=25" o (4.70)

2 .2 2 J cot® o 2

where 6 is the pointing angle. Note that 6 = 90° imriies broadside.

Now the evaluation of (4. 65) can be facilitated by using Fourier trans-
form relationciips. This has been discussed elsewhere but the evaluation of
the performance curves in Fig. 51 have been evaluated using this technique.
(See McGarty [1].)

We can express the performance as a function of the beamwidth of
the array as follows. Recall that for a linear array, we have for the ambiguity

pattern

- (4.71)
ing

where d equals Zvdo/)so, d0 being the interdipole spacing and \ 0 the wavelength,

The first null in this pattern occurs at Mg where

Rug=r . (4.72)

e ]

hspn b e e

) The center of the beam is at p = 0 so that the beamwidth between nulls
:
[ is given by 4
>

A 5
} -
‘ pg=oinl gl (4.73) §
\ . 0 ;
¥ ,

]
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Fig, 51, Standard deviation of angle estimate.
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From McGarty [1], we have the performance bound in the absence

of multipath which yields the standard deviation of the azimuth estimate, o 0

in termes of the signal-to-noise ratio and the number of elements. It is

12

Ge(radians) = N :—m (4. 74)

where orz is the signal-to-noise »atio. Now, using (4; 73) for N we have

1/2
= . 12 4
o" -

)'0 si.nGB xo sinBB
Assuming eB << 1, we can approximate this by

12 3/2

C, = 0 . (4.76)
6 . 2(% B
Yo

where Tq is in radians as is OB.

That is, in the absence of multipath the standard deviation of the
angle estimate is proportional to the three-halves power of the beamwidth,
This curve, along with the curve including muiltipath, is shown in Fig. 51.

Also, if the multipath effect is small (i.e., § >> 1), then the error
with multipath can be written as;
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1
2
2 2
Tg =0g: DO multipath |1 + ¢ K(n') -g-p_a (b - p') du! (4.77)
-1

That is, the variance is increased by a factor which depends on the multi-
path to signal ratio, £, and the nature of the spread channel, K(p).

Plotted in Fig. 51 is Tq Versus GB, the beamwidth in degrees for d0
equal 0.152 m, a frequency of 1090 MHz, a signal-to-noise ratio of 25 dB,
and the interference-to-signal ratio of -20 dB. We use the spread function
for zy equal to 10 m, z, equal to 2 km, range equal to 20 km. 0, Was 10 m,
and ¢ 2 200 m (as shown in Fig. 49). Note the behavior of the variance. As
GB decreases, To decreases almost linearly. The bound actually is dominated
by S/N behavior and is only slightly affected by the diffuse multipath, This

implies that for an array, with an 8\ | vertical aperture and a 26\ 0 horizontal

0
aperture diffuse multipath will not be a significant problem.

4.4 CONCLUSIONS

Diffuse multipath can be modelled as a random phenomenon which
results from the rough and random nature of the scattering surface. In this
section we consider the effects of such randomness in detail. We first reviewed
the rather large body of work that already exists on scattering from random
surfaces and discussed the shortcomings or usefulness of several of the models .

that have been proposed.
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A specific model for diffuse scattering was then proposed. First
an analysis of the area irradiated as a function of time was performed. The
result of this analysis was that for psec type sighals the effects of finite time
propagation could be neglected. Then using the Kodis-Barrick model the scatter-
ing cross-section per unit area was obtaine.’ for a Gaussian surface with a
Gaussian correlation functicn. The resulting scattering ~roess-section o(0 g’
bgi cpi) was evaluated in terms of the mean square surface height, oy the
correlations length of the surface, ¢ g and the geometrical parameters of the
point of scattering.

It has been shown that to evaluate the effects of random signals coming
from a continuum of directions, as is the case for diffuse multipath, the channel
spread function, K(6. ¢), must be obtained. This function represents the frac-
tion of diffuse energy received from a given azimuth, 6, and elevation, ¢.

Using the Kodis-Barrick scattering cross-section and the geometry of the ground-
to-air surveillance link the spread function was obtained.

This section concluded with an evaluation of the effecis of diffuse multi-
path on azimuth estimation. Several different t};pes of surfaces were considered
and a simplified closed form analytical result for azimuth «rrors was obtained.

As a result of this study the following specific conclusions were
reached.

1. The Kodis-Barrick model for diffuse scattering cross-sections

is most appropriate for performance evaluations.
2. Time dispersion effects are not important for MHz data rate

transmissions with respect to diffuse multipath effects,
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3.

5.

The channel spread function for oy < 7, shows a distinct
glistening surface effect that has been noted by other investi-
gators.

The errors on azimuth estimation dus *o diffuse multipath are
negligible and orders of magnitude smaller than those observed
for specular multipath. Thus diffuse multipath presents no
serious limitations in direction finding capabilities in DABS.
The effects of earth curvature and shadowing can be included

but their net effect is of second order and discussed in the next

se ctiog.
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SECTION FIVE

OTHER EFFECTS

In the past two sections, we have discussed the effects of specular
and diffuse multipath and have presented models with which the effects of
these sources of interference on system performance could be determined.
In so doing, we neglected certain factors which in some circumstances can
become important. It is the purpose of this section to discuss these factors

and place them in their proper perspective relative to the general model.

5. 1 REFRACTION

The model developed in this report for specular multipath considered
the scattering plane to be flat. However, the earth is not ‘lat, it has curvature.
If we consider any scattering point x, y and let r, be the distance from the
transmitter to x, y and ry the distance from the receiver to that point, then
Beckmann and Spizzichino (pp. 222-224) show that we must reduce the reflec-
tion coefficient derived in Section 3 by a factor D where

Zrl r

5 1/2
D=1+ I,Re(rl + rZTsln Y (5.1)

where R.e is the effective radius of the earth and y is (v/2) - cbi where ¢i is as
in Section 4. Tlen, for £y T, << Re' this is close to unity and it can be
neglected. In our analysis, we had also included the attenvation of 1/ rf r?'

2
which, combined with D, would imply for large R, that
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. (5. 2)

Lol &8
NN
Lol 28

For the angles of interest (y = 3°) and r, <10 km, D is sufficiently close

2
to one to be neglected. However, for a more general analysis, its effect must
be included.

Tn the same context of this problem is the evaluation ofthe line->f-
sight. Namely, for a given antenna height and aircraft height, how far from

the antenna must the aircraft fly to fall below the horizon, If z) <<z, then,

Rh, the range to the horizon can be shown to be
2z, R (5. 3)

where z, is the altitude of the aircraft and RE the effective radius of the earth.
R._. equals 4/3 RE where RE is the geometrical radius of the earth. A plot

E o (o]

of R, vs z, appears in Fig. 52. As seen for an altitude of 1 km, the range to

the horizon is 130 km.

5.2 SHADOWING

A second effect to be considered is that of shadowing. Here, we are
interested in the decrease in area irradiated due to the surface irregularities
themselves, This was first discussed by Beckmann [3] who develop- an
approximate expression for the [ractional effective area. Due to an error in
his analysis (see Shaw), Beckmannls theory underestimates the effects of

shadowing. A geometrical approach was suggested by Brockelman and Hagfors
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Fig, 52. Plot of aircraft altitude vs maximum range to horizon.

115

w

e, PR AEUGY L S




g —~

and later by Smith, All of these analyses are predominantly for back scatter- h
ing. A bistatic shadowing function was developed by Wagner. It represents
the effective fraction of the incident field scattered to the output direction. It

is given by

o{erf vyt erf VZ)/4 (B1 + BZ) (5. 4)

where

¢1 = (n/2) - q;i and

¢, = (w/2) -, with;

B, = [exp(~v.12) - Vf’nvi erfc vi]/4 \/Trvi (5. 5) ,

v, =il Jew (5.6)

n; = tang; (5. 7) 1
Yo = E[F(t) £(t)] (5. 8)

Y =[32 E[E(t) Et + )] (5.9} . ‘1
0 [p-2 T=0 ;

and §(t) is the surface height (e. g., #(x, y)). Depending on the surface correla-

tion, (5.6) and (5.7) are directly evaluated, Wagner shows, that for the range ‘

of values discussed in Seciion 4, S(¢1, ¢2) is about 0.1 This indicates an order
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of magnitude decrease in the values of the field intensity evaluated there.

Since there appears to be little data to subtantiate these results, we did not

include them in the analysis.

5.3 SEA SURFACE SCATTERING

The scattering of electromagnetic waves from a sea surface is much
more complex than that irom iand. A great deal of both the theoretical
and experimental work bas been done in this area but none as of yet directly

applicable to the DABS problem. The theoretical work by Beard [1]-[2],

Beard, et al., Barrick [1]-[3] and the experimental work of Rass, et al., [1]-
[2] provide some insight into the problem. In particular, it has been noted
that specular type reflections can arise in other than the expected specular
direction. Furthermore, the difference between diffuse and specular reflec-
tions is not as clear as that develcoped in Sections 3 and 4.

The work by DeLorenzo and Cassedy has shown how one might analyze
and interpret the results, Their model assumes that the surface of the ocean
is a narrowband zero mean Gaussian random process. They assume that the

height of the ocean, z(x, y), depends only on x and that (see Fig. 53)

Efz(x)]= 0 (5.10)
E[z(xl) z(xz)] = Kz(xl - XZ) . (5.11)
The field, z(x), is homogeneous,
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Fig. 53, Model of ocean waves.
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Using a Floquet analysis based upon Cassedy, they proceed to identify
the specular nature of the average intensity of the scattered field. They do
this by assuming that a length 2L of the ocean is illuminated and write the

normalized scattered field as;

L
p = exp(jvxx - jvzz(z)) dx (5.12)
-L
where
v, = k(sinqao - sinqas) {5.13)
k\;
N
v, = k(cos-:q;o + cos¢s) (5. 14)

where k equals Zn/ko. Clearly, Vy = 0 defines the classical specular direc-
tion since ¢ is the angle of incidence and ¢ the scattering angle.

By assuming that Kz( T) equals

K, (1) = o5 exp(- 12/12) cos(znf ) (5. 15)

where o'IZ{ is the variance of the surface height, o the correlation length and

f8 the spatial periodicity of the waves, they find that for the case To > L;

0

2
in“(v_ + n2nf )L
- 2 2 2 2% Wy 8
E[pp*] = exp{- v o‘R) . Z In(vzo'h) 4L

z 2
o oo [(vx + nans)L]
(5. 16)
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This expression shows the scattered power to be strongly peaked at

v +2mf =0 . (3.17)

Obviously, V= 0 is one of these values but so too are other directions.
DeLorenzo and and Cassedy show data which substantiates their model. Other
variations of the surface parameters introduce diffuse-like scattering along
with multiple specular scattering directions.

Thus, the analysis of the effects of multipath over the sea appears to

be quite complex and still an open area on many issues.

5.4 COMPOSITE SCATTERING

The fourth and final extension would be the scattering from composite
surfaces as discussed by Reckmann [1]. Basically, a composite rough surface
is one having several Ty and ¢ It Beckmann shows that the total energy from
such a surface is the sum from all of its composites. To do this in practice

requires a better understanding of the surface topography. The studies by

Fung and Moore and Hayre and Moore do not seem to indicate however, that

‘ such composite behavior is common.

| 5. 5 CONCLUSIONS

Those other effects that were not considered in the analysis of specular
and diffuse multipath in Sections 3 and 4 respectively represent only second
order perturbations on the results. The earths curvature giving rise to diver-

gence alters the result only slightly. The only serious limitation of having a
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curved earth is that of line of sight limitations, These can be easily included

as a cutoff at maximum range.

The effects of shadowing are also only second order and only tend to
further reduce the effects of diffuse multipath, However, sea surface scatter-
ing does present a phenomenon for which little data in the L band regions exist.
This effect will undoubtedly be important at airports which are adjacent to the
ocean. To a first order the sea surface can be considered as a slightly rough
flut plane with no tilts, This would indicate that azimuth errors would be small,

There are two other effects which may be dominant in certain locations
and for which at present little is known. They are;

1. Vegetation Effects: The éffect of trees and other forms of
vegetation must be considered when evaluating the reflection
coefficient, However, trees at L. band represent a random,
finite thickness, lossy, dielectric scatterer. At present no
adequate theory is available to analyze this effect. DABSEF
data indicate that a reduction in reflection coefficient
results.

2. Low Angle Effects: When the aircraft is at very low eleva-
tion angles, theory for flat surfaces indicate that p approaches
unity and very deep nulls occur., However, actual topography
is not perfectly flat, There are many different, albeit large
in area, surfaces of various tilts. Thus as the elevation
angle gets smaller the fresnel zone gets larger and encom-
passes many independently oriented surfaces, The coherent

sum of the plane waves from these surfaces tend to cancel and
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the resultant deep nulls do not appear. Again no adequate
theory exists to model this phenomcnon nor are adequate

data available on large scale correlaticn effects.

re
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SECTION SIX

APPLICATIONS

The models that have been developed for both diffuse and specular
multipath are useful in evaluating many of the important aspects of DABS. In
this section we shall discuss five areas in which these analytical methods find
application and discuss how the results may be applied. These areas have in
common an interest in how the signal behaves as a function of sensor type,
sensor location and aircraft location. In general, the resulting analyses and
conclusions will be based soiely upon the specular multipath model, for, as

we have shown in Section 4, diffuse multipath is a second order effect.

6.1 PERFORMANCE

There are two aspects of DABS performance that are impacted upon
by multipath. The first is the communication link performance. The link
performance depends upon SNR which in turn can be seriously degraded when-
ever the signal fades due to coherent multipath cancellation. The depths of
these fades can be evaluated for various terrain conditions and the link perfor-
mance obtained. In Section 3, we found that fading depended upon geometry,
surface roughness antenna gains and sensor and aircraft locations. In con-
trast to a simple flat earth, single plane model, the model developed in Sec-
tion 3 was based upon a more robust set of conditiona. It allows fade calcu-
lations and performance predictions to be made from multiple reflecting

planes of finite size and varying surface interface properties.
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The second performance issue is that of azimuth estimation perfor-
mance. As was shown in Section 3, the errors in monopulse azimuth estima-
tion are dependent upon two effects. The first was a pure SNR fade and the
second was a coherent cancelling by the off-azimuth multipath plane. Simi-
larly, ATCRBS angle estimating schemes have also been analyzed and similar

error behavior has been observed,

6.2 LOCALIZATION

Section 2 was basically an analytical approach to specular multipath
in that, for a given geometric~! configuration, the resulting output signal could
be formed. The inverse of this technique, going from an observed output to
a given geometry, is the synthesis portion of the analysis and has been termed
localization. That is, by observing the output of an antenna and knowing the
model it is possible to obtain the angles a, ﬁi as well as the offset location of
the planes giving rise to that signal. In such a fashion we can localize the
source of each specular multipath signal and identify it in the terrain.

From Section 3 we know that the specular multipath signal power,

sampled in time and normalized by the intensity of the direct path, is given by

n n
2 2
s¢=1+ p + 2 p; cos(d ¢,)
i=1 i=1
n n
+2 z E py pj cos(By; - &¥) . (6.1)
izl j=1
if]
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Here the p; represents path effects, range effects and antenna effects. Itis
not the reflection coefficient of Section 3 but a cenglomerate of all effects nor-
malized by the conglomerate of all direct path effects. The factor n represents
all paths except the direct free space path. The phase &Yy representes the
phase difference due to geometry between the direct path and the kth multipath.
Note, that for convenience, we have neglected the Fresnel reflection coeffi-
cient phase factor.

Let the aircraft be at a position (r siny, r cosy, zz) and the receiver
at (0, 0, zl) where r is the horizontal ground range. Then for reflecting
planes with small range and cross range slopes (less than about + 10°) it can
be shown that &Ilk is

Zn'fk .
&Uk = — + d/k (6.2)

where

fk = X% fz(xk, Yy zk) + (z1 + zz) cos(ak) cos (F‘k) f(xk’ Yy zk)

(6.8)
J’k z - 2(%3-) [f(xk, vk, zk) + 2y cos(ak) cos(ﬂk)] .
[sin(8, ) cos(y) + cos(ﬂk) sin(ay ) sin(y)] (6. 4)
and whers;
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s =g

f(xk' Yier z,) = %, sin(o) cos(ﬁk) + ¥y sin(ﬁk) - 2y cos(a ) cos(ﬂk). (6. 5)

Thus sz is a periodic function of 1/r with frequencies fk’ k=1,...
n, and phases ‘Lk’ k=1,...n. Thus if 52 is spectrum analyzed, fk and J/k can

be determined. It can be shown that by suitably varying y and z., the para-

2
meters o, ﬁk and f(xk, V! z, ) can be obtained. The three parameters uni-
quely define the kth specular multipath source.

In Section 3, Fig. 19, we plotted a return withn = 2 as a function of
1/r. The multiple sinusoids were quite evident. We have plotted in Fig. 54
the real part of the Fourier transform, in Fig. 55 the imaginary part and in
Fig. 56 the power spectrum of the range corrected waveform of Fig, 19. The
three peaks in the power spectrum are quite evident. The lower peak is due

to the ground reflection and the upper peak is due to the tilted plane reflection.

The central peak is a result of beating between these two multipath signals.

6.3 ANTENNA DESIGN

The effects of multipath strongly impact on the choice of an antenna for
DABS. The discussion of azimuth estimation performance in Section 3 demon-
strated that the effect of loss of SNR could be quite serious'. This loss was due to
the coherent interference between the direct path and the vertical lobing path.
This effect can be lessened by using an antenna with vertical aperture which
in effect will have a cutoff below the horizon. That is, the signal coming in
at negative elevation angles will be attenuated. This results in an effective

decrease in the reflection coefficient and increase in minimum SNR.
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Other effects can also be studied. For example, the choice of hori-
zontal aperiure and the nature of the sidelobes is also influenced by the type

of multipath present.

6.4 SIGNAL PROCESSING

The fade margins can be determined by the depths of the nulis that
occur., If these nulls are quite large then more sophisticated methods of cod-

ing and signal processing techniques will be necessary.

6.5 SITING

An important igsue in the determination of the implementation of a
DABS sensor is its siting. For example, where should it be, how high, and
what type of tilts should be used. The effect of specular multipath on these
issues is significant. Signal fading and coverage as well as angle estimation
performance are often dominated by the muilipath environment, At the pre-
sent, there seems to be no cohesive measure of optimum siting performance
but possibly, through a detailed study of the rmany multipath effects, one may

evolve,

6.6 =~ CONCLUSIONS

The models that we have proposed and ¢~veloped can be used to eval-
uate and ai:alyze the effects of multipath on system performance and design.
Specifically, as we have observed, the effects of specular and diffuse multi-
path on azimuth errors can be evaluated in detail. Furthermove, link relia-
bility can be deteriorated by specular fading. The effects of antenna gains
and cutoffs in eliminating deep fades and serious azimuth errors can be ascer-
tained,
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The localization algorithm has been found to provide a vseful tool N ,ﬂg
in determining the source of specular returns. By the nature of the signal
processing involved an effective increase in aperture can be obtained thus

increasing resolution. The use of this technique on the analysis of DABSEF

data is presently under way.
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SECTION SEVEN

- -CONCLUSIONS C ——

The ability to obtain azimuth information and communicate data over
an air-to-ground surveillance link depends quite strongly on the different
types of multipath effects. To determine the influence of multipath, we have
in this report, developed models for the signals that «re received after having
propagated over multipath channels. The models include the effects of the
topographical and electrical properties of the reflecting surfaces as well as
the position of aircraft and sensor.

As a result of this study we have reached the following set of conclu-
sions:

1, The most serious cause of azimuth angle of arrival estimate
errors at the ground terminal will be specular multipath sig-
nals in the main beam. These will tend to cause bias errors
in the estimate. The seriousness of the errors as measured
by their magnitude will depend upon the angle made by the ray
from thz aircraft to the multipath reflecting surface and the
beam pattern of the receiving antenna. If this angle is small,
then the Fresnel reflection coefficient may be near unity which
can oniy be reduced by the antenna pattern. The magnitude of
the azimuth estimation error also depends on the total phase

difference between the direct path and the reflected path. This
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can be obtained from the geometry of the aircraft, sensor and
reflecting surface.

The time delays for main beam multipath may vary signi-
ficantly, from a few nanoseconds to several microseconds, as
observed from DABSEF data. Again, this depends upon geome-
trical considerations. The nature of the surface will also affec*
the reflected signal. By using the concept of Fresnel zones, dif-
fraction effects can be included in a first order manner.

Diffuse multipath will have a minimal effect upon ground ter-
minal direction finding accuracy. The analysis of Section 4
has shown that diffuse multipath azimuth errors, as measured
in standard deviations, have magnitudes less than noise errors,
Furthermore, it has been shown by McGarty [1] that diffuse
multipath in certain cases contains information on the azimuth
of the target. This is in sharp contrast to the analysis of
Kulke, et al., who employed results from Barton and Ward to
compute the deleterious effect of diffuse multipath.

For most cases of interest, neither specular nor diffuse multi-
path will seriously limit either the direction finding or communi-
cation capabilities of DABS. There are certain pathological
situations concerning specular multipath however, in which the
effect will be quite deleterious, These have been analyzed in

detail by McAulay.
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4. The second order effects, such as shadowing and multiple
oriented sur.aces, could possibly dominate the signal behavior
at low angles. To answer this question adequately, extensive
experimental data are necessary.

As a result of the preceeding analysis it becomes evident that a sub-
stantial experimental program should be initiated to provide a data base
against which the proposed models can be compared. Part of this program
is included in the DABSEF (DABS Experimental Facility) presently in opera-
tion at Lincoln Laboratory. A more extensive program is also envisioned

which would include a portable system.
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APPENDIX I

In the Appendix. we evaluate in closed form the bounding ellipse dis-
cussed in Section 4. Further, we relate this to several other physical para-

meters, namely, the minimum distance between the source and the receiver

‘ via a multipath reflection. The basic equality to evaluate the ellipse, which

represents the locus of all pnints on the scattering plane whose total path

length from receiver to transmitter is p, is;

l+R2 P (I. 1)

where Rl and R2 are given by (4.13) and (4. 14) respectively, and p equals ct,

Now rearrangeing and squaring, we obtain

R} = p%- 2p R, + R (L 2)
Substituting the values for these quantities we obtain,
. x2+y2+z%=p2-2p\/(r~y)2+x2+zg
+y2+x2-2yr+r2+z2 (L. 3)

Cancelling and rearranging, we obtain
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Zp\/(r-y)2+x2+z§=p2—z%+z§+ rz-Zyr. (L. 4)

Squaring yields
4p2 (r - y)2+ x2+ zg] = (pz - zf+ z§+ rz)2 - 4yr(p2+ zg - zf + r2)+ 4y2 r2
(I. 5)

Now,
4p2 yz - 4r2 yz - 8p2 ry + 4(p2 + zg' - zf + rz)ry

+ 4:p2 r2 + 4p2 x2 + 4p2 zg ?
- (gz+z§-z%+r2)2 : (L 6)

Clearly, this is the equation of an ellipse. Completing the square, we can

obtain
2
-4p2r+ 2r p2+ zz- z2+ r?
2 2 1 1
4p -r iyt V] > =
4p" - 17)
+ 4p2 x2 ={(p2 + zg - z12+ rZ)Z
- 4p2 rz - 4p2 zg
+ (— 4p2 r+ ?..p(p2 + zg - zf + rZ))Z/(4(pZ - rzq
(1.7)
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Now the term on the right in the above equality can be simplified by writing

it as
+
[(p2+ z; - z% + rz)2 4(p2 - rz)
. } 4(p2 2y pz z;) 4(pz -
f L + (402 1% - 22p% 1) (2r(cP + 22 - 2P 4 1Py
{
3
g +arf(p?+ 2l - 22+ rZ)ZJ /(4(p% - £%)
i
=[4p2(p2+ zg - zf + rz)?‘ - 16p2 rz(p2 + zg - zf + rZ)
r - lépz(zg p?' - zg r2 - r4)l/(4(p2 - rz))
r = 4p2[(p2+ zg - zf+ 1'2)2 - 2(2r2) (p2 + zg - zf+ r2)
Pom + 4r4] - 16p2 r4 - lépz(zg p2 - zg 2 - r‘i)]/(éf(p2 - rz))
! ,‘
' V 21 2 2 2 2]2 2 2,2 2
! ) 4p”lp " - r tz, -2 - l6p zz(p-r)
) = 22 (1.8)
i 4(p" - r7)
b ,
F which is the desired result.
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Now we can ask the question, where is the point at which the mini-
mum time ray touches the surface? That is for a given p, the time from
source to receiver is (R1 - RZ)/c. We first want to find the value of x which

minimizes this expression. By standard differentiation techniques we obtain

r Zl
K o T omm— (I.9)
min Zl + ZZ
Note that if z, = z,,, then x . = d/2. Now the time it takes to cover this mini-

mum distance is to, where

2 2 :
r“+ (z, * z.,)
¢ = \/7 1 2 (1. 10)

0 c

Compare this to the time between receiver and transmitter, t,

\/dz bz, - z))"
t.= = (I.11)
Now att =t,, o equals c ty
Then substitution into Ty yields Ty equal t¢ zero and X equal to X in'

Thus as t increases beyond to: the ellipse forms and grows.
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GI.OSSARY OF TERMS

antenna area
area of first Fresnel zone
area of ith reflector

irradiated area

complex envelope of time invariant portion of diffuse field

complex envelope of diffuse field
velocity of propagation

distance to ith dipole

interdipole spacing

divergence factor

expectation

error function

energy of transmitted signal
scattered field

frequency of multipath interference
complex envelope of transmitted signal
displacement of kth multipath plane
antenna gain

difference antenna gain

sum antenna gain

Bessel function
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J() - current density

k - monopulse slope

k - plane wave vector

kx :
ky -  components of propagation vector

kz .
K(0) - channel spread function, azimuth only

K(0, ¢) - channel spread function ,
Ks(_r_, r') -  covariance of diffuse signal

_rg_z_(p) - array delay vector

MID -  multipath-interference detector

N - number of array elements

N - number of specular reflectors

n - normal vector

ﬁ(t) - complex envelope of receiver ncise

n, - average number of scatterers

N,

- -  noise spectral density

Po -  power of transmitter

1 -  scattering plane septuple

R - ground range

R(£) - reflection coeffecient

R‘e - radius of earth

Rh -  range to horizon ‘
R, -  range to ith signal
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in

x4

(t)

8(r, t)

SNR

1

o raa e o . e s

range from aircraft to antenna

distance from receiver to ith scattering point
distance from transmitter to ith scattering point
range

point in space

complex envelope of received signal

scattering plane displacement

location of receiver

location of transmitte »

offset displacement of ith plane

scattering surface

shadowing functions

power density at receiver

magnitude of power received

transmitted signal

complex envelope of transmitted signal

comfﬂex envelope of time invariant diffuse signal
complex envelope of time variance diffuse signal
signal-to-noise ratio

time

signal emission time of source

transmission time from transmitter to receiver

transit time of scattered path
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v 1 -  vector to image antenna

Z‘Z - vector to transmitter

Y3 -  vector to receiver

var ( ) -  variance

3 - half width of first Fresnel zone

*1

Yl} - antenna phase center location

2, -  antenna height ’
*2

Y, - location of aircraft

“2

Yo1 - center of first Fresnel zone on y cxis
z(X, Y) - random surface

a -~ cross-range tilt

g - range tilt

I'(r, ) - Greens function

Y - noise-to-signal ratio

A - difference signal

8, - deviation of first Fresnel zone from Yo

v - del operator (gradient or divergence)

6k - k') - delta function

€ - dielectric constant of ith scattering.plane
n - diffuse multipath to free space signal r-tlo
n Ai - aperture reflecticn factor
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np, - diffuse reflection factor )
i
ur - Fresnel reflection factor
i
8 - azimuth e.timate
GB -  beamwidth
' oi ~ azimuth of ith signal
xo - free space wavelength
) v - directioa cosine
kg ~  beamwidth
£ -  interference-to-signal ratio
Py - ith reflection coefficient \
= - sum signal ' N
E-(t) - magnitude of time variation of power received A
l‘ Ty - channel attenuation coefficient
T} - standard deviation of surface height |
2 4
Oy -  diffuse signal energy 1
o—i2 -  power in diffuse field
T, - scattering cross-section
Ty -  conductivity of ith scattering plane
oy -  correlation length of surface
rrrzl' - noise covariance
. 0': -  signal energy

e (0, by 4)1) scattering cross sections
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crg' -  variance of azimuth estimate
c‘li - variance of u
T -  multipath-interference statistic
b; - elevation (incident or ith signal)
b - elevation of scattered signal .
wF. -  phase due to Fresnel reflection
i
zpi ~  phase difference )
J’k -  multipath phase
"OR - phase due to range
i
W, -  carrier frequency
B (1) - array ambiguity function
. - transformation matrix
i
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