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ABSTRACT

This report provides an analysis and physical interpretation of the
various mechanisms giving rise to radar clutter. Both volume-distributed
clutter (rain, chaff, etc.) and surface-distributed clutter (terrain, sea, etc.)
are considered. The statistics of the clutter radar cross sections are related
to the statistics and properties of the particles or surfaces producing the
echoes. The spectral densities of clutter signals are derived in terms of the
physical parameters of the clutter sources. Measured results are provided,
and examples are calculated which indicate the magnitude of the clutter
problem for a mid-frequency (S-band) radar system.
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FOREWORD

This document is one of two summary reports examining the problem of
radar clutter in an air defense system. The study was performed at the request
of the Advanced Sensors (Electromagnetics) Laboratory, U. S. Army Missile
Command, Redstone Arsenal, Alabama.

Part I, which is unclassified, is devoted to an analysis and interpretation
of the mechanisms giving rise to radar clutter. Two appendices relating to this
problem are included, and each is self-contained, including references.
RSIC-799, Part II, classified Confidential, is an examination and evaluation
of clutter rejection techniques suitable for the application. Timely items
from both the classified and unclassified literature are included.

The following sources were searched:

Battelle Library

RSIC holdings

DDC and NASA tape searches
Personal contacts

The helpful suggestions of W. E. Rife and G. J. Falkenbach are grate-
fully acknowledged.
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Section {. INTRODUCTION

Radar clutter denotes the received signals from unwanted targets. The
unwanted targets of interest in this report include volume- and surface-distributed
scattering sources. Raindrops, snowflakes, and chaff particles are the com-
monly encountered types of volume clutter, while the terrain and sea represent
the surface clutter of concern in radar system engineering. Clutter physics is
defined as the study of the relationship between the nature of the clutter
scatterers and the characteristics of the radar echoes they produce. Without
an elementary understanding of the physic&l parameters of the clutter scatterers
and their effect on the clutter echoes, the radar engineer is at a loss to assess
the operating capability of his system under various environmental conditions.
Furthermore, clutter physics provides a sort of necessary background to the
successful study and implementation of clutter rejection techniques.

The report first establishes the relationship for received power at the
radar for three classes of targets: isolated ''point targets” (such as an
aircraft) , volume-distributed clutter sources, and surface-distributed clutter
sources. The latter quantities are statistical in nature, since the exact con-
figuration of clutter scatterers is neither known nor of concern to the engineer.
Hence it is convenient to represent the average clutier power at the receiver in
terms of the average radar cross section of the sources within a radar resolu-
tion cell; the size of this average radar cross section can then be compared with
that of a typical target to obtain a direct estimate of the strength of the clutter
and target sigrals at the receiver. For volume-distributed clutter, the average
scattering cross section per resolution cell is defined in terms of a radar cross
section per unit volume times the volume of the resolution cell. The average
radar cross section for surface-distributed clutter is likewise defined in terms
of a radar cross section per unit area times the area of the surface contained
within the resolution cell. Hence, it is these average radar cross sections per
unit volume ( for volume clutter) and per unit area ( for surface clutter) and
their relationship io the scattorers themselves which is of concern in this
report.

The report relates the radar cross section per unit volume to the number
of volume scatterers and the characteristics of cach individual scatterer. This
is done for both raindrops and half-wave chaff dipoles. Both the average radar
cross section per unit area and its variance are studied; the variance provides
an estimate of the degree of fluctuation about the mean received power level

one can expect for volume clutter echoes. Theoretical predictions are compared
with measured values.

s ————— g




A region of space filled with volume scatters will attenuate a radar wave
propagating through it. While this attenuation is not of itself the same as
clutter, it is usually associated with this subject because the same particles are
responsible for both the clutter echoes and the attenuation, and both phenomena
degrade the performance of a radar system. Both theoretical and experimental
results for radar wave attenuation through rain are given and discussed.

The radar cross section per unit area of surface-distributed clutter is
analyzed. The average value of this quantity for various types of surfaces is
given and interpreted physically; curves of this radar cross section are shown
as a function of the surface roughness parameters. The variance of the radar
cross section per unit area is derived. Both small scale and large sc..ie surface
roughness components are analyzed and their role in the scattering process for
natural surfaces is explained. Measured radar cross sections per unit area for
terrain and sea surfaces are presented and compared with theoretical
predictions.

Finally, the spectra of echoes scattered from clutter sources are studied.
In general, clutter source and/or radar motion produce two effects: a spreading
of the incident signal spectrum and a Doppler frequency shift in its position. The
mechanisms responsible for these clutter spectrum changes are examined. It is
shown how several of these spectrum-degrading effects acting simultaneously
combine to produce a total received clutter spectrum. Measured data are given
where available. ) '

Several theoretical results and physical interpretations given here have
been derived by this author and have not as yet appeared in the literature.
Unfortunately, the scope of this reported effort is not consistent with the pre-
sentation of the detailed derivations. Two analyses are included, however, as
appendices. Appendix A provides a theoretical treatment of scattering from
volume-~distributed particles; it covers both the clutter radar cross section and
its statistics as well as the attenuation of waves propagating through the medium.
Appendix B interprets the radar cross section of a very rough surface expressed
in terms of the average number of specular points times their average Gaussian
curvatures; the derivation of these quantities is presented. These appendices
were written earlier in the year for publication in the open literature. They are
included here because of their direct application to the area of clutter physics.
They are as such self-contained articles, having their own references and
figures.
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Section Il. RADAR RECEPTION OF TARGET AND CLUTTER SIGNALS

Clutter is defined to be radar reflections from unwanted targets. These
unwanted targets, or clutter sources, are usually distributed randomly over the
area to be searched by the radar;* this "range-distributed" clutter is the only
type to be considered here. In most cases the radar signal reflected from a
single clutter source is small compared to the signal from an aircraft target.
However, the total signal from many such clutter sources seen by the radar
simultaneously may be larger than that of the aircraft. In this case the target
will not be visible above the clutter return if one merely observes signal
intensity at the receiver. It will be the purpose of this section to examine
quantitatively the intensity of the clutter and target signals at the receiver
and their relationships to the scattering characteristics, Later sections
‘will be concerned with the reflecting and spectral characteristics of the clutter.

A further breakdown of clutter into two categories is necessary to under-
stand its echo characteristics. Volume-distributed clutter refers to cluiter
sources which are randomly spaced in three dimensions. Examples of such
volume-distributed clutter sources include such natural phenomena as raindrops,
snowflakes, flocks of birds, and swarming insects, as well as artificial or man-
made obstacles such as chaff particles, These sources, though having random
positions, are said to be uniformly distributed over space meaning that each
volume increment in a local region of space is as likely to have the same number
of sources as each other volume increment in the same local region. Surface-
distributed clutter refers to clutter sources which are randomly spaced over
two dimensions. Examples include trees scattered over the ground, specularly
oriented reflection regions of sea surface waves, buildings in a city, and heads
of grain in a wheat field.

Clutter physics is a term used to describe the study of the origin of
clutter echoes and the relationshins between clutter echo characteristics and
the clutter source characteristics. When the class of targets to be considered
is aircraft, as it is in this report, one can immediately set down some of the
properties of the clutter sources which will hopefully give their echoes different
characteristics than target echoes. One of these properties is the distributed
nature of the two types of clutter sources, as discussed in the above paragraphs.
The echo from each clutter source, as mentioned above, is in this case smaller
than that of the target. Also, the target is always in motion with respect to the

*Some types of isolated, unwanted targets are occasionally termed
clutter. ¥or example, a water tower located a mile away from an air search
radar may produce a large unwanted echo. Such an isolated target is not con-
sidered clutter here, and techniques used to mask such single objects usually
differ from those used for range-distributed clutter.

[~




clutter sources. For air defense radar systems, velocity differential is usually
the most important characteristic as far as rejecting the clutter echoes; this
relative motion produces a Doppler frequency difference between clutter echoes
and target echoes. Target body shape is different from that of clutter sources;
hence one can expect that the polarization properties of their scattered radar
waves will differ. Furthermore, difference in size between clutter sources and
target should mean that the frequency dependence of clutter echo strengths will
differ; the average echo intensity of an aircraft is nearly constant over most of
the useful radar spectrum as a function of frequency, while that of clutter will
be shown to increase with frequency.

The relationship for the power received by a radar antenna from a target
complex at a range RT is derived in many standard radar textbooks.!™* They

are repeated and interpreted here for three classes of targets. For simplicity,
only backscattering is considered here.

1. Aircraft Torget ot Ronge Ry

If the radar beam is pointed directly at the target, the power
received is

P. G G.A*

P, - TT ("T) R . (1)
47R? (4m) *RY

T

In this equation, P, is the transmitted power, G, is the maximum gain of the

T
transmitting antenna, ¢

g

T is the target radar cross section, GR is the maximum

gain of the receiving antenna (GR = GT if the same antenna is used for transmit

and receive), and A is ti.> radar wavelength. The quantity in the first set of
brackets gives the transmitted power density at the target. The radar cross
section in the second set of brackets is the area of a fictitious body which
scatters the same amount of power back toward the radar as the aircraft, but
also scatters this same amount in all other directions, The quantity in the
third set of brackets then accounts for the propagation of this backscattered
energy back to the radar and ite reception. One sees from this equation the
familiar dependence of received power on the inverse fourth power of radar
range.
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2. Volume - Distributed Clutter Sources ot Range Ry

At this point it is convenient to define the radar geometry ( Figure 1).
Since only backscattering is considered, the depth of the range resolution cell*

is %r . Where 7 is the time duration of the radar pulse and ¢ is the velocity of

light. The quantities A9 and A¢ are the half-power beamwidths of the main
antenna beam in elevation and azimuth respectively. (While the radar geometry
shown in Figure 1 may not be appropriate to all situations, it is probably the
most common one typical of air and surface search radars. Furthermore, it

RADAR RESOLUTION CELL
RADAR ANTENNA e —

A¢

(o) TOP VIEW

RADAR RESOLUTION CELL

RADAR ANTENNA

T

(b) SIDE VIEW

FIGURE 1. RADAR ANTENNA AND PROPAGATION GEOMETRY
FOR GROUND-BASED SYSTEM

* The range resolution cell is the depth in range within which reflecting
targets can produce echoes which all are received simultaneously, For back-
scattering it is exactly equal to one-half of the spatial pulse length c7 .
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illustrates well the effect of both volume- and surface-~-distributed clutter. If
the clutter problem is understood for this geometry, other radar geometries
can be easily handled.)

Assume now that the resolution cell at range R, is filled with volume-

T ;
distributed clutter sources such as rain. Then the average power received is

2
PTGT ( 3 ) GRA
- U V —————

2 2n?
47rRT (47) RT

P =

R . (2)

All the quantities in this equation have the same interpretation as in Eq. (1)

except the quantity in the second set of brackets. This quantity o°V is the
average total backscattering cross section of all the clutter source particles
within the resolution cell. Since this quantity is shown later to be merely the
sum of the scattering cross sections of each particle, it is directly proportional
to the number of such particles. Assuming the particles are randomly but
uniformly distributed, their total number is proportional to their average
density times the volume of space inside the resolution cell. Hence it is con-

venient to define the total average cross section o°V as the average back-
scattering cross section per unit volume (with dimensions of inverse length)
times the volume of space containing the particles observed simultaneously by
the radar, i.e., the volume of the radar resolution cell.

It will be the task of a later section to study the quantity ac, the average
volume-distributed clutter cross section per unit volume. That quantity is
' usually a con:taat, independent of range. However, it is important to give the
:' volume V of the resolution cell to see how the clutter power depends upon the
radar parameters and range. For the radar geometry of Figure 1, the volume
V is approximately

]
Vv = [#R? _ﬁ(.’.A_‘." ST = ____..ﬂRTCTAOAw (3)
T 4 2 2 16 !

where the first expression in hrackets is the area of the half-ellipse across
RTAG RTAw

the beam face with semi-major and semi-minor axes 3 ard 5 The

second set of brackets contains the depth of the cell. Thus one can see that as

the resolution cell grows in size proportional to R?r, the apparent total radar

Ccross section of this clutter acV, grows with the square of the range. This is

TR
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in contrast with the radar cross section of an aircraft target, as seen in Eq. (1),
which is independent of range. Hence one can expect the rain clutter echo,

while possibly not a problem at smaller ranges, can definitely become a problem
at larger ranges where it will eventually exceed the echo strength from a target.

3. Surface - Distributed Clutter at Range RT
Referring again to Figure 1(b), assume that the ground at

the bottom of the resolution cell produces a surface-distributed clutter echo.

Then the average received signal power arising from the surface-distributed

clutter sources contained within this resolution cell is given by

P =

R -1 . (4)

2n?
(4m) RT

2

PTGT (0 ) GRK
cA

2

41rRT

All quantities are the same as defined previously for Eq. (1) except the expres-

sion inside the second set of brackets. This quantity oA is the total average
radar backscattering cross section for the surface-distributed clutter contained
in this resolution cell. Since it was assumed that the clutter-producing sources
are randomly but uniformly distributed over the ground surface, this total
radar cross section is proportional to the surface area A contained inside the
resolution cell. For this reason, the quantity is usually written as the product

of oo. the average backscattering cross section per unit surface area of the
ground (a constant dependent only on the ground-scattering properties) and A,
the surface area within which the ground clutter is seen at a given time at the
receiver.

The quantity A, being proportional to the surface area inside the resolu-
tion cell, is a function only of the radar parameters and geometry. For the
geometry shown in Figure 1, it is given by

or RTCTAO’
A= (RTA«)> (E) =T - (5)

The first expression in brackets is the arc length in azimuth across the main
beam, and the second set of brackets contains the depth of the resolution cell.
As can be seen, the total radar cross section of the surface clutter increases
linearly with radar range RT since the area A contributing to surfice clutter

increases with range. While this increase is not as rapid as that with volume-
distributed clutter, nonetheless it does exist while the radar cross section of
the aircraft is a constant with range.




One fact stands out clearly from consideration of dictributed clutter up to
this point: Reduction of the size of the resolution cell ( with the corresponding
reduction in resolution cell volume V and subtended surface area A) will reduce
the power received due to clutter but will not affect the power received from an
aircraft target. The resolution cell size should not be smaller than the aircraft
dimensions, however, for then the target signal from the resolution cell begins
to decrease. While reduction of the resolution cell size definitely helps reduce
received clutter power, there are disadvantages which can offset the advantages
gained for certain situations. One way of reducing the resolution cell size is to
reduce antenna beamwidth, For a given frequency, this means increasing the
antenna size and weight. This increased antenna size and weight, while reducing

clutter and increasing antenna gains GT and GR (and hence maximum radar

range) , are of themselves disadvantages which necessitate greater mechanical
complexity and cost. Furthermore, decreased anienna beamwidth in a search
radar means a longer time to scan a given volume of space; this scan time is

usually a limiting factor to reducing beamwidths, even in phased array radars.

The remaining recourse in reducing resolution cell size is to reduce the

depth 221 This is done by reducing the effective pulse width . While present
cT

circuitry permits reduction of 7 to the minimum (i.e., where 5 is the length

of the airplane) , most radar transmitters are limited in peak power; reduction
in pulse width 7 thus results in a corresponding decrease in the total energy in
the signal. A well designed receiver has a signal-to-noise ratio which increases
not with peak signal power but with the energy in the signal. Hence reduction of
T to reduce range resolution cell size results in a decrease in signal-to-noise
ratio. However, modern pulse compression techniques permit one to reduce the
effective resolution cell size without sacrificing signal-to-nnise ratio. This is
discussed in Part II under matched filtering as a means of effectively reducing
clutter by reducing the effective cell size.

A further point should be noted concerning surface clutter. In certain
cases nearby ground or sea clutter can be reduced in ground-based search radars
by using horizontal polarization. At lower radar frequencies ( L-band and lower),
the ground is a good reflector, especially near grazing incidence; the ground-
reflected wave for horizontal polarization, however, is shifted 130 deg in phase
upon reflection. Hence an antenna mounted several feet above the surface and
pointed rear the horizontal will produce a composite pattern which is a result of
of the interaction of the direct rays with the ground-reflected rays. For hori-
zonta! polarization, this composite pattern has a null in the horizontal direction, *

*In practice, the null never completely goes to zero because of (1) less
than perfect reflection at the ground surface, and {2) the antenna boresight is
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Hence, surface clutter sources which lie along the horizontal are not seen by
by the radar. This effect is treated by Watters and Nathanson,?® who show

that the first pattern maximum up from the horizontal occurs at elevation angle
o = sin™! 4—7;) ,» where A is wavelength and h is the height of the radar antenna
above the surface. For example, an L-band (fo = 1000 MHz) radar antenna

mounted about 18 ft off the ground has a null along the horizontal and its first
maximum at 0,7 deg from the horizontal. While the technique is useful for
reducing ground clutter, the resulting elevation pattern consisting of many
maxima and minima (at about 0.7 deg apart for the above example) has "blind"
angles through which an approaching aircraft must fly and at which it will be
seen poorly, if at all. Furtheremore, an enemy aircraft hugging the horizon
will be rejected {0 much the same extent as the surface clutter. For the above
example, an aircraft flying at 500 ft altitude will not be visible until it is at a
range of about 10 to 15 mi. Nonetheless, the clutter reduction advantages out-
weigh the disadvantages in many situations, *

s a practical example of the effects of clutter on a typical ground-based
S-band fo = 3000 MHz) search radar, the radar cross section of various types

of clutter in a resolution cell as a function of radar range were calculated® and
shown in Figure 2. The antenna polarization is horizontal, the beamwidth is

2 by 2 deg, and the pulse width is 1 usec. Clearly, an aircraft target at a given
range should have a radar cross section considerably above that of the clutter.
The left ordinate is calibrated in terms of required target cross section to give
13 dB of signal-to-clutter ratio; this 13 dB figure is usually considered desirable
for reliable detection. Receiver thermal noise is also shown along with light
rain, moderate rain, chaff, sea clutter, and open land. As can be seen, land
clutter is the most serious at short ranges for this situation.

usually never directed exactly along the horizontal, The pattern minimum
along the horizontal, however, may v quite deep, lying as much as 20 to 30 dB

below the pattern maxima.

*"Clutter fences" have much the same effect as the technique described
here. They are merely metal tences built around the radar site used to shield
the antenna from strong nearby ground clutter.
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Section lll. RADAR CROSS SECTION OF VOLUME - DISTRIBUTED CLUTTER

1. Rodar Cross Section ot Single Roindrap

It is necessary to know the scattering cross section of a single
average raindrop of radius a in order to compute the effect of many such
particles reflecting together. For all practical purposes, the raindrop may be
assumed spherical with a radius a significantly less than wavelength; this is
usually valid even up through Ka-band (A= 8 mm), since raindrop radius rarely

exceeds 1to 2 mm. Hence the backscattering cross section of a single raindrop
is that of a dielectric sphere with refractive index m and radius a in the
Rayleigh (low frequency) region. This is (Appendix A):

2
(koa> 2 (6)

where ko = —zf . It should be noted that the refractive index m of fresh rain

2 -
op = ara? | -1

m?+ 2

water is a complicated function of frequency throughout the microwave region;
usually only empirical relationships are available for this frequency dependence.
The most significant variation of PN with frequency, however, is contained in

the factor k:) , which shows that the radar power backscattered by a single rain-

drop increases with the fourth power of frequency. This rapid increase in rain
clutter signal with increasing frequency is probably the most serious limitation
on the use of high frequencies for long range radars.

2. Ruder Cross Section of Single Holf-Wave Cheff Dipole

An effective chaff cloud usually consists of thin, conducting half-wave
dipoles, where the enemy's operating wavelength is known ahead of time. A
combination of theoretical analyses and experimental measurements have shown
(Appendix A) that the cross section for such a dipole optimally oriented (i.e.,
oriented along the direction of the E-field vector of the radar wave) is

s = 0.75\% . (N

In the more common situation, however, the dipoles are randomly oriented with
respect to the E-field. In this case, the best that can be used is a radar cross
section averaged over all equally likely orientations. This is

T, = 0.172 ., (8}
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In general the radar cross section of a chaff dipole cut to be one-half wavelength
is considerably greater than that of a raindrop. This dipole represents the
particle shape offering maximum radar cross section per unit weight of
material.

3. Radar Cross Section of Single Snowflake

The problem of finding a simple scattering model for a snowflake is
considerably more complicated than that for a raindrop. The snowflake is
neither spherical nor solid. Its structure, consisting mainly of ice particles
and air, varies widely with weather conditions. While ice itself has a dielectric
constant only about one-fifth that of water, the radar cross section of some
snowflakes is substantially greater than that of raindrops. This is undoubtedly
because the radar cross section in the low-frequency and resonance regions is
much more dependent on the overall size than cn the dielectric constant or
packing density of the ice; large snowflakes are considerably larger than rain-
drops, and hence the large radar cross section. Because of the wide variety of
snowflake formations, it seems fruitless to give a mathematical model which
can be expected to be at all accurate.

4. Average Radar Cross Section per Unit Volume

Paragraphs 1 and 2 above have given expressions for the radar
scattering cross sections of individual volume-distributed clutter sources,
namely, that of a raindrop and that of a chaff dipole. The average incoherent
radar cross section of the entire complex of many such single clutter sources
existing together in a given volume is derived in Appendix A. The approxima-
tions under which the theory is valid are stated there. In particular, it is
shown that the average radar cross section of the complex is merely the
average number of particles times the radar cross section per particle. This is
valid when distance between particles is a random variable and thus any phase
shift between 0 and 27 due to these path length distances is equally likely. This
assumption is usually valid for rain showers and nearly always valid for chaff
clouds. Under this assumption, one merely adds the scattered power, or radar
cross section, from each individual particle, and hence the term "incoherent"
scattering cross section.

Define N as the total number of clutter sources in a particle cloud of
volume V. Then the average number of particles per unit volume is p = -g- .
In this case, the average cross section per unit volume is

(4
o =

<iz

<@> = p<o> , (9)

12

380 e S &
T ke

b el DTN A e 8 i e e e T

e s e




where <o> is the average value of the radar cross section of an individual
particle. For rain, <o> is the same as UR given in Eq. (6), where an average i

raindrop radius is used. For randomly oriented half-wave chaff dipoles, <o >

is the same as oy given in Eq. (8).

As an example, consider a moderate rainstorm with particle density
p = 100/m?¥; the typical drop radius from Figure A-2 of Appendix A is a ~ 1 mm,
At X-band (A = 3.21 cm), the value comnuted from the Eq. (6) and (9) for

o° (in m¥m?) is about -58 dB. This compares favorably with experimentally
observed values to be given later.

4 As mentioned previously, only the incoherent scattering cross sections :
‘ are considered here, even though coherent scattering is treated in Appendix A.

However, it can be shown that the coherent backscattering cross section of

; typical sized rainstorms and chaff clouds is so small throughout the microwave

region that only the incoherent backscattered power need be considered.

5. Variance ot Radar Cross Section per Unit Volume

The average radar cross section per unit volume is given in the
preceding sections. If one were to measure the average received power from
volume clutter, the average reading would be a true measure of this quantity

i vty

ac. If the raaar output power indicator were sufficiently fast, one would see a
fluctuation about the average value. It is desirable to have an estimate of this
fluctuation in order to know how much any given reading is likely to deviate

] from the average.

< b A 5

It can be shown that the variance (defined as the average of the cross
section per unit volume squared minus the square of the average cross section
per unit volume) has a definite relationship to this fluctuation. In fact, the
Chebyshev inequality, which applies to any general probability distribution,
states that the difference between the instantaneous fluctuating cross section
and its average value exceeds five times the standard deviation (the standard
deviation is defined as the square root of the variance) less than 515- (or 4 per-
cent) of the time. Hence, a knowledge of the variance of the radar cross sec-
tion per unit volume gives a good idea of how wildly the instantanecus value is
likely to fluctuate about its average.
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The variance for p particles per unit volume is given in Appendix A,

c .
and it is found to be exactly the square of ¢, the average cross section per
unit volume, i.e,,

Var (o /vol) = <ac>2 = [p<o>]? . (10)

Hence, one can expect to see instantaneous fluctuations in volume-
distributed clutter pcwer which are as great as the average power itself, It is
a common misconception that the more clutter particles one observes simulta-
neously, the less the instantaneous cross section deviates from its average
value; such is not true. It may be true that a radar system time constant in
certain situations is so large that instantaneous fluctuations about the average
are smoothed, but this is only due to the inability of the rudar to follow the
instantaneous swings in clutter power.

6, Probability Density of Radar Cross Section per Unit Yolume

It is relatively easy to derive the probability density function of the
radar cross section per unit volume. From this probability density function,
all higher moments can be derived. The probability density is derived in
Appendix A. It is shown there that the total received voltage from N signals
arising from N clutter sources becomes a Gaussian variable as N becomes
sufficiently large. This follows the well known "Central Limit Theorem" of
statistics. (Usually the approximation is valid for N > 10,) Then the prob-

ability density function p(o) for the radar cross section per unit volume ¢ is
exponential, i.e.,

1
plo) ==e (11)
g

for 0 = 0 < *©, where a° is the average radar cross section per unit volume
as defined in Eq. (9).

7. Measured Values tor Average Radar Cross Section per Unit
Volume tor Rain Clutter

In preceding sections an attempt was made to physically interpret

o° and the variance of this quantity in terms of the individual scattering
particles and their density. This was done to gain an understanding as to what
causes the clutter and what physical parameters affect its value. In this

14
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section, measured values for oc are given in Table I for various frequencies
and at various rain rates.® Also given is the probability, or relative amount
of the time, that such a rain rate occurs in Washington, D. C., so that one

can get an idea of how often a radar may have to deal with such rain clutter.
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Section IV. ATTENUATION OF RADAR WAVES DUE TO RAIN

I. Theoretical Interpretation

While the attenuation of radar waves passing through volume-
distributed particles such as raindrops is not exactly a clutter problerﬁ', it is
a propagation problem confronting the radar designer which is a resuit of the
presence of clutter sources. A coherent radar wave propagating through a
region containing many scattering particles experiences two effects: its phase
is shifted by the presence of the particles, and it is attenuated in amplitude by
the particles. The first effect is usually of no concern to the radar engineer
while the latter effect is of great concern. Appendix A treats this problem by
two techniques. One employs a multiple scattering theory and is quite precise
in its formulation, while the other, simpler analysis is based upon energy
considerations.

1 The attenuation of radar waves is due to two phenomena: Energy is

i removed from the incident wave by absorption by the particles and converted

to heat if the particle material is lossy, and energy is removed from the
incident wave by the particles and incoherently scattered in other directions.
For small particles compared to wavelength, only the first mechanism is
important, while the second mechanism dominates when the particles are

large compared to wavelength. Raindrops are essentially small in size com-
pared to wavelength up through X-band and possibly even up to Ka-band. Under

e S a1 T

! these conditions, the following approximation for the power attenuation coef-
ficient o (derived in Appendix A) is valid:

X

b4 m? -1

i a = (4.343) 4mpa’k I (dB/m) (12)
5’ om ]

¥ m° + 2

¥

§ where p is the particle density (number per m%), a is the average particle

¢ radius, ko = % , m is the complex refractive index of the particle material,

§ and Im [x] means the imaginary part of x. As can be seen, the attenuation

i in the low frequency limit is zerc unless the refractive index m is complex

g (representing a lossy material). The quantity o given above is the one-way

¢ attenuation of radar waves and must be multiplied by two to give the round-trip
; attenuation for backscattering.

; An example is given in Appendix A, At A = 3.2l cm (f0 = 9,35 GHz or
a X-band) , the measured refractive index of rainwater ism = 7.14 + i2.89 at 0°C.
§ Assuming an average drop radius a of 1 mm and a density p of 100/m?
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(typical of a moderate rain shower) , one arrives at an attenuation of
0.0652 dB/n. mi. (one-way) or 0.1304 dB/n. mi. (round-trip). This compares
to a fair degree with measured results to be given below,

2. Measured Rainfall Attenuation of Radar Waves

The first extensive set of measurements of rain attenuation was
made by Medhurst. 8 A mean value of his observations is plotted in Figure 3
as a function of frequency. The ordinate gives the two-way attenuation per
rainfall rate (dB/n. mi per mm/hr rainfall rate). To use the curve, one
multiplies the ordinate value by the rainfall rate to get the round-trip attenua-
tion in dB/n. mi. Rainfall rates typical of different types of showers can be
found in Table I. Nathanson® used later measurements to modify the Medhurst's
curve; his result is shown as the dashed curve. His curve is believed to be
more accurate for rainfall rates less than 4 mm/hr. The curves are accurate
to no closer than 3 dB (a factor of 2).

It can be seen from the curves that attenuation in heavy rain can become
a serious problem at frequencies of X-band and higher over ranges of tens of
nautical miles. It was also shown previously that the received rain clutter
intensity increases sharply above these frequencies. Hence, these two factors
tend to limit the frequencies used for long-range search radars to C-band or
lower.
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Section V. RADAR CROSS SECTION OF SURFACE-DISTRIBUTED CLUTTER

1. Slightly Rough Surface: Average Radar
Cross Section per Unit Area

One of the most general analyses of rough surface scattering treats
the surface height itself as a random variable. A recent report by Barrick and
Peake’ presents the analysis. The term '"slightly rough" refers to a surface
whose height deviation about a mean surface is small compared to a wavelength.
Hence it applies to any rough surface in the low frequency limit. In practice,
the slightly rough surface model accounts for HF and possible VHF scatter from

the sea surface and some local terrain surfaces ( whose roughness does not
exceed a few feet) .

The analysis and mathematical details are given by Barrick and Peake,’
only the results and their interpretation will be presented here. Only back-
scattering is considered in this report for the sake of brevity and simplicity.
The mean surface is planar and the angle of incidence oi is measured from the

mean normal, or vertical, to the surface. The backscattered power is termed
incoherent because the phase angle of the scattered field varies randomly
between 0 and 27 rad from one surface to another in an ensemble. This is in
contrast to the reflected fields, which are coherent; these reflected fields exist
at and near the specular direction and are proportional to the Fresnel reflection
coefficients. For backscattering, one expects a strong coherent reflection
(compared to the incoherent scatter) around normal incidence. However, in
most situations involving surface clutter, the radar antenna rarely views the

surface from directly overhead, and hence one need consider only the incoherent
backscattering cross section.

For backscatter, the incoherent average radar cross section per unit
surface area, ao, s given by

o° = 4nk' cos' 6, la 12 W, (-2k gin 6, ) : (13)
[0} i [0} i

where a is a function of the surface materials and polarization states; it will be
given below for the vertical and horizontal states. The quantity W;(p, q) provides
the interpretation of the scattering process; it is the spectral density of the sur-
face roughness height and is defined in terms of the surface height correlation
function, <4 (X, y) L(x + AX, y + Ay)> = h'R, (Ax, Ay) as follows:

) 0 o0 - -
Wy(p, Q) = l‘;_[w [ Riax, ape 4 - 188400 qay . (19)
™
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where {(x, y) is the random variable representing the rough surface height
above the x,y plane. The x-direction is taken here to be along the plane of
incidence while the y-direction is perpendicular to it; the x,y plane is the mean
plane of the rough surface. The quantity h? is the mean square surface height
and R;(Ax,Ay) is the surface height correlation coefficient for two surface
points separated by Ax, Ay. Hence, Eq. (13) shows that the only roughness
spectral frequencies which produce backscatter are those with radian wave
numbers p = -2k0 sin Gi and g = 0. Near grazing incidence, for example,

where sin ei — 1, it is roughness frequencies near 2korad/ m which are
responsible for backscatter.

The quantities ozw and ahh’ proportional to scattering matrix elements,’

NS (EDEZNPR BT

are

R
i

hh e ot e R ’
u, cos 6, Jerpr sin® 6,
- - 2 - .2 -
‘Er 1) [(Er 1) sin ei + erur] er (ur 1) ’
o = (15)
vv

[_' Sioiad o \2
+ -
(Gr cos (9i Er‘ur sin ei)
\

for a surface made up of a homogeneous material having relative permeability
and permittivity K and €. For a highly reflecting or conducting surface

Er -- o] = these become

1 + sin? 0,
0., =1, o T (16)
00820i

From the above equations, it can be seen that backscattered power near grazing
incidence is always greater for the vertical polarization states than for the

horizontal states. This has been confirmed experimentally also, as will be
seen later.

Equation (13) for o° was obtained by a perturbation technique and is
correct to the first order in koh 2. As such it represents a true low frequency

solution and exhibits the familiar fourth power of frequency dependency shown
by power scattered from small volume-clutter particles. If the roughness
height is not small so that koh is not small compared to unity, then higher order

21




terms omitted in the solution here become important. Neglecti- g higher order

terms, no depolarization for backscattering takes place (i.e., @, and ¢, _are

h hv
zero) ; if higher order terms are large enough to be included, then depolarization

does occur in the form of non-zero ®oh and ahv; such higher order terms are

complicated and have been derived by Valenzuela.®

As an example, consider a Gaussian surface height correlation coefficient,
R{(Ax,Ay) = -exp[( AX? + Ayz) /0%], where { is termed the correlation length,
Then the roughness spectrum to be used in Eq. (13) becomes

252
w <-2k cos 6, 0) o LT exp (-k%z sin® 0.) . (17)
o i T o i

Curves plotted from this function for the vertical and horizontal polarization
states versus incidenge angle are shown in Figure 4 for koli = 1.0. The curves

are normalized to —— , indB, The parameter which changes between curves
k2 h2
o

is the dielectric constant of the surface material, which varies from infinity to

1
1I-2- . Other curves of this type for different parameter values are given by
this author.?

2. Very Rough Surfoce: Average Radar
Cross Section per Unit Area

Like the slightly rough surface, the roughness height here is also
treated a3 a random variable. However, the other frequency limit defines a
“very rough" surface, i.e., the roughness height is large in terms of wavelength,
or (koh):' >> 1. In this limit, any of the optics techniques are available to

predict the average backscattering cross section, and they all give the same
solution if the analysis is performed correctly. A review of these various
optics approaches is given by Barrick and Peake.”! One of these approaches,
developed by this author, is presented here as Appendix B. This approach is
termed the specular point theory.

The specular point theory (Appendix B) has as its basis the simple
interpretation that the backscattered power is proportional to the number of
surface points with surface slopes such that they can specularly reflect into
the backscattering direction. These surface elements in this case must have
normals which point in the incidence (and scattering direction). In addition,
the backscattered power is proportional to the average radii of curvature at
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these specular points. While this theory agrees with simple geometrical optics
predictions, it can also be derived rigorously starting from a physical optics

integral.'?
As derived in Appendix B, the average backscattering cross section per
o
unit area ¢ for = two-dimensionally rough surface with incidence angle »

(measured the vertical, or z-axis) and with the incidence plane taken to be the
X, z plane (same geometry as for the slightly rough surface) is




o

o = 7 sect Gi IR(0) I2 P(tan 61, 0\ . (18)
/

where R(0) is the Fresnel reflection coefficient for the surface at normal
. N A ”r

incidence, i.e., it 1s—€—+T—
TR j

perfectly conducting or reflecting surface. The quantity P éx’ Ly) is the

for a homogeneous surface or unity for a

probability density function for the surface slopes tx and ;y. in the x- and y-

directions. Hence the average radar cross section is directly proportional to
the probability that the surface will have its x-slope oriented specularly, i.e.,

with Lx = tan 61.

As examples, consider Gaussian and exponential surface slope probability

functions, i.e.,
21 2 L or2\ 2
pG<t"x'("’y) _w,s? exp[ (Lx + t"y /s]

21 _ Rfr? .+ r2\/e
PE(LX.LY> = exp[ ﬁ(ax + l.',y)/s ] : (19)

where 82 =< §;> +< §;> is the total mean square slopo of the surface at any

point. Here the surface roughness is assumed isotropic so that <(,;> = «.f,;) A

i.e., the slope statistics along the x-direction are the same as along the
y-direction.* Then the average radar cross sections for these two surface
slope models are obtained from Eq. (18) and (19).

o sect 8,
¢ = - IR(0) 12 exp (tan‘ o/a‘) (20)
8

* This is a simplification which may not be entirely realistic for the sea
surface, which often has waves moving in preferred directions. Nonisotropic
surfaces can be handled easily with the above equations by permitting the sur-
face slopes gx and Ly to be correlated with each other.
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for the Gaussian slope model, and

3 sect 9,
——-2——1 IR(0) 12 exp(~/‘6 tan oi/s; (21)

8

Q
o
il

for the exponential slope model. Curves of these radar cross sections
)
normalized ag — 2 , are shown in Figure 5 as a function of incidence angle
IR(0) 12
9i. The parameter which varies between curves is the rms surface slope s.

Very smooth surfaces, i.e., s small, scatter most of the energy near the
specular direction, i.e., 6i = 0, since the probability is low that the specular

point surface slope could be very large. In general, the curves show that the
backscattered power falls off much more rapidly near grazing than for the
slightly rough surface, even when the rms slope s is fairly large.

Another point to be noted is that no polarization dependence or depolari-
zation is obtained for backscatter for the very rough surface. This is because
backscattering according to these theories comes only from surface facets which
are normal to the direction of incidence, as from small mirrors, and hence the
same polarization is reflected as transmitted.

3. Composite Surtaces: Averuge Roder
Cross Section per Unit Area

In nature, very few surfaces are strictly very rough. Usually a
suriace wiich har a roughness scale considerably larger than wavelength also
has smaller roughness scale superimposed over it, ard a portion of this small
roughness falls in the "slightly rough” category disrussed previously. As an
example, consider regions with gently sloping hills and valleys on the earth's
surface; these comprise the "very rough" scale at, say, S-band frequencies.
On top of this are found rocks, pebbles, grass, and other slight roughness
scale features. Or, for example, the sea surface is made up of the large
"swell” waves, which are the very rough scale at S-band, while the tiny ripples
or "capillary” waves produce the slight roughness.

In general, surfaces which have a very rough scale can be said to
possess three different roughness scales: a very rough scale, an intermediate
scale (i.e., wavelength and surface height are of the same order of magnitude) ,
and a slightly rough scale. The first and the last scales can be handied
theoretically, and the results hove 2lready been presented here. The inter-
mediate scale cannot be treatea anal ically, unfortunately, because neither
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the high frequency optics techniques nor the low frequency perturbation techniques
are strictly valid for this region. The best one can hope to do is qualitatively
interpolate between the low frequency, slightly rough solutions and the high fre-
quency, very rough solutions.

The mathematical treatment of composite surfaces having slightly rough,
very rough, and possibly intermediate roughness scales, is conceptually quite
simple.”” Since only incoherent backscattered power is considered, one merely
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adds the average backscattered power (or ao) for the slightly rough surface
scale to that for the very rough surface scale. This is possible because the
scatter is incoherent for each roughness scale and hence one can add the
powers.

An example of the average radar cross section per unit area ao is com-
puted and shown in Figure 6 for four different values of surface dielectric con-
stant. Both the vertical and horizontal polarization states are shown. The
very rough surface scale is assumed to have a Gaussian slope distribution with
mean square slope s such that tan~! s = 10 deg. Two sets of slightly rough
scale parameters are assumed, and they are given in the figure; in one case
the slight roughness has a larger rms slope, i.e., tan™ s = 23.6 deg, while
in the other the rms slope is approximately the same as that of the very rough
scale, i.e., tan™' s = 11,3 deg. In nature, the smaller roughness scales are
usually more precipitous than the larger scales; consider, for example, the
gently sl;)ping hills and valleys along with the more steeply sloping rocks and
pebbles.

From the curves of Figure 6, one sees that the backscattering near
normal incidence is produced by the very rough scale; at these incidence angles,
this component dominates that from the slight roughness. Radar engineers
commonly refer to this as the '""specular" component of backscatter. This name
fits the explanation, for the optics techniques discussed earlier show that those
areas of the large roughness which are specularly oriented produce backscatter,
On the other hand, near grazing the backscattered power due tn the slight rough-
ness dominates. Radar engineers have termed the component in this region the
diffuse component and have been at a loss to explain the mechanism producing

it. Empirically, this component for certain surfaces has appeared to fit a
3

cos 6, law, while at other times a cos £ 6, or cos? 6,

It is this author's conviction that this diffuse component is produced by the
slight roughness scales present, and the theory presented in paragraph 1 above
is adequate to explain it, especially close to grazing.

appear to be better fits.

Other physical mechanisms, of course, have a hand in the scattering
process besides the slightly and very rough surface scales. Intermediate-scale
roughness is usually present, and this component will produce an effect around
the inflection point of the curves, i.e., around ei = 30 deg ( Figure 6). In

general the intermediate scale will produce an increase in this region of 3 to
4 dB over that shown in the figure, but this can be only qualitatively established.
Multiple scattering is another phenomenon which, as yet, has not yielded to
analytical solution; this effect is expected to be especially serious for surfaces
with extremely precipitous slopes. Consider, for example, an airborne radar
looking at downtown Manhattan; nearly all of the backscatter comes after multiple
reflections between buildings and ground.
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Despite the neglected effects, the composite surface model presented
here and the curves of Figure 6 are in striking agreement with measurements

of ¢° from certain classes of surfaces. Among the types of natural surfaces
appearing to fit this model are the sea surface, certain sections of terrain
(including desert and mountainous areas), and the lunar surface. A few
samples of measured curves will be presented later.

4. Vegetation Caver: Average Radar
Crass Sectian per Unit Area

Vegetation cannot be modelled well as a rough surface whose height
varies about a mean plane, as in the preceding sections. Hence, there have
been very few meaningful analytical treatments of the problem because of the
general complexity. Several things occur in vegetation to complicate the
problem. Nearly vertically oriented leaves, stems, and trunks result in
multiple scattering between neighboring parts, especially where the foliage
is dense. Furthermore, since the foliage represents no neatly defined inter-
face, the incident wave can penetrate and even propagate through the foliage
later for a certain distance.

The only meaningful analysis of a vegetation-resembling model (to this
author's knowledge) was done by Peake.!!s'? He considers a model consisting
of a layer of randomly-placed vertical-preferring.dielectric cylinders. While
he neglects multiple scattering between cylinders, he does take into account the
fact that the wave can propagate into the layer and be attenuated by the cylinders.
The final results he obtains for the average radar cross section per unit area
are a function of four parameters related to the foliage: (1) the density of the
cylinder spacing, (2) the cross-sectional area of the stems, or cylinders,

(3) the water content of the stems, or cylinders, and (4) wavelength. The
results are too complicated to be presented here, but two '"typical" sets of
curves are shown in Figure 7 as a function of angle of incidence.’® Water con-
tent is taken to be 40 percent, and an X-band frequency is assumed. The

quantity ° for both the vertical and the horizontal polarization states is shown.
The parameters which are varied are A, the average cross sectional area of a
typical stem, or cylinder, in cm?, and N, the average number of stems, or
cylinders, per cm®. Peake notes that for a grass field, typical values of A are

1.3 x 1072 cm? and for N are 1 to 4 blades/cm?.

One notes that there is no strong return near normal incidence and that
the return may actually increase near grazing incidence, most significantly for
vertical polarization but also for horizontal. This is of course due to the stems,
or cylinders, which are oriented near the vertical direction. This is a charac-
teristic of much of the measured radar return from foliage also.
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S. Slightly Rough Surface: Variance of Radar
Cross Section per Unit Area

As mentioned in the section on volume clutter, it is often desirable
to know the variance of the radar cross section in order to have an estimate of
how far the received clutter power will deviate from its mean value. The
variance of the radar cross section per unit area ¢ is defined as the average
of the square of this quantity minus the square of the average, i.e.,

Vare = <% -<g> = <g% - 002 3 (22)

Since o° has been derived in a former section for a slightly rough surface, only

<%, or the second moment of the radar cross section per unit area, is
needed.

An expression for <a®> has been obtained by this author using the same

perturbation techniques as discussed previously (paragraph 1). Because of the
complexity of the details, only the results will be presented here.

2 2[4l ook 2)2 B )
<0®> = = (411*1(0 cos 0i lal) [W,( 2ko sin ai. )] - (23)
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where in this case W, (p,q) is defined ir terms of the correlation function
between £3(x,y) and{ (x + Ax, y + Ay), i.e., let <t!> Ry (Ax, Ay)>
= <3 (x,y) L (x + AX, y + Ay)>. Then

e .
[ [ Re(axape P T AN gy day . (24)

772 =00 .00

Wz(p,Q) =

As an example, when the surface height { is Gaussian distributed,
R, (AX,Ay) = R, (Ax,Ay), and <tb = 3<t?> =3(h% 2% Then

<o?> = 2002 and Var [¢] = 002 B (25)

These equations show an important result: Whenthe surface height is a Gaussian
variable, the variance of the radar cross section per unit area is equal to the
square of the average radar cross section per unit area. This relationship was
shown to hold also for volume-distributed clutter. In fact it can be shown by
finding the higher moments than the second that the probability density of the
radar cross section is exponential when the surface is Gaussian. Hence the
conclusion: The clutter power return from a slightly rough Gaussian surface

has an exponential probability density distribution typical of separate distributed
clutter sources.

When the surface height is not a Gaussian variable, the above statement
is not strictly true. The error involved in this assumption is not expected to be
appreciable, however.

6. Very Rough Surface: Variance of Radar
Crass Section per Unit Area

The variance of the radar cross section per unit area is defined
here in the same manner as in the preceding subsection, i.e., Eq. (22). As
there the variance provides an estimate of the amount of deviation of received
clutter power from a very rough surface from its average value. An expression
for <a® , the average of the square of the radar cross section per unit area, or
second moment, has been derived by this author and only the result is given here.
The method used is based on the physical optics principle; most of the symbols
and terminology used here are defined in paragraph 2 above on the average
radar cross section per unit area of a very rough surface.

<> =2 (17 sec! oi IR(0) 12> P (tan Bi, 0; tan Bi. 0) . (26)




The quantity P gx. Ly; L"(.L;’ in this equation is the joint probability density
function for the surface slopes gx,gy in the x- and y~directions at the surface
point (X,y) along with the surface slopes L,‘(.L; at the point (x°,y”), where

the points (x,y) and (x°,y°) are widely separated. In effect, if these two points
are far enough apart, the surface slopes at one of them are independent of the
surface slopes at the other. This demands that the surface region one is illumi-
nating at a given time be considerably larger in its dimensions than the surface
height correlation length £; when this requirement is satisfied, then the random
variables Lx, Ly are statistically independent of the random variables f,,‘(, L}‘,.

Then the above probability density function can be written

P<§x.§y; gx.gy) - P(gx.cy) P(r,x.gy> ; (21)
where P(Lx, Ly) is the simple joint density function of gx. gy at a given point

(x,y) as defined in a previous section. Then Eq. (26) can be simplified and

written in terms of ao, and the variance reduces to the expected result:

<o?> = 20% andVar[o] = . (28)

Higher moments of ¢ may be derived by the same technique, and when
the surface area illuminated is large compared to the surface height correlation
length £, the results simplify in the same manner as the above equation. The
probability distribution of the radar cross section per unit area o becomes
exponential also. Again the conclusion can be stated: The clutter power return
from a very rough surface, whose illuminated area is large compared to sur-
face correlation length, has an exponential probability density distribution
typical of separate distributed clutter sources.

When the surface area inside the resolution cell is not large compared
to the very rough scale correlation length, the above results for the variance
and conclusions are not true. In a short pulse radar, the area inside the resolu-
tion cell may not be large enough to meet this requirement. Such is the case,
for example, when a radar pulse illuminates only a portion of a mountain
simultaneously. In such a case, the variance of the received power from a very
rough surface can be shown to approach infinity as the surface area inside the
resolution cell approaches zero. The mathematics for this case are complicated
and have not been solved, to this author's knowledge.
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7. Measured Radar Cross Section per Unit Area for Sea Surface

Many measurements of o° have been made for the sea surface since
World War II at a variety of frequencies, sea states, and incidence angles.
Unfortunately, they are too numerous and at the same time, many of the mea~
surements are incomplete or sketchy. Only a brief attempt is made to sum-~
marize them here.

Two sets of curves at different sea states as a function of incidence
angle from vertical 01 are presented here. These are made at X-band for both

the vertical and horizontal polarization states.’ In Figure 8(a), the wind is

3 knots, the waves are about 5 in. high (above the mean surface), and the
ripples are about 0.8 in. or less. In Figure 8(b), the wind is 30 knots, the
average wave height is 4 to 5 ft (above the mean surface) , and the ripples are
about 3.5 in. high. In this figure the surface contains very rough scales as
well as slightly rough, and hence is a composite. The presence of the strong
specular component near normal incidence is especially evident in (2), where
the surface is not as disturbed. The larger return near grazing for the vertical
polarization states is also evident, in agreement with mathematical results of
previous sections.

A recent excellent collection or radar cross section measurements of
the sea at various sea states and frequencies has been made by Nathanson. ®
Some of his results are presented here in Table II. These measurements are
generally accurate to about 3 dB. The data presented here give a clear enough
estimate of the magnitude of sea clutter power and should serve as a tool in
radar system design.

One important fact is predicted by the tables: The sea clutter power
return increases substantially, especially near grazing angles, as frequency
increases. This behavior is expected and is in agreement with the mathematical
results of previous sections.

8. Mecsured Redor Cross Section per Unit Areo tor Terroin

Measurements of ¢° for various types of terrain have also been pro-
duced in abundance. One of the most extensive sets of measurements was made
by The Ohio State University.!’ These measurements were made at X-band

through Ka-band frequencies. Dependence of a° upon angle of incidence for
typical terrain types are shown here.? Figure 9 shows a° for a plowed field at

X-and Ka-bands. Figure 10 shows a° for a 2 in. grass surface at these

a3
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FIGURE 8. MEASURED AVERAGE RADAR CROSS SECTION

PER UNIT AREA ¢° VERSUS INCIDENCE ANGLE FOR
CALM AND ROUGH SEA SURFACE AT X-BAND

frequencies, while Figure 11 shows a° for a field of soybeans 3 ft deep.
Figure 12 shows the return at X-band for a desert area, and Figure 13 shows

o° for a built-up area (city) coataining buildings.

To get a better idea of hew o° varies over a wider frequency range,

Table 11l was prepared from results collected by Nathanson.® Several important

facts are evident from this table. (1) Land clutter power return near grazing
is considerably greater than for rea clutter. (2) At lower frequencies, land
clutter power return does not decrease significantly as it does for the sea
clutter. These conclusions are undoubtedly caused by terrain features causing
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TABLE II(a). MEASURED AVERAGE RADAR CROSS SECTION

PER UNIT AREA ¢° FOR SEA SURFACE UNDER SEA
STATE 1 (5 KNOT WIND)

Polarization ao in dB for Various Grazing (or Depression}Angles]
Frequency States 0.3deg !1.0deg [3.0 deg | 10 deg | 30 deg |60 deg
UHF A\'A" =70 -60 -38 -23
0.5 GHz HH -84 =70 -22
S-band \'A" -62 =56 =52 -40 -24
'y 3.0 GHz HH =74 -65 -59 =25
X-band vV -58 =50 | -45 42 | -39 | -28
- 9.36 GHz HH -66 -51 48 =51 =26
i
' Ka-band Vv 41 -38 =37 -26
35 GHz HH -40 -43

TABLE II(b). MEASURED AVERAGE RADAR CROSS SECTION

PER UNIT AREA ¢° FOR SEA SURFACE UNDER SEA
STATE 3 (15 KNOT WIND)

; UHF vV -58 -43 -3¢ | -28 -18
0.5 GHz HH -76 -61 -50 | 40 -21
S-band vV -55 -48 -43 -34 | -29 -19

3.0 GHz HH -58 -48 -46 -46 | -38
g X-band \'A -45 -39 -38 -32 | -28 -17

9.36 GHz HH -46 -49 -39 37 | -34 =21

f

§ K, -band vV -34 -34 31 | -23 -14

i 35 GHz HH -36 -37 -31
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TABLE II(c).

PER UNIT AREA ¢° FOR SEA SURFACE UNDER SEA
STATE 5 (22 KNOT WIND) (Concluded)

MEASURED AVERAGE RADAR CROSS SECTION

Polarization| ¢° in dB for Various Grazing (or Depression) Angle
Frequency States 0.3deg | 1.0 deg | 3.0 deg | 10 deg | 30 deg | 60 deg
UHF A" =75 =25
0.5 GHz HH -65 =53 ~46
S-band Vv =50 =38 =35 -28
3.0GHz HH -44 -4Z =37 =38
X-band Vv =39 =33 =31 -26 =20 =10
9.36 GHz HH =39 =33 =32 =31 -24 -12
Ka-band \'A" =31 =30 =26 =20 -4
35 GHz HH =27 =20
T T T T T T ‘T T T T T T
_oF K, -BAND Sl K, -BAND i
g r E *
3 20} - ';’5 20 -
¥ L X-BAND 42 L X-BAND -
= 2
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40 | U T T R B S 40 ;9 41 4 1 1 |
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(b) HORIZONTAL POLARIZATION STATES (o) VERTICAL POLARIZATION STATES

FIGURE 9. MEASURED AVERAGE RADAR CROSS SECTION

PER UNIT AREA ¢° VERSUS INCIDENCE ANGLE FOR
PLOWED FIELD AT X- AND Ka-BAND
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FIGURE 13, MEASURED AVERAGE RADAR CROSS SECTION

PER UNIT AREA ¢° VERSUS INCIDENCE ANGLE AT
X-BAND FOR BUILT-UP URBAN AREAS

scatter (viz., trees, buildings, hills, etc.) are large in terms of wavelength even
down to the UHF band whereas sea waves are only large in terms of wavelength

down to about S-band.
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Section VI, SPECTRA OF CLUTTER ECHOES

1. Signal Length and Its Relationship to Signal Spectrum

This section is concerned with the spectrum of echoes received from
clutter. For the most part, the subject of interest will be the change in the
received signal spectrum, produced by the clutter itself, from that of the trans-
mitted signal. In general, the phenomena associated with clutter can produce
widening of the transmitter signal spectrum, * as well as a shift to a new center
frequency; narrowing of the spectrum can never be produced by random clutter
sources. This subsection, however, is concerned with the spectrum of the
signal itself without any change or degradation by the clutter sources. The
section is not meant to be a thorough treatment of the subject; Section II provides
a more thorough description of radar waveforms and their spectra which are
commonly used in clutter rejection schemes. It does provide a necessary base,
however, on which to discuss the further changes brought about by the clutter.

In general, the width of the signal spectrum centered at the carrier
frequency is equal to the reciprocal of the signal length, For most systems
attempting to separate a moving target from clutter by the Doppler shift between
the signals, this spectrum width must be relatively small, e.g., of the order
or 500 Hz or less. This in turn requires quite long signal trains, of the order
of 2 msec or greater. Usually, the only way in a conventional radar of providing
a signal this long and maintaining any kind of range resolution capability is to
transmit a pulse train. The signal, then, is considered to be made up of the
entire train of pulses, even though each individual pulse may be quite narrow.
Tne frequency spectrum of such a pulse train consists of a train of spikes, each
of which is narrow, e.g., 500 Hz for a 2 msec duration train, and which are

separated in frequency by the pulse repetition rate fPR'

While the width of an individual spike in the frequency spectrum is
roughly proportional to the reciprocal of the total .signal duration, the exact
shape of the spike and its sidelobes, if any, are a function of the broad amplitude
weighting of the time signal, Lower sidelobes about the spike can be obtained
by amplitude tapering the pulse train. Specifically, the exact shape of one of
the spikes is the Fourier transform of the amplitude modulation, or weighting,
of the time signal train. In a phased array antenna, for example, one may
desire to transmit a train of pulses in a given direction to separate a moving

* Broadening of the signal spectrum by clutter degrades the ability to
resolve it in frequency and, hence, to reject it by any of the techniques described
in Section II which are based on relative motion between target and clutter,
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target from the clutter background. In this case, amplitude tapering of the pulse
train may be neccssary to reduce the sidelobes. The amplitude time weighting
to provide minimum frequency sidelobes is directly analogous to the antenna
aperture amplitude distribution problem for minimum antenna pattern sidelobes;
the considerable amount of technology already available concerning the latter
problem can be applied to the former with little difficulty.

In older, mechanically scanned systems, such as ground-based search
radars where the antenna is rotated in azimuth, an amplitude tapering of the
pulse train is provided by the antenna pattern itself. As the antenna rotates,
its main lobe sweeps across a point target so that the individual pulses striking
the target appear to start near zero, rise to a maximum as the antenna bore-
sigiit points directly at the target, and fall off to zero as the antenna rotates
off-target. Assume that g AZ( @) is the one-way voltage pattern of the antenna

in azimuth (normalized to unity at ¢ = 0). If the antenna is rotating, then
¢ = Qt, where @ is the rotation rate in rad/sec. The received voltage
amplitude of a pulse train from a point target is then proportional to |g AZ( Qt) |2

if the same antenna is used for transmitting and receiving. Then the shape of a
spike of the frequency spectrum F(f) is proportional to the Fourier transform
of this quantity, i.e.,

o0
F() ~ [ Ig,,(00 272l gy ies)

For instance, if the antenna pattern is Gaussian, i.e., Ig az(9) 3

= exp(-20%/A?%, where A is the 3 dB azimuth beamwidth of the antenna, then
the spectrum is F(f) ~ exp(m?A%f%/2Q?%. In this case, the total 3 dB width of

the frequency spectrum is fs L . As an example, the spectrum width for

A
an antenna with a 2 deg azimuth beamwidth and rotation rate of 3 rps is
fs =~ 170 Hz.

2. Spectrum Width due to Clutter Source Velocity Differences

In certain distributed clutter situations, signals reflected from the
clutter are spread in frequency due to slight velocity differences between the
clutter sources. This is the case, for instance, with falling raindrops which
in practice have slightly differing velocities depending on drop size. It is also
the case for trees and foliage waving in the wind. It is true for the sea surface,
but the sea surface will be dealt with specifically later.
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Figure 14 shows an infinitesimal packet of clutter particles moving in
a vertical direction, while the radar views it from an aspect o with respect to
the vertical, The praticles could represent raindrops, or they could represent

CLUTTER SJURCES

v, VELOCITY OF A SINGLE PARTICLE

/

/

RADAR ANTENNA

FIGURE 14, GEOMETRY FOR DISTRIBUTED CLUTTER SOURCES

MOVING AT VELOCITIES CLOSE TO v WITH RESPECT TO
RADAR ANTENNA

leaves of a tree. Assume all the N particles are moving in the same direc-
tion, i.e., the vertical direction, but have different velocities, i.e., vy,

Vg, <0 vN. For simplicity, assume that a monochromatic signal illuminates

th: particles; the power density spectrum of such a signal is a unit impulse in
the frequency domain centered at fo, the carrier frequency, i.e., Si(t)

= 6(f - fo . Define p(v) as the probability density function for the velocity of

a given particle. Then it may be shown in an elementary manner that the signal

reflected from the particles has a power density spectrum S (f) proportional to
: ()
this probability density, i.e.,

f-f

c
So(o - 2fo cosa (21'0 cos ai/c (i)

Simply interpreted, this equation shows that the received signal spectrum has

the same shape, or functional form, as the probability density function for the
particle velocities,
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If the standard deviation, i.e., square root of the variance, of the ran-

dom variable v is vs q then the half-power bandwidth Af of the clutter spectrum

is given roughly by the following equation

4v
Af =

fo cos ¢ , (31)

whicn is easily seen from inspection of Eq. (30).

Mean drop velocities in a rainfall vary between 4 to 6 m/sec for light
rains to 9 m/sec for heavy rains.® The standard deviation of drop velocities

about the mean Ved is about 1 m/sec. There are usually a significant number

of smaller sized raindrops which fall very slowly, even in a heavy storm,
resulting in a slow fall off of p(v) for small v. As an example, at S-band
(fo = 3000 MHz) and at an elevation angle of 10 deg, i.e., o = 80 deg, a heavy

rainfall will shift the center firequency of the clutter return by 31 Hz and will
produce a frequency spread for a monochromatic incident wave of about 7 Hz
between half-power points. In general, however, there will be a significant
amount of power in a bandwidth of about 40 Hz, since the energy does not fall
off rapidly beneath the lower 3 dR poini. This spreading also increases as the
elevation angle increases; if the radar is looking vertically (o = 0), the spread
is about 200 Hz at S-band.

The standard deviation of foliage velocity is a function of the wind speed.
Nathanson® has found from examination of experimental data that this velocity
standard deviation for wooded terrain averages about 0.03 m/sec for 0 to 10 knot
winds, about 0.1 m/sec for a 15 knot wind, and about 0.3 m/sec for a 20 knot
wind. For an S-band search radar looking in the horizontal direction across the
foliage, i.e., a = 0 in this case because foliage motion is horizontal, this
results in a half-power frequency spread of a monochromatic incident wave ¢.
about 4 Hz,

3. Spectrum Spreoding tor Distributed Clutter due to Relotive
Motion and Finite Beomwidth

The preceding subsection examined the spectral shift and spreading
of a monochromatic incident vave due strictly to velocity deviations of the
clutter particles. This subsection is concerned with the spectrum spreading
effect of distributed clutter sources moving at a velocity v caused by a finite
beamwidth. ~ All of the clutter sources inside the resolution cell are assumed to

*In practice, spectral spreading is a result of several effects acting
simultaneously; for example, one usually has both a finite beamwidth as well
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be moving in the same direction with respect to the radar antenna and at the
same velocity v. The results of this subsection apply to the situation where the
antenna beam itself is in motion with respect to the clutter, as in an airborne
or missile-mounted radar. It can also apply to the case where the radar is

stationary but the clutter particles are in motion, as, for instance, in a rain
shower,

The analysis here can apply to volume-distributed clutter, such as rain,
ingide the resolution ( Figure 15). The clutter particles in this case fill a

Pd
2
i RADAR RESOLUTION CELL

v, VELOCITY OF PARTICLES IN RESOLUTION CELL
/ WITH RESPECT TO RADAR ANTENNA

RADAR ANTENNA

FIGURE 15. GEOMETRY OF VOLUME-DISTRIBUTED CLUTTER
SOURCES MOVING AT CONSTANT VELOCITY v WITHIN A
RADAR RESOLUTION CELL OF FINITE BEAMWIDTH

as clutter particle velocity differences. It is least confusing, however, to

analyze these effects separately, and later it will be shown how they can be
combined.
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truncated section of cone of thickness % . The angle o is measured between the

velocity vector and the antenna boresight. The angle A to a portion of the
resolution cell from boresight lies in the plane containing these two directions,
i.e., the plane of the page, in that case. For a ground-based radar looking up
through rain clutter, the raindrop velocity is usually close to the vertical
ks

direction and, in this case, the angle 3

« is the elevation angle of the beam.

The analysis can also apply to surface-distributed clutter when viewed
from a moving airplane or missile platform ( Figure 16), The radar platform
velocity is v A and the component of velocity on the surface in this case is v.

The angle «, then, is the angle between the velocity vector projection on the
ground plane and the plane of incidence. The plane of incidence contains the
vertical to the surface and the antenna boresight. The angle A is measured in a
plane containing the antenna boresight and an arc struck on the surface by the
range resolution cell, i.e., in a plane normalto the plane of incidence.

‘ L va+ YELOCITY OF AIRBORNE RADAR PLATFORM

il

RADAR ANTENNA

ROUGH SURFACE WITHIN
RADAR RESOLUTION CELL

EARTH SURFACE (TERRAIN OR SEA)

FIGURE 16. GEOMETRY OF SURFACE-~DISTRIBUTED CLUTTER
VIEWED FROM MOVING RADAR PLATFORM FOR RADAR
RESOLUTION CELL OF FINITE DIMENSIONS

The mechanism responsible for spreading of the spectrum in this case
is not difficuit to understand. Even though the velocity of all the clutter sources
across the resolution celi is the same with respect to the antenna, the radial
component of their velocitics varies slightly with A over the finite beamwidth
of the resolution cell. 1t is the radial velocity compcenent of a moeving particie
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which determines the Doppler shift of the wave reflected from it. Hence, the
return signal spectrum from the clutter sources within the entire resolution
cell will be spread over a finite bandwidth when the incident signal is mono-
chromatic. This spectral spreading is a function of antenna beamwidth in the
A direction, being less for narrower beamwidths; it is independent of range.

As before, assume a one-way voltage pattern of the antenna in the
A-direction as g(4, €), normalized to unity on boresight, i.e., atA = € = 0,
The angle € is measured in the plane perpendicular to that containing A. The
power spectral density received when the same antenns is used for transmitting
and receiving is obtained by integration |g(4, €) |4 times the reflected power
spectrum from a given point at angle A from boresight. The latter energy
spectrum is an impulse function which varies with A,* Only the integration
over A is ot concern here, for it is this process which provides the received
signal spectrum. Other constants appearing in the radar range equations,

i.e., Eq. (2) and (4), are neglected here also for simplicity. Then the

received signal spectrum due to spectral spreading of the incident monochro-
matic signal is

, 2v
1 f—fol-ccos-a

g

~ ot 4
S 3 el . (32)

—f sina 2vf 8in o
c o co
Interpreted simply, the above equation shows that the received signal power
spectrum has the same shape, or functional form, as the antenna pattern. The
above result is valid so long as « # 0. The approximate half-power bandwidth

Af of the clutter spectrum may be easily determined from the above equation

in terms of the 3 dB beamwidth 63 dB in the A-direction:

2v
Af = e foA3dB sina , (33)

here A3 dB is expressed in radians.

% For volume clutter, one also integrates over €. Since the radial
velocity of clutter sourccs does not vary with €, this integration may be
-}
approximated in the usual manner, i.e., f ig(a, €) 1Y de = €34B Ig(a,0) 14,
-l
where €44B is the half-power beamwidth in the ¢ direction, For surface clutter,

¢ is a function of time as the pulse propagates across the ground. One does not
cT

2cosf

tended by the resolution cell. (g is grazing angle.)

integrate over ¢ in this case, but multiples by , the surface width sub-
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As an example, consider a ground-based S-band radar with a half-
power elevation beamwidth of 6 deg. Let the elevation angle of the beam be
10 deg, i.e., o = 80 deg. Assume a moderate rainstorm where the drops are
falling vertically at a mean velocity of 9 m/sec, The Doppler shift in the
center of the spectrum is 31 Hz. The half-power bandwidth Af of the received
clutter spectrum, for a monochromatic transmitted signal, is about 18,6 Hz.
This spectrum spreading caused by raindrops falling through a finite sized
resolution cell is often called "shear."

When a =~ 0, the clutter signal power spectrum has approximately the
following form:

1 [ ¢ 2v ‘
AL ( - gl:/vfo f-fo(l - c>" . (39
) f-f 1 - )
[+ 0 (]

The half-power bandwidth in this case is

P

Yo
= 2
= 2c A3dB i (85)

where A3 dB beamwidth is measured in radians. The above results for a =~ 0

have application to a moving radar, such as that on a homing missile looking
directly ahead through rain, or the terrain-avoidance radar on an aircraft,
which is looking at the ground straight ahead. As an example, assume that a
missile looking ahead is flying at 600 knots, i.e., v =~ 300 m/sec, and its
S-band radar half-power beamwidth is 6 deg. Then the rain clutter spectrum
spreading due to the finite beamwidth is about 15 Hz, while the Doppler shift
of the spectrum center is about 6 kHz from that of the transmitter frequency.
One can see that the clutter spectrum spreading is not nearly as great when
the radar is looking ahead, i.e., a = 0, as it is when the radar is looking off
to the side. For comparison, if the same 6 deg beamwidth S-band antenna on
an aircraft at 600 knots were looking off to the side, o = 90 deg, the clutter
spectral spread would be about 700 Hz,

4. Spectrum Spreading far Distributed Clutter due ta Relative
Mation and Finite Pulse Length

Another factor causes spectral spreading of a monochromatic wave
incident on distributed clutter, This is the finite size of the illuminated area.
The effect is illustrated in Figure 17. The component of velocity in a direction
containing the plane of incidence is v. The range resolution cell depth is
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RADAR RESOLUTION CELL
CORRESPONDING TO TIME t,

RADAR ANTENNA
AT TIME ¢

)
?%" i
RADAR ANTENNA 2

AT TIME 1,

[ ——

RADAR RESOLUTION CELL
CORRESPONDING TO TIME t,

FIGURE 17. GEOMETRY OF DISTRIBUTED CLUTTER AT GIVEN
RANGE FROM MOVING RADAR AS VIEWED AT TWO
DIFFERENT TIMES

cT
2 cos 8 for surface clutter, where f is

the grazing angle, and the velocity is assumed to be in a plane parallel to the
surface. Assume that the return at radar position 1 at elapsed time ta comes

221 for volume-distributed clutter. It is

from the solid resolution cell. Then on the next pulse transmission, the radar
is located at position 2, The return at elapsed time 1:a now comes from the

dashed resolution cell. Both of these resolution cells do not contain the same
clutter sources, but a portion of the sources are shared by the two. As the
velocity increases there is less overlap for a given time.

If one computes the correlation coefficient for the overlapping areas for
a given elapsed time T he finds it is

vT vT .
1l « = for T< i
R(T) = vT (36)
0 for -i,-> 1,

where L is the length of the resolution cell, i.e., -CTT for volume clutter and
cT
Toos B for surface clutter.

The Fourjer transform of this correlation function is then the received
power density spectrum of the returned signal. This is
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So( f) = . (37)

The approximate half-power bandwidth of this spectrum is
v
Af = I (38)

As an example, consider an aircraft with a narrow pulse (v = 0.1 usec)
flying at 600 knots and looking straight ahead. The length L of the area is then
-CEI , where the grazing angle 8 for surface clutter is considered small. Then the
half-power bandwidth of the clutter spectrum is 20 Hz,

Notice from Eq. (37) that as velocity v approaches zero or as the
resolution cell length L approaches infinity, the spectrum approximates an
impulse function. This is expected, since the input power spectrum is an
impulse function, and when there is no apparent motion, there should be no
effect on the input spectrum. It is also interesting to note that the preceding
section showed that decreasing the size of the resolution cell by decreasing
beamwidth has the effect of decreasing the spectral spreading. Here, however,
the decrease of the cell size L is shown to increase the spectral spreading.
This is because the spectral spreading arises from different mechanisms in
each case,

S. Spectrum Spreading fram Sea Surface due to Surface Mavement:
Slightly Rough Scale

The sea surface is unique in that the roughness is in motion as a
function of time. Hence, one would expe¢t the sea to produce spreading of a
monochromatic incident signal spectrum, even for a stationary or ground-
based radar. This subsection will be concerned with the slight rouginess
present on the ocean surface, i.e., capillary waves. Ina preceding section
it was shown that this slight roughness, roughness whose scale is less than
wavelength, can be treated analytically by a perturbation technique. It was
also noted that when larger scale roughness is also present, i.e., swell, or
gravity waves, the slight roughness is responsible for backscattered power
near grazing incidence. It will he the purpose of this section to show the
effect of this slight roughness, when it is in motion, on the spectral spreading
of a monochromatic incident wave.
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The analysis of the case where the roughness is in motion proceeds in
much the same manner as where the roughness is stationary. The surface in
this case is merely made a function of another variable, time. The perturba-
ticn approach is used.” 11,12 Details in the derivation are omitted here for lack
of space and only the result is given. Much of the terminology is as definad in
Section V accompanying Eq. (13) and (14). The results presented belov; for
the power density spectrum are normalized as radar cross section per unit
surface area per hertz bandwidth.

S (f) = 47%k* cost 9. lal? W.<-2k sing,, 0, 27rf) : (39)
o o} i i o i

where all symbols are as defined with Eq. (13), and Wi(p, q,w) is the spectral

density of the surface roughness height in two spatial dimensions (corresponding
to p and q) and the time variable (corresponding to w). It is defined in terms
of the surface height correlation function,< {(x,y,t) {(x + Ax,y + Ay, t + At)>
= h2R1( Ax,Ay,At) , as follows:

© oo 00

Wi(p,q,w) =-%f f f R,(AX,Ay,At)e

ME =00 =90 w00

-lAxp - iAyq - 1AW, A d(Ay) d(AD)

(40)

Here {(x,y,t) is the random variable representing the slightly rough surface
above the x-y plane at time t.

Equation (39) shows that the power spectral density of a monochromatic
signal scattered from an undulating slightly rough surface is directly proportioi 1
to the height spectral density of the moving surface itself. As an example, con--
sider a Guassian heignt correlation coefficient, R;(Ax, Ay, At)
= exp[-(Ax? + Ay®)/1* + AtY/T?), where all three of the variables, Ax, Ay,
and At, are assumed uncorrelated. Physically T has the interpretation of the
correlation time duration of the rough surface and the height roughness spectrum
from Eq. (40) becomes

w (—-2k sin 6
o i

2,2
.0 21rf) 2 AT <-k’t’ sin? 6 -u"rzt’) : (41)
3/2 o] i

n
Then the power spectral density for the slight roughness becomes
o Y, 22
So(f) = ¢ n' T exp(-r'T?) , (42)
where ¢° is the average rndar scattering cross section per unit surface area as

defined by Eq. (13) and (17).
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For the slight roughness on a water surface, the correlation duration T
is likely to be short, i.e., of the order of 0.2 sec. Then the bandwidth of the
signal is relatively small, i.e., 2.5 Hz, One point is important, however; the
bandwidth of the received signal does not vary with the transmitted frequency.
In all the other sections here involving clutter source relative motion, the band-
width is shown to be directly proportional tc transmitted frequency. In all the
other sections, however, the individual clutter sources are assumed relatively
far apart with respect to each, and hence the phase change introduced by each is
independent, being proportional to source velocity and incident frequency. For
the slightly rough surface, however, the distance between wavelets is small
compared to wavelength, and their motion does not exceed a wavelength. Hence,
a different mechanism is responsible for producing spectral spreading here.

6. Spectrum Spreading from Sea Surface due to Surface Movement:
Very Rough Scale

This section will be concerned with that portion of the sea surface
roughness which may be larger than wavelengtk in height scale, i.e., the very
rough component, The latter usually includes what oceanographers term "swell, "
which is one of the two types of gravity waves. This large-scale roughness is
also in motion, and hence will produce spectral broadening of an incident mono-
chromatic radar wave, The analysis is based upon physical optics, where one
allows the surface height {(x,y,t) to be a function of time as well as space.

Then the correlation coefficient of the suriace height is a function of these three
variables also, as described in the preceding paragraphs. Again, the mathemati-
cal details are omitted here and only the results are presented.

The received power spectral density for an incident monochromatic
signal is again expressed in terms of radar scattering cross section per unit
surface area per hertz bandwidth. Much of the symbols and terminology have
been defined previously in Section V for Eq. (18).

C 3 2 f
So(f) ar sec oi IR(0) |¢ Pftan oi’ 0, T R (43)
o o
2—cos 0
(] i

where P ‘x' {'y"t is the joint probability density function for the surface slopes

Lx and { in the x- and y~directions and for the vertical surface velocity ;t'
i.e., ¢ %:3 For the sea surface under normal conditions, these three
variables are usually correlated to some extent, as witnessed by the presence

of horizontally moving waves, which appear to last for a certain time duration.
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A ‘more thorough analysis would take this surface anisotropy into account. For
the brief consideration here, however, the surface will be assumed to be
isotropic with I;X, f;y, and t"t uncorrelated.* Such an isotropic roughness may be

thought of as an average of the sea surface over all possible look directions.

For example, assume a Gaussian joint density function for P((, 2; A \)
Then the power spectral density becomes

1 1 f 2

s (f = o> exp |= (44)
2 Y, Vsd 21 Yad

(2m) "2 2—f cos 0, 2 —cos 6,

C (o] 1 c 1

o, . - .
Here o is the average radar cross section per unit surface area, as defined by
Eq. (20). The quantity Ved is the standard deviation of the vertical surface

velocity ¢ ¢ and is given in terris of the mean square surface height h® and wave

correlation duration T as follows
VigT— - (45)

Equations (43) and (44) illustrate that clutter spectral spreading aris-
ing from undulation of a very rough surface produces a bandwidth proportional
to the surface velocity and illuminating frequency. This is expected, since
scattering from a very rough surface arises from areas whose slopes are
oriented so that they specularly reflect. As the surface moves, these specular
areas move about and produce phase changes proportional to surface velocity
and illuminating frequency. In this respect, the mechanism here is nearly the
same as that for isolated, moving particles, such as chaff or raindrops; the
similarity is also borne out by the similarity of Eq. (43) with (30) for isolated
particles, The mechunism is different from that of the slightly rough surface,
as discussed in the preceding section.

*An attempt to include surface anisotropy would necessarily include at
least two, and possibly three, additional constants in the model. These would
define the ocean wave propagation direction with respect to the radar, the wave
phase velocity, the correlation lengths in the x- and y~directions, etc. More
parameters are accompanied, unfortunately, by greater obscurity.
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As an example, assume a surface velocity standard d viation v_, = 1 m/sec,

sd
typical of the sea surface. At S-band (fo = 3000 MHz) and .icidence angle

01. = 80 deg (grazing angle of 10 deg), the half-power bandwidth induced by the

roughness motion is about 8 Hz.

7. Spectrum Spreading from Sea Surface due to Surface Movement:
Experimental Results

In practice, the sea =urface consists of several scales of roughness,
with at least one scale which is smalier in height than wavelength, i.e., slight
roughness, and usually with a roughness scale larger in height than wavelength,
i.e., very rough component. As discussed in paragraph 4, the scattered power
from such a composite surface can be modelled by adding the cross sections
of each of these components, and the result is at least more valid than either one
alone. The same superposition is also valid for the clutter spectrum, but the
results are complicated and depend upon many parameters, e.g., angle of
incidence, wavelength, polarization, slight roughness surface statistics, large-
scale roughness surface statistics, and the sea surface time statistics. A pre-
cise treatment would involve a more thorough study of actual ocean surface
space and time statistics for different sea states. Then the results could be
added together in a meaningful fashion to obtain a parametric study of the sea-
induced clutter spectrum. Without a more detailed knowledge of these sea
surface statistics, it is difficult to see at which incidence angles the slight
roughness clutter spectrum dominates the very rough scale spectrum, and
conversely. The purpose of the preceding two sections was to provide a physical
interpretation of the clutter mechanisms giving rise to spectral spreading.

For the purposes of this report, only rough estimates are needed for
clutter power bandwidths induced by the sea. Many measurements have been
made of this clutter bandwidth. It is understood here that the clutter signal
srzctrum under discussion is the coherent signal, i.e., at an IF frequency.
Another clutter signal spectrum can be defined after amplitude detection; the
one-sided bandwidth of the latter is approximately twice that of the former.

The half-power bandwidth may be roughly defined as follows

Af’-g-gi ' (16)

where Av is the average half-power sca surface velocity spread. This average
is over various grazing angles and polarization directions. It is found that Av
varies linearly from about 0.7 m/sec for Sea State 1 (wind speed of 3 knots) ,

-
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being about 1.8 m/sec for Sea State 3 (wind speed about 13 knots), to about

2.7 m/sec for Sea State 5 (wind speed about 22 knots) . The measurements
show that Av is often somewhat larger than these values for horizontal polariza-
tion, by 20 to 30 percent, while it is often somewhat lower for vertical polari-
zation, also about 20 to 30 percent. As an example, at S-band (fo = 3000 MHz),

one can expect spectral spreading as much as 54 Hz for Sea State 5 from these
data.

8. Combination of Several Spectral Spreading Etfects

The past subsections have considered separately several properties
of clutter which can cause spectral spreading of an incident monochromatic
signal. In practice, several of these effects are usually present simultaneously.
Furthermore, the incident signal itself, as mentioned in the first subsection,
is not monochromatic, but has a central spectral spike of finite bandwidth, How
then does one combine these various effects to obtain the total spectrum of the
received clutter signal?

It is not difficult theoretically to show that the resultant signal spectrum

Sor(f) » when several of the preceding processes interact, is the convolution of

the separate spectra. Assume three of the preceding processes produce spread-
ing, each with its own spectral response 801( D, soz( f), So (f), to a monochro-
matic incident signal. Then -

.0 = [ [ s (s _(¢-ns (f- mdndg . (47)

0
-0 =00

Although the above convolution technique is exact, it is not very handy
when one is able only to make rough estimates of the various power spectra.
A simpler rule of thumb is available in this case for the total bandwidth of the
clutter spectrum. It is obtained from the above equation when one assumes that
the processes responsible for each spectrum are independent of each other.
The total 3 dB clutter signal bandwidth Aft may be found as follows:

aft = aif + aft+ At + .., - (48)
t 8 ?

where Afs is the half-power bandwidth of the transmitted signal, Af; is the half-
power bandwidth of the Sm( f) ., etc,
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Section VIl. SUMMARY AND CONCLUSIONS

The magnitude of the received signal from distributed clutter sources is
shown to depend on the size of the radar resolution cell; it depends on its volume
for space-distributed clutter particles and upon a surface area subtended by the
cell for surface clutter. Since the resolution cell size increases with radar
range, the clutter return increases also at greater ranges; this is especially
true of volume clutter, such as rain. The obvious means of reducing the clutter
echo is to reduce the size of the resolution cell by decreasing the antenna beam-
width and signal pulse length, The problem of surface clutter with a ground-
based radar can be obviated considerably by the use of horizontal polarization.

'The average radar cross section per unit volume for particle scatterers
is shown to depend on the particle density times the scattering cross section of
c:ch individual particle. For raindrops at frequencies up through K-band, this
cross section varies with the fourth power of frequency, indicating the significant
advantage in the use of lower frequencies to minimize weather clutter. Experi-
mental results are presented which clearly show this fourth power dependence
of the clutter power on frequency. The average radar cross section of rain is
also shown to depend upon the sixth power of the drop radius; thi- points up the
considerable increase in clutter return one can expect from storms with large
raindrops. For half-wave chaff dipoles, the radar cross section depends upon
the reciprocal of the square of frequency.

The standard deviation (or square root of the variance) of the radar
cross section per unit volume for space clutter is equal to the mean itself.
( The standard deviation gives an estimate of how much the received power
fluctuates about the mean.) Furthermore, the probabiliiy density of this radar
cross section ir exponentjal, and hence the voltage received from volume-
distributed clutter is a narrow-band Gaussian signal.

Radar waves are shown to attenuate exponentially with distance through
rain; this is derived theoretically in Appendix A, and is confirmed by measured
results presented. The mathematics shows that the attenuation coefficient (in
decibels per propagation disiance) varies at least linearly with frequency: the
exact theoretical relationship is complicated because of the varjaiion of the
water drop dielectric constant with frequency also. Experimental evidence
indicates a variation with frequency to the 2.8 power over the upper end of the
microwave region. Theory shows that this attenuation coefficient also varies
linearly with raindrop denaity and with the third power with drop radius. These
results are also in general agreement with measurements.
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The average radar cross section per unit area for a rough surface is
produced in general by two mechanisms: the presence of both a large-scale
roughness, i.e., roughness height is greater than a wavelength, and small-
scale roughness, i.e., roughness height is less than a wavelength. The physical
processes responsible for scatter in each case are different. Areas of the
surface oriented normal to the line of sight are responsible for the backscattered
power in the case of the large-scale roughness; hence, this component is
dominant for backscattering near the vertical to the surface. The analysis shows
that the backscattered power for large-scale roughness is independent of fre-
quency, and is dependent only on the probability that the surface slope in a given
region is oriented normal to the line of sight. The power scattered from the
small-scale roughness, however, is proportional to the spectral density of the
surface height components which make up the rough surface. In addition, this
power aries with the fourth power of frequency. Curves are shown for radar
cross scection computed from these models as a function of the surface
parameters.

Results derived for the report show that when the rough surface height
is a Gaussian random variable, the standard deviation of the power scattered
from the slightly rough surface is equal to the mean power. Higher moments
can be derived, and the results show that the recoived voltage from such a
Gaussian surface is itself a narrow band Gaussian signal. This fact has not
been mentioned before, and it indicates that clutter signals from this type of
surface have the same statistical nature as clutter from volume-distributed
scatterers,

On the other hand, the standard deviation of the power scattered from
the large-scale roughness becomes equal to the mean power when the surface
area illuminated is large compared to the surface roughness dimensions; when
this is true, the received voltage from the very iough surface is also a narrow
band Gaussian signal. Hence the Gaussian nature of the received signal is
established even when the large-scale roughness height itself is not Gaugsian.

In general, most natural surfaces (such as the sea surface) at micro-
wave frequencies are made up of both large-scale and smail-scale roughnesses.
iv is shown that the small-scale roughness is responsible for power backscat-
tered near grazing incidence; it is near grazing that most of the terrain and sea
surface clutter problems of practical interest in a radar system arise. Experi-
mental results for the average radar cross section of the sea surface are pre-
sented. The measured data near grazing show that this quantity increases with
frequency, verifying tae fact tha! the small-scale roughness is indeed the
mechanism producirg tr.e scattering.
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Land surfaces covered with foliage or vegetation are more difficult to
analyze theoretically. One model for a vegetation layer has been treated, and
curves for the average radar cross section per unit area computed from this
model are given. Analysis of the model shows that scattered power remains
strong even near grazing incidence. Return is greater for vertical polarization
than for horizontal. Both of these facts can be attributed to the presence of
stems and stalks which are oriented near the vertical direction. Experimental
results are also presented for grassy fields, crops, and wooded areas; these
tend to follow the predictions of the model. The measured results are not as
sensitive to frequency as the scattered power from the sea. Analytical modelling
of urban areas and cities is much more difficult, and no successful mathematical
treatment has yet been completed. Experimental results for clutter return from
such urban areas are presented, and, as with vegetation, they show that received
power is relatively independent of frequency.

Several properties of radar and clutter are shown to produce both
spreading and a shift in the spectrum of the transmitted signal. One mechanism
which produces spectral distortion is the relative velocity difference between
particles of volume-distributed clutter such as rain. If the incident signal is
monochromatic, the spectral density of the signal scattered from the collection
of random moving particles is proportional to the probabijlity density of their
velocities along the line of sight.

Another mechanism which produces a spectral shift and spreading is the
motion of the radar platform with respect to the clutter and the finite antenna
beamwidth. It is shown that the spectral response to a monochromatic incident
signal in this case is proportional to the antenna radiation pattern; a narrow
main beam will result in less spectral spread than a wide one.

A third mechanism producing spectral spreading in the case of the moving
radar platform is the finite length of the illuminated area along the velocity
direction. The greatest spectral spreading occurs when the platform velocity is
high snd the illuminated area is small.

The motion of the sea surface also produces spectral spreading of an
incident monochromatic signal. An analysis of both the small-scale and large-
scale sea surface roughnesses shows that cach component has its own separate
effect on the received signal spectrum. The small-scale roughness has a
spectral response which is directly proportional {0 the motion spectrum of the
surface itself; the signal bandwidth in this case is relatively independent of fre-
quency. The large-scale roughness imparts a signal spectral density propor-
tional to the probability density of the sea surface vertical velocity. The signal
bandwidth due to this roughness component varies directly with frequency and
sca surface velocity. This result for very rough surfaces is nearly identical
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with that for volume-distributed particles having different velocities, even
though the analysis is entirely different. One should expect the slight roughness
mechanism to dominate near grazing incidence. Experimental results for sea
clutter spectra are also given, but they are so sketchy as to make concrete
comparison with the theory inconclusive.

Usually several mechanisms interact simultaneously to produce spectral
spreading. When this is the case, the final received clutter spectrum is
obtained as a convolution of the incident wave speztrum with all of the separate
spectral responses of the interacting mechanisms. A more useful result states
that the total received clutter signal bandwidth is the square root of the sum of
the bandwidths of the various processes producing spreading. Examples cal~
culated for each of the spectral spreading mechanisins show that some of these
half-power bandwidths for a prectical ground-based S-band radar system can
be as great as 30 Hz, while the clutter spread in a inissile~based homing radar
can be several hundred hertz. If the central spike of the incident signal spectrum
is considerably wider than this amount, this clutter spectral spreading has
little additional effect on the received signal spectrum and can be neglected.
However, this bandwidth of the spectral spreading produced by the clutter repre-
sents the lower limit on the coherence of the received signal. At higher micro-
wave frequencies, this limit often dictates the optimum performance of clutter
rejection systems.
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Appendix A

THEORY OF RADAR WAVE SCATTERING
FROM AND PROPAGATION THROUGH
VOLUME-DISTRIBUTED PARTICLES

1. Introduction

This article treats the interaction of a radar wave with many separate
objects distributed in space. These objects may have a fixed orientation with
respect to each other, such as the molecules in a crystalline lattice. But more
often than not, the objects of interest at radar frequencies are randomly
arranged as raindrops or particles of chaff. Only the random configuration will
be discussed in this section.

The general solution to this problem is considerably more complex than
the solution for scattering from a single object. The field which excites any

given object, say the nth object, consists not only of the incident wave, but

also the fields scattered from all the other objects toward this nth object. In
turn, the fields scattered fiom all these other objects depend to some degree on

the fields scattered from the nth object. This mutual interaction makes it
extremely difficult to determine a closed form solution for the total scattered
field without several approximations.

The first two sections are concerned with the incoherent radar cross
section of the group of particles. The final section deals with propagation of
a coherent wave through the collection of scatterers; a rigorous analysis is
briefly retraced, and then a simpler derivation of the same result is presented.
All sections employ the scattering characteristics of each scattering object
considered alone, and hence presuppose that this information is already avail-
able or is to be obtained by other means.

2. Incoherent Cross Section Obtained from Superposition

(a) General Theory

To a crude approximation, one can simply add the scattered fields
from the individual scatterers, assuming that the scattered field from, say,

t
the n h particle, is the same as if all the other particles were removed. In
this approximation, then, the following assumptions are implicit:
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1) All multiple scattering interactions between the vaxious particles
are ignored,

2) Each particle is assumed to be excited b, only the incident plane
wave, which is not attenuated as it moves hrough the region
containing the scatterers, *

These assumptions will be valid when the multiple scatlaving problems
meet both of the following requirements:

1) The average distance between scatterers is much greater than both
wavelength and the size of each scatterer.

2) The number of scatterers is sufficiently small so that the total
energy removed by them is small compared with the tot:l energy in
that portion of the incident wave striking the scattering medium.
This means that for scatterers large compared to wavelength, the
area masked by the scatterers looking in the direction of the incident
wave should be very small compared to the total area normal to the
incident wave direction ( Figure A-1).

Under these assumptions, the total scattered field at an angle 6 from
the backscattering direction can be written

5 N iEnl l¢n‘
O =
n=1 n

where IE:I is the magnitude of the scattered far field from the nth particle in
the direction shown, ¢n is the phase angle introduced in the scattering process
by the n™ particle, and fna is a unit vector perpendicular to the scattering

direction, representing the polarization direction of the scattered E-field when

the incident E-field is polarized in a direction a, Rn is the distance from the nth

« Physically, each time the :-:ident wave strikes a particle, a portion
of energy is removed from it and scattered in various directions. Thus, the
incident wave moving through the particle medium is attenuated. This effect
is ignored here, and energy is not conserved as a result.
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FIGURE A-1, GEOMETRY AND COORDINATES
FOR A MULTIPLE PARTICLE REGION

particle to the observation point. The total number of particles is N. In general the
particles may be all different; then lEts1 Iy ;na’ and qbn will be different for each
particle.

The phase angle qbn of the scattered field from the nth particle can be

broken into two components;

<I’n N wn ¥ ko <rin ¥ rsn) . (B-8)

Here, r, + Fen is the total distance from any fixed plane perpendicular to the

in
incident field, to the center of the nth scatterer, and out to a fixed plane locally
perpendicular to the scattered field. The wave number of free space ko is

defined as ko = 21r/)\°. '!:n is then the phase shift introduced by the scatterer

itself and is a function of the scatterer size, shape, orientation, material, and
the incident wavelength.
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If the scattering cross section of the nth particle is desired for the
received polarization state 8, then

arg? [EO|2(7 . B
n nl n| ~no
O'B = i 3 (A-3)
a IE '2
o

where ﬁ is a unit vector representing the received polarization state and E; |

represents the electric field strength incident upon the particles.

In terms of this definition, the total scattering cross section of the col-
lection of particles can be written,

2 8 “‘z
47R |ET e

A-4
ﬂa |Ei |z (A=4)
al
T
or using Eq. (A-1), aﬂa becomes
i N N i -
O'T = Z / ¢ E E ﬁn ﬁme(‘pn ¢m)
Sl AR ot A '
(A=5)

The approximation has been made here that Rn ~ R,., l.e., at large distances

T’
from the particles the distance to an individual particle may be replaced by a

distance RT to the approximate center of the collection except in computing the

phase factor ¢n.

Equation (A-5) can be aud is used to compute the total cross section

from a fixed array of scatterers when Tin and Ton AT known. But in.nost
situations the particles are randomly arranged and Tt Tea is a random

variable. In particular when the nth particle is equally likely to be anywhere
in the slab region of dimension d containing the scatterers ( Figure A-1), and
when d is large compared to wavelength J\o. then the second term of ¢n' i.e.,

ko (rm + rsn) , 18 said to be uniformly distributed bef- .en 0 and 27, This
means that any value is equally likely for this number within the range
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in
independent of the scattering properties of the nth particle and may be averaged

separately. But when ko (r in + rsn) is uniformly distributed as described,

i[ko (rin v rsn) -k (rim E rsm)]
the average of e o is zero except when
n = m, Hence the average scattering cross section from a randomly

arranged collection of particles may be obtained from Eq. (A-5) by setting
m = n, or

o = , o , (A-6)
Ba> n=1 fa

1. varies with the

0<k(r +1r < 2r, Moreover, this random variable k (r +r is
o\ in sn o sn

where the brackets <> indicate an average. In general, 02
orientation of the particle, and if any orientation is equally likely, then
020> indicates the scattering cross section averaged over all orientations or

aspects of the nth particle,
If all the particles are identical so that <r;o> = é;n> = <r Ba> then
Eq. (A-6) simplifies to become o

T -
oy~ ") - .

Examples of the backscattering cross sections for particular collections
of particles are given and discussed below,

(b) Small Dielectric Spheres (Radar Echoes from Rain)

Consider a collection of equally sized dielectric spheres of radii a
and refractive index m = €. where € is the relative dielectric constant of

the sphere material, The radius a is considered small in terms of wavelength,
The backscattering cross section of such a sphere in the low frequency region is
a well known result and can be found, for example, in Eq. (A-7).'

?_ 4\
o= 41ra’(m 1) (k a)‘ . (A-8)
mé + 2 &
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The backscattering cross section of this particle does not depend upon particle
orientation or aspect due to its rotational symmetry. The polarization state of
the backscattered field is the same as that of the incident field. If the receiver
polarization is the same as the transmitter polarization, then the cross section
of such a collection of particles is

2 2
<T>= N . 4ﬂaz(m - 1) (k a)‘ . (A-g)
oo 2 0
m®+ 2/ A

This model is often enployed to discuss the clutter effect on microwave
radar by scattering from rain. The particles are represented by spheres. In
this case it is inconvenient to determine N, the total number of raindrops in the
radar beam. A more meaningful parameter might be N = pV, where p is the
average number of drops per unit volume. In this case the volume would be that

within a radar resolution cell at a distance RT'

Knowing m, the refractive index for fresh water as a function of frequency,
Eq. (A-9) has been used to estimate the raindrop density p and the average drop
size a of an approaching rainstorm,

Typical values of raindrop diameter are 2a =~ 1-3 mm., The value of p
for rain is a function of the drop size. A graph of the number of drops per
cubic meter as a function of drop diameter 2a is shown in Figure A-2 for a
typical rain shower.? For an introduction tv radar meteorology, see Battan?;
an additional advanced treatment has been given Ly Bean and Dutton.?

(c) Half-Wave Thin Dipoles or Chaff

Consider a random collection of thin perfectly conducting rods of
length 4 = AO/ 2. The backscattering cross section of a single such dipole

lying in a plane normal to the direction of incidence and oriented with its axis
along the incident polarization direction o has been given as approximaiely

o = 0. 75){) (A-10)

when the wire is copper and its radius is of the order of 0.0012. In this case,
however, the backscattering cross section changes with the orientation of the
dipole; for example, when the dipole has its axis normal to the polarization
direction of the incident wave, the backscattering cross section of the particle
is eifectively zero. Hence the backscattering cross section must be averaged
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FOR A TYPICAL RAIN SHOWER

over all possible orientations, since it is assumed that in a random collection
all orientations are equally likely. This has been done in the iiterature, !, ®
and the result is

- ?
<armr) & 0.177&o . (A-11)

Hence the backscattering cross section of N such particles is

<0'T> = 0.17TAIN . (A-12)
(43 (4]
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If the receiving antenna is linearly polarized perpendicular to the trans-
mitting antenna, the cross section will be*

T 1 /7 .
<a . n 20>- 3 <0m> ~ 0.05TAIN . (A-13)

Such a cloud of dipoles, often called chaff, is employed as a radarir
reflector for various purposes. Thin strips or needles weigh much less than
spheres of comparable dimensions; consequently, one can employ many more
of them and obtain a much larger total cross section per given weight than with
spheres.

A cloud of these chaff particles has long been considered an effective
means of concealing a military target or of confusing enemy radars. This short
wire scatterer presents the maximum cross section when its length is one-half
the wavelength or any integral multiple of 7\0/ 2 (the dipole is resonant at these

lengths) . The one-half power bandwidth about the first resonant frequency of
such a scatterer (averaged over all orientations) is approximately 12 percent
of this frequency.’® In order to make such a cloud of chaff effective over a

wider band of frequencies, several dipole lengths are generally used in steps

of about 12 percent starting from the longest length (the longest length corre-
sponding to Ao/ 2 for the lowest desired frequency). These different lengths then

fill the frequency gap between the half-wave resonant frequency of the longest
dipole and twice that frequency at which the longest dipole is again resonant. At
frequencies any higher, the dipoles resonate at harmonics, maintaining the
cross section at a high level. Then the total number N of particles contributing
at a given frequency appearing in Eq. (A-12) actually represents the number of

particles of a given length corresponding to A°/2 for that frequency. This analysis

of chaff is intended to be onl; of a very elementary level. For a more detailed
discussion and review of scattering from chaff, see Van Vleck and Block. %**
A more detailed discussion of scattering from long, thin particles is given by
Ruck. Barrick, and Stuart, '

*This ""cross-polarized” backscattered comporent for the previous
example employing spheres is zero, since spheres scatter back waves polarized
only in the direction of the incident field.

**For several comprehensive articles on the use and characteristics of

dipole scatterers, see Proc. IEEE, 52, 1964, p. 449. The papers in this
fssue are devoted entirely to Project West Ford.
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A promising use of such chaff particles involves scatter communications.
This potential was demonstrated by Project West Ford, * where thin copper
dipoles were placed in orbit and dispersed to form a belt circling the earth,
The beit was then used as a passive reflector at microwave frequencies, and
beyond-the-horizon communication experiments were conducted. The dipole
lengths were all 1.78 cm and diameters were 0.00178 em. With a weight per
dipole of only 40 ug, the measured scattering cross section per dipole averaged
over all possible orientations was about 2 cm? at the first resonant frequency.
These half-wave dipoles were designed to be resonant at about 8000 MHz, i.e.,
X-band. This frequency was considered optimum. Below that frequency,
atmospheric and ionospheric noise increases, while above that frequency attenua-
tion due to the atmosphere and precipitation becomes significant.

3. Probability Distribution of Incoherent Cross Section

If one observes the radar power (or scattering cross section) returned
from a collection of scatterers which are individually moving in a random
fashion, this power will vary as a function of time. If this power or radar cross
section is plotted on a linear scale as a function of time, one would expect to
see the cross section oscillate randomly about an average value, remaining
always positive, of course, 2s the scattering particles move about. ** It is
often useful to know the statistics of this signal. A statistical model for the
signal will be presented here. Before squaring, Eq. (A-5) can be written as

io N i¢
lT T _ /n I n
ﬂa e = 0 Z.: 3 aﬂa e ] (A'l")

*1bid.

u% The same restrictions are assumed here as were discussed in
Section (a) above. In addition, the particles are assumed to move very slowly
with respect to the speed of light, and their velocities are small enough so that
the Doppler shift introduced by any moving particle is small compared to the
monochromatic incident frequency. Hence, the fluctuation in voltage at the
receiving antenna will be a narrow-band signal.
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and writing this equation in terms of its real and imaginary parts,

T T i n
/UBa cos ¢T + i /;ﬁa sin ¢T = ] Z: . /UBa cos ¢n

N
) /cr;a sin¢_ . (A-15)

n=1

Now ¢n varies randomly as a function of time due to the motion of the

particles and the changing distances r = B Ten in Eq. (A-2). Thus, ¢n isa

i
uniformly distributed random variable between 0 and 27. Consequently,
cos ¢n and sin ¢n are random variables having zero means, making each terr.

in the series a random variable,* Even though each random series term is not
necessarily Gaussian, the fundamental central limit theorem of statistics states
that the sum of N random variables becomes a Gaussian random variable as N
becomes very large. Thus the first and second terms on the left side of the
equation, representing the first and second sums on the right side, become
Gaussian random variables. Since the mean value of each series term is

zero, the mean values of the Gaussian random variables on the left side are
zero. The mean square value of each term on the right side cf the equation is

(=<l 2D
i %@0> - %€°> (A-16)
since éos’ °n> = <sin’ ¢n>=% .

T T
According to the central limit theorem, ﬁﬂa cos ¢T and ﬁaa sin ¢,r
are both Gaussian random variahles with zero means and variances

1 ’ ™
-e N : ,
5 <:r Bn> Employing this fact, it is not difficult to show that [o Bt isa

¢ Note that F;“ may itself be a random variable, as in the case of a

dipole changing its orientation, or it may be a constant, as in the case of a
spherc. There is no difference in the results which follow,
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random variable with a Rayleigh probability distribution, and aga itself has an
exponential distribution with probability density functions as follows:

T
T T

2 |o N @ ==
/ T) = Bo Ba - 10T < » L,
P( aﬁa) N(”Ba e for 0 = \/aBa < . (A-17)

and
aT
- e
. N{o
P(yr>= . e p for 0 saT < ® , (A-18)
Ba NZGBGS Bo

Physicalily, ’ o‘za is proportional to the received rectified field strength,
whereas o 8o’ the cross section, is proportional to the received power.

From Eq. (A-18), one can calculate the mean and variance of the radar
cross section for a random collection of identical scatterers, or

<aﬁ‘ra> = Néﬁd) , (this is identical to A-7), (A=19)

<(°;0)> i (é;a»z - (Néﬂ“> )’ ' (A-20)
@)@
&p

Thus, one car sce that the mean and variance of the total cross section increase
with the number of scatterers as one wotld naturally expect. The percent or

and
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normalized variance, however, remains a constant independent of the number
of scatterers. Hence, the instantaneous radar echo does not become more
steady or constant as the number of scatterers increases. *

4, Multiply Scattered Coherent Fields

(a) Theory

Consider a plane wave normally incident upon a "slab" (Figure A-1)
or region of thickness d containing many random scatterers. Assume that the
slab is infinitely high and wide and that only its thickness is finite. As the
incident wave enters this region, part of its energy is removed upon triking
each scatterer in the following ways:

1) Part of the electromagnetic energy striking a scatterer may be
absorbed and converted to heat. If the scatterer is a perfect
conductor or perfect dielectric, no absorption takes place.

2) Part of the incident energy is scattered unequally (in general)
in all directions,

A wave will emerge to the right of the slab which should begin to look
like a plane wave far from the slab. The intensity of this wave is less than that
of the incident wave. Another wave should be reflected to the left of the slab in
the direction from which the incident field came; this wave should also appear
almost planar far to the left of the slab. These fields will be called the coherent
fields, They will vary in magnitude and phase for each configuration of scat-
terers. In this section expressions will be given for the average coherent fields.
( Besides the "coherent" field, there is the incoherent field which is scattered
in all directions. This incoherent field does not emerge as a plane wave, and
its average value is zero in most cases. A crude estimate of the intensity of the
incoherent field, or average cross section, has been already treated in
Section 2.) Since the coherent fields are planar, one cannot in general define

a scattering cross section because these fields do not decrease with increasing
distance from the slab,

*Often, however, one does not observe the true target cross section
fluctuation on a radar indicator. If the radar system bandwidth from the
receiving antenna to the radar indicator is less than the bandwidth of the
scattered field, the rapid oscillatory behavior of the total radar cross section
(due to the randomly moving scatterers) will be damped out by the system and
only an average will be observed.
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Alternately, one can relate the average coherent plane wave emerging
to the right of region 2 to the plane wave transmitted through a slab of thickness
d of homogeneous partially absorbing material. The average coherent field
emerging to the left of region 2 is similarly related to a reflected plane wave
from such a slab. According to this analogy, there should be two plane coherent
waves within the slab, one moving to the right and the other to the left. Hence
the actual scatterer region (region 2) can be replaced by a slab of material of
the same thickness having permittivity € and permeability " (both complex)

for the purpose of analyzing the average coherent fields. The equivalent
permittivity €, and permeability B of the scatterer region will be given in this

section. Such a model then permits one to visualize and analyze the complicated
multiple scattering problem in the same manner as reflection and transmission
of a plane wave through a slab of homogeneous material,

Interest in the multiple scattering of waves dates back as far as Lord
Rayleigh.® " Since that time there have been many treatises on various aspects
of the problem. Some of the most thorough treatments of multiple scattering in
the recent literature are due to Twersky; consequently, his work will be used
here.® Since the theory is lengthy and complex, the results given here will in
no way constitute a complete analysis of the problem. Rather, the intuitive
model discussed in the preceding paragraph will be used to explain Twersky's
results, The following restrictions and assumptions are necessary to obtain
the results.

1) The simplified geometry of Figure A-1 is assumed. All scatterers
are confined to the slab region shown, and a plane wave is normally
incident upon the slab.

2) The scatterers are randomly distributed in this slab in a uniform
manner. Thus, the probability that one given scatterer center lies
within a given volume element, dV is-I%dV, where p is the scatterer
density, or the average number of scatterers per unit volume.

3) The percentage volume occupied by the scatterers is assumed small
in comparison with the volume of unoccupied space within the slab,
i.e., the scatterer concentration is rare rather than dense. The
concentration should be rare enough that kont - »> 1, where
Rt & is the average distance between two neighboring scatterers,
sand t, and

R << 1, where L is the largest dimension of either
t-s
scatterer.
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4) All of the scatterers are assumed to be identical. If the scattering

pattern of a scatterer varies with its orientation, it is assumed that
an average pattern over all equally likely orientations is employed.

Let the x-axis be chosen along the polarization direction of the incident
plane wave, while the z-axis be chosen in the direction of propagation of the
incident wave and normal to the slab. As a consequence of 3) above, the

.th
E-field component polarized in the x-direction scattered by the j = scatterer
when the x--polarized plane wave is incident upon it can be given by its rar -zone
expression:

E° = E’X = E ———— 1 .(k ,k.)x . (A-22)

where f <k .k > is called the complex scattering amplitude of the jth object
in the scattering direction l\g produced by an incident wave in the direction
k 1= ,2., Written in this form, the scattering amplitude, ij<ks'ki>’ is

dimensionless and does not depend upon the distance from the object, but only
upon the angular direction from the scatterer, thus it can be thought of as giving

a scattering pattern for the object. F is the incident field amplitude and Rj is

the distance from an arbitrary center in the j ¢ objenrt to an observation point.

Ex (any Cartesian component of the fields) and f <k k ) satisfy the scalar

-~ . -

Helmholtz equation.

The method of solution of the multiple scattering problem assumes that

the solution for scattering from each of the objects taken alone is already known
or determinable by other moeans; thus f k ,&k\ is known. From this single-

~8 ~i

body solution, the multiple-body solution can be’ constructed basically as follows,®

1) The coherent components of the total field are assumed to be planar
and polarized in the x-direction, They propagate in the plus and
minus z-directions in regions 1 and 2 (corresponding to the incident
and reflected fields and the internal fields in terms of the analogous
homogeneous slab problem) and in the plus z-direction in region 3
(the field transmitted through the slab), These components, after
averaging, are assumed to be independent of the x- and y-directions
(just as with the homogeneous slab) due to restriction (d) and due
to the averaging process in these directions,
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2) The total average coherent fields in all three regions are then shown
to be expressible as integrals within region 2 over z, i.e.,
0 < z < d. These integrals arise from averaging the total coherent
fields over all possible particle positions in the z-direction. The
integrands contain the total average fields scattered Z:om one of the
identical particles at z = { propagating in the plus or minus
z-directions.

3) The average excitation on a particle located at z = { within region 2
is assumed to come from the two average internal coherent plane
waves travelling in the plus or minus z-directions. Thus the total
average scattered fields needed in the integrands of 2) above are
postulated to come from these two internal coherent plane waves
incident upon the typcial particle located at z = { and multiplied by
ij Es’Ei , where Ei = 2 for these two average internal incident

waves.

4) Hence the average coherent multiple scattered plane waves are
shown to satisfy integral equations. These integral equations are
easily reduced to differential equations which have the same form
as the scalar second order differential equation for a scalar wave
in one dimension. However, the new wave number for the scatterer
is now given by

2 - 27{' PSERPN -A PS 277 a a - -. a l
ke ko+_k-f E" (z, 2)+1{ (-z, EEI ko+-l?o’e Ex(g,g) £ (-2 2}
(A-23)

Further, the scatterer region can be assigned a relative permittivity
& s and permeability Mg 28 follows:

2 . .
ks ofrsfrs
where
21rp s A A a A—
S g = 1 +—3— fx(g.g) & fx(_-g,g) , (A-24)
el L -
0
=1+ 2 [t (5.8) - £(-3 2)— (A-25)
Hrs K LX ~' o~ x '~ 1
, —
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E

R i "2ksd) -ikoz
.>=-EXQ.1-e le ,forz=<0

“

Since it is assumed that all particles are identical, the j subscript
from the scattering amplitudes has been dropped. As before, p
represents the average particle density (number of scatterers per
unit volume).* Particular examples of multiple scatterers will be
given subsequently, and the resulting scatterer region permittivity
and permeability will be derived. Before passing it should be noted
that the scattering amplitudes appearing in the above equations are
complex, in general. Thus the wave number kS has an imaginary

part which gives rise to attenuation of the waves inside the medium.
This attenuation of the coherent plane waves is due to heat losses
within the particles and scattering of a portion of the incident
energy into bistatic directions.

The resulting linear second-order differential equation for the
coherent fields with wave number kS in region 2 and ko in regions

1 and 3 is easily solved. As mentioned previously, the coherent
fields are plane waves independent of x and y, and vary only along
the z~direction. Boundary conditions are obtained at the two faces
bounding the scatterers, and these correspond to the boundary condi-
tions for a slab of homogeneous material having wave number ks.

Thus the solutions for the average coherent fields in the three regions
ikoz
for an incident plane wave Eie are:

ik z

= E;e 2 ﬁ, forz =0 (Incident Field),

( Reflected Ficld),
(A-20)

* Physically, fx( 2 ,z) is the forward scattering amplitude (it represents

the field scattered from an isoiated object into the forward direction) whereas
fx( -7, %) is the backscattering amplitude. These quantities are simply related

to the forward and backscattering cross sections (x-polarization) as follows:
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. ik z -ik (z -d) + ik d
<ELNT>=E;E - Qe s F Qe [ s]’

for 0 = 2z = d (Internal Fields), (A-27)

T i iksd + iko( z - d)
<Ex> = Exe , for z > d (Transmitted Field) (A-28)

where
27Tp A A
-k_a— fx( '~v ) %
Q= k° . (A-29)
1 —ki + 'glr!‘) f ( 2 ) 2)
o Kk ~
o

It can be seen that the average coherent electric fields tangent to the
slab interfaces satisfy the usual boundary conditions at au interface, i.e.,

i R _[LINT INT [T
E:x+<Ex>]z=0—l}x ]z=0’andEx :|z=d-[EJ:|z=d'

It should be noted that because of restriction (c), the parameter Q above
will be small in absolute value compared to unity, i.e., the particle density is

sparse,* This means that.z..’Z’_) fx(i ,2) andi’l’.’. fx( -z,2) are small in magnitude
o )

compared to unity, and consequently the parameter Q may be simplified under
these restrictions to

* The restriction to sparse particle concentrations is violated very
2mp
rarely in practical applications. For example, the quantities -kT'fx {z,2) and

2n, A A
L fx( -z,2z) are small even for the densest rainstorm at both microwave and

k!

0
optical frequencies, Models of gases, where the scattering particles are the
gas molecules, also have extremely sparse concentrations. \When the particles

are large compared to wavelength, these variables become even smaller in
general.
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(b) Simplification of Results and Relationship to Extinction
or Total Cross Section

The fact that the scatterer concentration was assumed to be sparse
permits considerable simplification for the effective wave number within the

medium. One can then neglect higher powers in i—f (z z) and g—-—f (-z z)

Using this simplification k3 il k’ -
4mp 2np
k ~k 1+ f(zz)fsk+ f(zz). (A-31)
k ko

Of the results derived in the previous section, the quantity of most
practical interest is the main coherent wave propagating forward through the
scatterer medium. This wave is attenuated as it passes through the scatterer
medium, and it is often desirable to know this attenuation in solving radio
communication or radar problems (e.g., radar wave propagation through a
rainstorm or chaff). This forward wave is the first term of Eq. (A-27), and
when the value for ks of Eq. (A-31) is employed, it becomes

ik z
F i s
E =Ee
X X
Eiexpik 1+3’Enef(z z) 2z - 2™ [t (3,8)]z] .
X 0 3 ? X ~ ~
k) k
o =32)

Hence the imaginary part of the forward scattering amplitude represents the
attenuation factor of this wave as it moves through the medium. Obviously,
the imaginary part of fx( z,z) must always be positive in a passive medium;

otherwise, the wave would increase in magnitude rather than attenuate, which
violates conservation of energy.

The imaginary part of the forward scattering amplitude is related to
the power removed from the incident wave by the forward scattering theorem.
The total scattering cross section for an isolated particle is defined as
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o =-_1_..fo(0',<b')d9 =—f,f<‘f< ,ﬁi>l2d9 : (A-33)

This quantity physically gives the total power scattered by a particle into all
directions divided by the power density in the incident wave striking it {d2 is an
element of solid angle in the scattering direction ks . In a similar manner, one

can define an absorption cross section ¢, as the power absorbed by the particle

A
and converted into heat divided by the incident power density. Then the total
power removed from the incident wave upon striking the particle is equal to the
sum of the total scattered power and the absorbed power, and the related cross
section,

c.=0.%va, , (A-34)

is called the extinction cross section. It gives the total power removed from the
incident field divided by the incident power density striking the given particle,
The cross section thecorem’ states that

RS LT (A-35)
E K2 T
[o]

(¢) Alternative Derivation of Attenuation Coefficient
of Forward-Propagating Wave

An often-used alternative analvsis can be uged to find the attenuation
of a plane wave propagating through a region containing many scatterers on the
basis of the extinguished power or extinction cross section Tp This method

has the advantage that it is casily developed and understood. It gives the same
result as that formerly derived from Eq. (A-32), as will be shown below, and
thus offers reassurance of the correctness of the previous results, especially

since the theoretical basis for the development below is different.

Consider a slab of volume AV = X¥YAZ containing identical scatterers
( Figure A-3). Let a total power Pm strike the slab normally from the left,
and a total power pout leave the slab toward the right.  Then the total power

removed by the scatterers within the slab is given by
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FIGURE A-3, GEOMETRY USED IN ESTIMATING PLANE WAVE
ATTENUATION IN PASSAGE THROUGH A MEDIUM CONTAIN-
ING MANY IDENTICAL SCATTERERS ;

AP = P -P =ANg_S
ou n

t i E" '’ {AA=86)

where S is the incident power density. This result is evident, since og S is the

total power removed from the incident beam (due to scattering and absorption)

R R . |

: by a single scatterer according to the definition of .. Now-é-l-)- is the increment
E XYy
- in power density AS, thus ‘

AP _ AN __AN _AN ‘
=AS * XY WGE S = XYAZ O'E SAZ = A O'E SAZ . (A=37)

But—ﬁ-g-is the number of particles psr unit volume of the slab and is equal to p

as defined previously. Taking limits and integrating both sides, one obtains
ds
f—s-= -puEfdz +c ,
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and

-p0_2
S=Se Eh
o

Employing the cross sectivn theorem then

S=8 exp('4"” ImE(z 2) ) . (A-38)

These last two equations give the power density in a wave propagating
through a scatterer region where the initial power density at z = 0 is So'

In comparison, the power density in the coherent wave of Eq. (A-32) is

given by
2
exp(—" 1m|f (i.izlz ; (A-39)
k? X~
(o]

where n, is the free space impedance. The results are identical, confirming the

1 1
m n

X

former theory. The former "heory is more useful because it gives the proper
phase relationships and effective wave number ka in the scatterer medium,

{ The development given above is more elemantary and intufitive, and was first
set forth by Lord Rayleigh.® '

The results derived in this section, especially those for the attenuation
of a wave propagating through a multiple scatterer region, are often used in
practice even though the scatterer region may not be a slab. Propagation
tbrough rainstorms, clouds of water droplets or chaff, and even light wave
propagation through an atmosphere of dust or molecular scatterers is analyzed
on this basis. Several examples are given in the following paragraphs,

(d) Small Dielectric Spherical Scatterers

The forward scattering amplitude for a sphere of radius “a'' small
compared with wavelength A _ with refractive index m is given by

-~ -~ , -
f(z,2) =0 l(k a)’ . (A-40)
~ 2 0

m’ + 2
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so long as the conditions koa < 1 and koa Iml< 1 are met., From Eq. (A-31),

(A-35), and (A-40), the wave number and power aitenuation constant are

2 _ 11
k= T |1 5 Bt 1 (A-41)
S (o] mz + 92

i’fﬂlmE (2,2}] = 47rpa3k Im| — ~ % (A-42)
Kk c Bt m?

It can be seen from Eq. (A-42) that the attenuation constant is zero unless the
refractive index m is complex. If the refractive index is real, there is no
attenuation of the incident wave according to the theory, even though some
histatic scattering by the drops takes place. Thus in the low frequency limit,
these results show that the only mechanism responsible for attenuation is
absorption of the incident energy by the drops.

and

For raindrops at microwave frequencies, a typical value for m is
m=7.14 +i2,89at0°CandA = 3,21 cm. Using this value and assuming
an average drop radius a = 1 mm, and p = 100 drops/m?, thenx

Im[f (z z)] = 8,1 x 1073 nepers/km = 0.0652 dB/n.mi. (A-43)
k2

Thus a radar wave at this frequency will lose one-half of its initial power
after traveling through the rain a distance of 46 n.mi. If the frequency is less,
i.e., at radio frequencies, this attenuation constant is even smaller due to ko

- 'becoming smaller.

on the right side of (A-41) becoming smaller and ImL
m| +
Hence one can say that a plane wave at C-band frequencies and lower is atten-

uated little by rain or by clovds, AtA = l cm (i,e., a-band) " kon *—;- Jor

drop radius 2 = 1 mm. The particle is no longer strictly in the low frequeacy
region hy virtue of its size, and Eq. (A-40) is no longer strictly valid. There

= At this wavelength, drop size, and refractive index, koa m =~ 1%, and

hence the approximation ( A-40) is not strictly valid. The results here rre not
in error by much, however: the error is approximately 18 percent,
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is an imaginary part of fx which does not depend upon the refractive index hav-

ing at imaginary part. This means that the particle is sufficiently large that
part of the energy is being removed from the incident wave and scattered in
other directions., This is in addition to that portion being absorbed by the
particle and converted to heat; this latter portion is due to the complex reirac-
tive index. In fact, as the particle becomes bigger (i.e., koa > 5), the

encrgy removed by scattering is far greater than that absorbed and converted
to heat, as will be shown in the next section. Hence, raindrops can be con-
sidered small only up to Ka-band frequencies, permitting use of Eq. (A-40).

(e) Large Spherical Scatterers

For large spherical scatterers where koa >> 1 (a is the sphere

radius), the forward scattering amplitude is independent of the sphere
material.! The quantity fx(z y<) is given there as ~f(7) .

f(z z) = i (k:) . {A-44)

Then the wave number and power attenuation constant become
= Kk E*‘ i-w—], (A=t
(o} k
°

% m f (2, z] = 2npa (A=16)

kz
o

and

This example presents the other extreme to the preceding section,
Here the significant attenvation mechanism is scittering by the particles vather
than absorption. E<ven though absorption can and does take place in Yarge lossy
spheres, its contribution to the power removed from the incident wave is so
small compared to that removed by scattering as to be insignificant. Hence,
the entire forward scattering amplitude is pure imaginary and contributes
toward attenuation.
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In the preceding section, raindrops appeared small at microwave fre-
quencies Ao > 3 cm ). At optical and infrared frequencies, however, these

same drops appear large so that the results of this section may be used to
predict attenuation. At an average drop radius ofa = 1 mm and p = 100
drops/m?, the attenuation constant becomes

S Im[f (z,z) = 0,628 nepers/km = 5,06 dB/n. mi. (A=47)

In contrast to the preceding section, an optical or infrared wave (any frequency
such that koa > 100) will attenuate to 10 percent of its original power (10 dB)

after travelling only 2 n, mi. through rain, This is easily confirmed visually.

The primary or coherent wave from an object can be rapidly attenuated
at optical frequencies in a medium such as the rain in the above example.
Thus one cannot see the sun on a rainy day. Nonetheless, the light level striking
the ground may still be fairly high; this light level is due entirely to the
incoherent multiple scattering. This example shows that there are cases where
the incoherent scattered power from multiple scatterers may be much larger
than the coherent field such as that containing the sun's image.

(f) Half-Wave Dipole Scatterers or Chaff

As one final example, considex the chaff or haif-wave dipole scat-
terers of Section 1, (¢). A single such dipole (perfectly conducting thin
cylinder of length-to-radius ratio of 0,001) optimally oriented gives the same
back and forward scattering cross sections. The scattering amplitudes become

fx(g,g) = fx(-z,g) ~ 1,54 ., (A-48)

This example, however, represents a case where the scattering amplitude
depends upon the pa;rticle orientation. If the particles are arranged completely
randomly, then fx( 2}, 5) must be averaged over all possible dipole orientations
to obtain <fx( % , g )> for a typical dipole., When this is done

<fx(g.g> <f(-z z) ~0.73 . (A=49)
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From this the average wave number and attenuation constant are

_ 27p o |
<ks> = k°E & k3—x o.734| , (A-50)
(o]

4mp
qlme(z,zb:] =0 . (A-51)

/

This example shows that for an ideal half-wave dipole, the attenuation of the
coherent wave is negligible. However, in practice the dipoles are not ideal and
there is some loss produced by the induced currents; this loss plus a small
reactive term due to finite dipole radius when properly taken into account will
introduce an imaginary term to f( %, é) and some small attenuation will take

place.
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Appendix B

ROUGH SURFACE SCATTERING
BASED ON SPECULAR POINT THEORY

1. Introduction

Two approaches have heen employed for the solution of scuttering from
very rough surfaces* in the past. The first begins with a form of the physical
optics integral, alternately referred to as the Kirchhoff approximation. In
order to evaluate this integral, it is necessary to approximate a complicated
factor in the integrand which involves local surface slopes, angle of incidence,
and Fresnel reflection coefficients, Several recent analyses, such as that of
Hagfors,! who treats backseattering, and those of Semenov? and Stogryn,? who
deal with bistatic scattering, justify the removal of this lactor from the inte-
grand as a constant by virtue of the stationary phase principle. In other words,
one assumes at the outset that all scattering comes from local areas which are
oriented in such 2 manner as to specularly reflect into the desired scattering
direction. The factor is then evaluated at the slopes of these specilar or sta-
tionary phase points. The remaining integral in these analyses, whose inte-
grand now consists entirely of an exponential factor, is not solved by this
stationary phase approach. The integral for the scattered power is evaluated
after the averaging process, and hence the stationary phase principle, used to
approximate the first factor, is not employed after all to solve the integral.
Nonetheless, the process of averaging under the integral sign can be justified
mathematically. Hence, while this autocorrelation approach, as referred to by
Hagfors, is correct, it does not provide the needed physical interpretation of
the scattering process.

Recently, Muhleman® analyzed rough surface scattering by what he
termed a ray optics approach. This model approximates the random surface
by a patchwork of planar facets. The model is based solely upon energy or
power reflection, and ignores the role of the phase angle of the scattered
field. The model postulates that all scattering takes place from those facets
which are in a direction to specularly reflect. While the results compare with
those of the autocorrelation approach and the technique provides needed physi-
cal insight into the scattering process, it leaves much to be desired as far as
rigor. The stationary phase approach shows that the intensity of the scattered
field is proportional to the principal radii of curvature at thr ~~~=lar point
and the number of such points; none of these quantities is« . 1 the ray
optics approach nor is polarization information for bistatic scatiering.

*Very rough is the term often used to denote surfaces whose rms rough-
ness height is considerably greater than wavelength.
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The physical optics and geometrical or ray optics approach must yield
identical results in the high frequency limit. It should be possible to derive a
geometrical optics formulation from the physical optics integral which places
in evidence the important physical quantities of the rough surface which pro-
duce the scattering. Kodis® has done exactly this. However, instead of
averaging the integral, he evaluates it entirely by the stationary phase method.
As one intuitively expects, he rigorously demonstrates that the scattering cross
section from any very rough, but locally continuous curving surface, is propor-
tional to the average number of specular points and the average of the principal
radii of curvature at the specular points,

The purpose of this paper is to begin with Kodis' results for one- and two-
dimensionally rough surfaces and derive general expressions for the average
number of specular points, and the average curvature at the specular points.
These quantities of themselves provide insight into the surface properties which
affect the scattered field. When these factors are used in the expressions for
the scattering cross sections, we obtain the same result here as the autocorrela-
tion and the ray optics techniques. This therefore justifies the partial use of the
stationary phase principle, as discussed before. The results of Kodis will be
generalized here to apply to bistatic as well as backscattering, and to homo-
geneous surface materials (with relative constitutive constants ¢ , u) as well
as perfectly conducting. Ty

Longuet-Higgins® has derived expressions for the average number of
specular points when the surface hLeight is a Gaussian variable and when one
examines an infinitely long surface from source and observation points at a
finite distance from the mean surface. The results derived here apply to sur-
faces of finite extent and where the source and observation points much further
from the surface than the mean roughness correlation length. Moreover, our
results are not only simpler in form, but are more general in that they apply to
non-Gaussian surfaces as well.

(a) One-Dimensionally Rough Surface § (x)

Consider a surface which is square with side length L, which is rough
in the x-direction only, and whose mean plane coincides with the = = 0 plane
( Figure B-1). The plane of incidence is taken to be the x-z plane, and we
consider scattering only in this plane ({i.e., ©_ = (§ . Then the average bistatic
cross section per unit surface area is: S

6. +0
o _ d__ s 2
o“ = koL cos( = )nL<I'LI> |R€(t)! 3 (B-1)
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FIGURE B-1. ROUGH SURFACE AND SCATTERING GEOMETRICS

where

L = side length of illuminated area.

n, = average number of specular ridges on the corrugated surface
L
per unit length,

<>

averaged absolute value of radius of curvature at the specular

ridge.

R, .(t) = reflection coefficient from an infinite plane tangent to the
& surface at a specular ridge for incident and scattered polari-
zation states. ¢¢ correcponds here to the vertical and hori-
zontal states, vv and hh. These reflection coefficients are
derived in the Appendix for a homogeneous surface and given
in Eq. (B-29) and (B-30). Note that th and th are zero

because scattering is in the incidence plane, i.e., ws = 0,

¢ = local angle of incidence, derived in the Appendix and given in
Eq. (B-3).

The angle of incidence is taken positive if scattering is forward and
negative if it is backward.
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(b) Two-Dimensionally Rough Surface {(x,y)

The scattering geometry is shown in Figure B-1, but for this surface
whose height varies in the y-direction also, we consider scattering at arbitrary
polar angles Gs’ (ps. The average bistatic cross section per unit surface area
is:

Gzn = 7mA<l’(1'(gl>|R£n(L) lz , (B-2)
where
n = average number of specular points per unit area.
<|Uy79!> = average absolute value of product of principal radii of curva-

ture (or reciprocal of Gaussian curvature) at specular
point.,

R, () =reflection coefficient from infinite plane tangent to the sur-

: face at the specular points for incident (right subscript) and
scattered (left subscript) polarization states. ¢ and 7 refer
to the horizontal and vertical states h and/or v. They are
derived in the Apperndix for a homogeneous surface. They are
given in Eq. (B-29) and (B-30) for bistatic scattering and Eq.
(B-31) for backscattering.

t = local angle of incidence at specular point as derived in the
Appendix and given below in terms of its cosine:

1
cos L —-2-J1 - gin

sinf cos¢ + cos#
i s 8

icos Os 5

The above equations for the scattering cross sections are consistent with
what one expects from a surface made up of many specular points having smooth
curvatures. Equation (B-2), without the average sign on |77,/ and without
Ny is the well known expression for the bistatic scattering cross section of any

simple curved surface having principal radii of curvature 7;, Z, at the specular
point. Heunce, without ever having gone through the stationary phase analysis,

one should be able to appreciate and understand the use of Eq. ( B-1) and ( B-2)
as the basis for rough surface scattering.

The restrictions under which the above equations are valid are the
following:
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1) kop > 1, i.e., the radius of curvature everywhere on the surface

is much greater than wavelength. Hence, the tangent plane approxi-
mation can be applied.

2) Shadowing and multiple scattering between various parts of the
surface are neglected.

3) k(“';h2 >> 1, i.e., the mean square surface height h?, is much greater

than wavelength. This permits us to sum the power from each
specular point incoherently.

4) <(9t/8x) L <(8!,/3y)2>, i.e., the surface roughness is isotropic
in nature. This restriction is not necessary to obtain the solution
but is employed here for simplicity.

2. One-Dimensionally Rough Surface {(x)

(a) Average Number of Specular Ridges

The slope of the surface ;x (or &/ /9x) at the specular ridge is
tan y; denote it gxsp' The problem here is then similar to the better known

zero-crossing problem of communication theory, i.e., to find the average

number of points per length of surface where the random variables !,x - z‘xsp

passes through zero. The most general solution to this problem is attributed
to Kac and is found in Rice.” We shall briefly retrace Rice's technique,
because it will aid in understanding the more complicated two-dimensional
surface case.

Let p(!.x.gxx;x) be the joint probability density function of the slope and

second derivative random viriables, Z,x and ('xx’ at surface point x. Assume

for the moment that the quantity l,x - gxsp passes through zero with positive
rate of change, i.e., z‘xx > 0, in the interval between x, and x, + dx. For dx

sufficiently small, the curve in this interval can be considered linear with x

5. - ¢
intercept equal to x; - __x___;__xﬂ. Then, since by hvpothesis this intercept falls

XX
within the defined iaterval, the {ollowing inequality holds

(’x - z‘xsp
{

X < x5 - < x; + dx, ,

xx
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from which it foliows that the range of interest of the random variable t_, is
given by

R gxsp < by < s
while that of { _ is
XX

. 0<§xx<°°.

The probability that the curve passes through zero is then found by integrating
p(gx.gxx;x,) over this range; i.e.,

+
P = { a [{ ey (4 )
XX XS8p

zdxf gxxp(xsp X )dg’xx )

Likewise the probability P~ of the quantity ‘x - g’xsp passing through zero with
a negative rate of change (i.e. , gxx > 0) is easily established, and assuming
p(!.x.txx;x) is symmetric in {_, the total probability of a zero crossing in dx

is
P=P +P =dx { I;xxip(;m.;u;x,)dgxx e (B-4)

Hence, we see that the probability of having a zero of ‘x - ';x!p varies
directly with the length of the surface dx for short intervals. This is a shurac-
teristic of Poisson distributed everts, and it is readily established &om the
theory of Poisson processes that the average number of zeros per unit length

of the surface nL is defined as

P = nde . ( B=5)
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Comparison of Eq. (B-4) and (B-5) gives the desired relationship for the
average number of specular points per unit surfare length, The integral can

be written in a more meaningful form and one more useful later by expressing
the joint probability as the product of the single density in Lx and the conditional

t i L]
density of L Biven gxsp

o0
n, = p(gxsp) _[w gxx
This form places in evidence an important fact: The average number of
specular points on a rough surface is directly proportional to the probability
density of the surface slope gxsp at the specular point, as one intuitively would
expect.

P(Cax o xap™) Porx - ( B-6)

As a specific and commonly used example, consider the Gaussian sur-
face height joint probability density function

p(L,L°) = exp
A 2h?{1 - p(r)]

2 . .2
1 -2yt + g } (B-T)
2rh[1 - pX(r) ]

where h? = <{?> is the mean square surface height, and p(r) is the correlation
coefficient for the surface height variables {(x) and L(x°) separated by hori-
zontal distance r. For the one dimensional surface, r = |x - x°!. The defini-
tion of p(r) is

a(r) = - <L(XLX +1)> .
h2

Near r = 0, p{r) must be parabolic, since the presence of a linear term inr
results in an infinite mean square slope, which means that the probability
density functions in {'x and {'xx do not exist so that we cannot determine n .

For the sake of example, let us assume that the second and third terms in the
expansion of p(1) follow a Gaussian model, i.e.,

2 4
p(r) = exp{-r¥/1?} = }r'z‘ +§r}7.

Here ! is termed the correlation length. Then the following averages for the
slopes may be established:




—

-\
<t..x< 0L x%)

I [g<x £ - t..(x)] L [t_,(x‘+ a)- t..(x')j]
A0 1 Ag~0 4,

Lim oo ((x+ ADL(x" + Ay
Aq,dg—~0 " 172

- L(X+ APL(XT) - L(X"+ ADL(X) + L(XL(x))

-p(x-x"=4) - p(x-x"+A4y)
+ p(x - x°)

Expanding the individual terms into series in powers of A, and A, and taking
the limit shown, we obtain

. - th (x = x')z ‘
<Lx(x)gx(x )> - "';2—[1 -2 —-;;--—-— p(r) .

From this it follows that the mean square slope s; in the x-direction is
2
8? <L’ (x)> wle e ( B-8a)
X\'X lg
Likewise, the following averages may be established:

<L’ (x)> 2"2. and(; (x4 (x)> =0. ( B-8b,¢c)

Notice that the first and second surface derjvatives, L and L , at a given
point x are uncorrelated,

Now, the fact that { and { * are Gaussian provides us wich the well
known result that all its derivatives are Gaussian, since any linear operation,
such as differentiation, on a Gaussian variable yields another Gaussian ran-
dom variable. Further, since the correlation coefficient between ‘x and {

at the same surface point x is zero, these Gaussian variables are statietically
independent. The conditional density can thus be written

9%
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I)(g'xx!';x;x) - p(g'xx) ’

The integral in Eq. ( B-6) for the Gaussian model when evaluated is nxx /-i—, and

nL becomes

n -2
X XSp N6 -tan? Y
n, = exp = e &

L s 25 ! (=23)

(b) Average Curvature at Specuiar Ridges

A result of the stationary phase analysis was the determination that
the slope at a specular point is gxsp = tany, where v is defined in terms of the

incidence and scattering angles in Eq. (B-27). Hence, using this prior knowl-
edge of the slope at these specular ridges, we wish to determine their average
radius of curvature. Any treatment of curves, such as Taylor® or Struik,® will
show that the radius of curvature of a curve {(x) which lies within a plane

(the y = 0 plane in this case) is

NG
1+ g2
!‘(!~( ) ;
x|

To find the average value of /2’ at a specular point, we substitute Lxsp = tany

for ‘x and average over the random variable (’xx' To perform a strict averaging

1
of T we must multiply by p(;xxlgxsp) and integrate over the range

XX
- ¢ (’xx < =, To conditional probability density function must be used because

we have prior knowledge of l;x at the spocular points. Unfortunately, however,

1

the resulting integral does not converge, due to the singularity of T | at the
XX

origin. Therefore, we employ the following approximation to obtain an estimate

of the average curvature:

&




AT

S

Then an estimate of the average radius of curvature at the specular point
becomes

2 3/2
<i?ls [1%"3] ,
B
or
<5 = sec’y

fo Pox P | Crep) o

Obviously, the above procedure is not exact, and we have no ready quantitative
measure of error. The approximation becomes better as we exclude the region
around Lxx = 0, the neighborhood of the singular point. Actvally this neighbor-

(B-10)

hood around the origin has already been excluded implicitly in the application of
the stationary phase principle. The basis of the stationary phase technique is

the expansion of the argument of the exponential iK{ into a series about the
specular point xSp at which the second or linear term vanishes; i.e.,

KL(x) = Ky(x, ) ié—! K 8 (%sp)’ i:-;—!- K () (X~ %gp) -+
(B-11)
K, being proportional to-i- c

The stationary phase technique is applicable when K is large and when
gxx(xsp) is not too small, for then the cubic and all higher order terms can be

neglected. If, on the other hand, gxx(xsp) is very small, the cubic term is

dominant, and one does not obtain the result of Eq. ( B-1) for the scattering
width written in terms of the radius of curvature. Hence, the region at and

around the singular point z"xx = 0 has already been excluded in obtaining
Eq. (B“'l) .

Averaging (’xx instead of its reciprocal is equivalent to assigning a non-

zero average value to the coefficient of the guadratic term of Eq. (B-11) before
integrating. This insures that the quadratic term will always determine the
value of the integral for sufficiently large K. Although we have no exact error
bounds, we should not expect any error incurred to be excessive. This expecta-
tion is borne out by the identity of the resulting scattering cross section with
those derived using two other techniques.
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For the Gaussian surface model, Eq. ( B-10) can be written immediately
because the integral in the denominator has been evaluated in the preceding
section.

3
<171> =\/—?-ﬂ—7 (B-12)
XX .

(c) Average Scattering Cross Sections per Unit Area

Now that we have determined general expressions for a number of
specular ridges per unit length, given in Eq. (B-6), and the average curvature
at the specular point, from Eq. ( B-10), these expressions can be substituted
into Eq. (B-1) to give the average scattering cross section per unit surface
area. The integrals in the first two equations cancel exactly in the substitution

process.
6)iﬂkas
R
6\ 2

where p(gx) is the probability density function for one-dimensional surface slope

2

5 8. # 8
= : (B-13)

L k L cos(—l—z——s) sec® y p(tan y)

g

Qx. In particular, for the Gaussian model, the bistatic (bistatic here means

within the y = 0 plane) and backscattering cross sections respectively become

- tan? Y
o k L b, + 0 Zs; 6, + 6 2
Oy = cos \-— sec’ye Rgg -—2—-—5 ,  (B-14a)
Jﬁnsx
and
)
i tan Gi
0 0 ko 283& 2
= = 3 3
AN sec’ 0, e |R(0)| (B-14b)
2r sx

where R(0) is merely the Fresnel reflection coefficient at normal incidence.
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3. Two-Dimensionally Rough Surface {(x,y)

(a) Average Number of Specular Points

In order to simplify the analysis, let us choose the x and y axes for
this section such that the plane defined by the normal to the surface at specular
point and the x axis coincides with the x-z plane ( Figure B-2). This may be

bz

">

REGION CONTAINING
L SPECULAR POINT

SPECULAR POINT; SURFACE
/ SLOPES ARE gnp =tfan vy ,

Q| gysp =i
v

FIGURE B-2. COORDINATE SYSTEM ROTATED ABOUT z-AXIS
SO THAT BISECTOR OF INCIDENCE AND SCATTERING
DIRECTIONS (i.e., SURFACE NORMAL AT SPECULAR
POINT) LIES IN x-z PLANE

x>

done with no loss of generality because the surface roughness is isotropic and
the surface statistics are invariant under a rotation of the x-y axes. Then the
siopes of the surface at the specular point in the x- and y-directions become

{ = tany and{ = 0. Denote these particular values by { and{ . The

X y Xsp ysp
analysis here proceeds in the same manner as for the one-dimensionally rough
surface.

Define p((,x. Ly, gxx’ gxy’ Lyy;x, y) as the joint probability of the surface

first and second derivatives in the x- and y-directions. In order for the

98

S s e S e RN

o

U B et s s 0, Rk

s B R, bl i




s

surface to have a specular point with the proper slopes gxsp and gysp, there

must exist a point somewhere in the region x;, x; + dx and y,, y; + dy, where
t -¢ and{ - ¢ both pass through zero. If the increments dx, dy are
X XSp y ysp

sufficiently small, the slope surface gx(x,y) in this increment can be considered

nearly planar and can be written in terms of its first series terms:

R N R N B AN LN AN AL
(B~15a)

Likewise for Z_,y,

X+t A Lyt A ) =8 (X,y) + (%, y04_ + X,ya
éy( 1 - y) ’ay( 1 Y1) t"xy 1, Y1) . gyy( 1 Y1) y
( B-15b)
where Ax < dx and Ay < dy. Now the intersection of the gx( X,y) plane with the
t"xsp = tany plane within dx, dy is a straight line. Another similar line is
formed by Ly(x,y) in the gvs;: = 0 plane. These lines are determined by setting
the left sides of Eq. (B-15) equal to__ and{ . The point at which the
Xsp ysp

projections of these lines cross in the x-y plane is the specular point. It is
found by solving Eq. (B-15) for Ax and Ay, and the result is:

1 :
Bxep E[ny(l“y ~ Eysp) T Eyy(x gxsp)i” X1 V1 LB-iom

1
Aysp =-J7[4xy(gx B z"xsp) B gxx(z"y B gysn)]

whered =¢{ ¢ -1t? . Thenfora specular point to occur within the desired
xxXyy Xy

. ( B~16h)
X1, V1

interval, the following two inequalities must hold:

+ + dx, ~17a)
X < X Axsp < X X (B-~17a)

and

Vi <€V + A\-’Sp <¥Vi + d.\’ . (B-l?b)
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Substituting £q. (B-16) into (B-17), the following inequality pair results when
J > 0,

0 <uc<dJddx , ( B-18a)
and

0<v<ddy , (B-18b)

where u, v are new variables to replace L - s and{ - ¢ o defined as
foilows: ysp y ysp

R LySD) " Eyls “xsp)

and

v = - - - s
cxy(cx cxsp) A (cy cysp)
Thus for given values of L .L , and L (which themselves may range between

+=) , the ranges of these new random variables are given by Eq. (B- fS)

The probability, then, of a specular point within x;, x; + dx and y;,

y; + dy for positive J is found by integrating p(g L gxx xy’g’yy'x‘y‘) between

these limits. For dx and dy sufficiently small, the value L and Ly in the above

probability density take on the values at the specular point L and { . This
probability is ysp

- Jf>f ({ dg At { [ fanems ot

xsp’ °ysp’ °xx’ Exy’ oy’ ‘y‘)}'

Making the change of variables tc u, v we obtain

Jdx de1
finatal

o (£ yep b by

Ex’ xy' °yy'

X1 y,)dudv I .
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Since dx and dy are small, the integral in braces can be simplified

)

+ - e .
P’ = dxdy Jf { {) (Scbyy = ) P(Sasp byep by Sy

x1,y1)dcxxdgyydz;xy .

Likewise the probability P~ for J < 0 can be computed. Then the tota! prob-
ability of a specular point in dx dy is

o 80 o)

- -t .
poaxdy [ [ [ let -tk p(b b e b by by

=00 =00 =00

X1, YI) dgxxdgyydgxy .

The average number of specular points per unit area n A is the integral in the

above equation, as one readily sees by analogy with the one-dimensional surface.
Writing the joint probability density in the integral as the product of the joint
density in the slopes gx and z;y, and the conditional density in the remaining

second derivative variables, we obtain the following result for n Al

ny = P(uspbysp) | S [Sabyy G lP L by Sy

da, dt . ( B-19)

*xsp’ g'y$1c>)dr’xx Xy °yy

For the same Gaussian joint probability density and correlation coeffi-
cient model, the horizontal separation r between the two surface points {(x,y)
and {(x°,y") is now defined as follows:

r=vN(x-x") +(y-y)*.

Equations (B-8) are correct here as they stand. In addition, the following
covariances may be derived in the same manner as Eq. (B-8).

2 2 _ 2
( , = e— - 0
<gy X y)> r sy sx
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1zn? 2
% (x,y)> ==t =q?, ( B-20)
<YY 24 XX

(2N () = (L x vy = %—L LSRN

All the remaining covariances between the five random variables (i. e., l’,x, Ly,

gxx’r’xy’ gyy at a given surface point (x,y) which are not shown explicitly in
Eq. (B-8) or (B-20) are identically zero. Note that only two of these five

random variables are correlated, viz, , r’xx and g’yy’ whose correlation

1
coefficient is 7

It is now a relatively straightforward problem to reduce the integral in
Eq. (B-19) for the Gaussian surface. Using the above covariances, we define

new variables w = t’xxr’yy andv = (,;y. Then this integral, expressed in terms

of the probability functions of w and v, become
-0 -0l
IEf dwf dviw - vip(w) p(v)
-0l

-0

o0

0 &
= [ awp(w) [ (v - w)p(w) du
-00 0

o0 w o
+ { dw p(w) [:bf (w - v)p(v)dv+f (v - w)p(v)dv] .
w

This equation can be reduced to the following:

['s ‘Wf I:(2x - Do(Nx) + J_g-xl/z e-x]ex/4 K (E-x)dx 1

p o\4

where ¢(y) is the standard error function and Ko( y) is the modified zero-order

cylindrical Bessel function of the second type. The integral above is a number

which is evaluated easiest numerically. The answer is 5.13011. Then using
re

I= \;—i 5.13n? in Eq. (B-19), we obtain the following result for the average

number of specular points per unit area.
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7.255 capl= tan“ vy (B-21)

BA

where s® is the mean square value of the total slope at a point on a two-
dimensionally rough surface, defined as

4h?

SZE<§2+QZ>=SZ+SZ=252 ey~
X N x ¥ X )

(b) Average Curvature at Specular Points

When the scattering surface is a function of two variables, the sta-
tionary phase principle shows that the scattered power varies inversely with
the Gaussian curvature at the specular point, The Gaussian curvature is
interpreted simply as the reciprocal of product of the principal radii of curva-
ture at the specular point. The principal radii are the maximum and minimum
radii. This is in contrast to scattering from the one-dimensional surface, where
the power varied inversely with the simple curvature of the surface at the
specular point.

From any treatment of differential geometry® it can be shown that
the reciprocal of the Gaussian curvature is expressed in terms of the deriva-
tives of {(x,y) as follows:

1+ ‘-;2 + ;2)2
”(172,3 ( z y .

[Faxyy L;Yl

The evaluation of the average value of this quantity at the specular point
follows the same technique as we uged for the one-dimensional surface, and
much of the detail will not be retraced again. We know that the values of the
slope at the specular point are gxsp = tany and g’ysp = 0 ( Figure B-2). The

denominator of the above equation then contains the random variables which
must be averaged. As before, we average the quantity in the denominator
separately rather than its reciprocal; the singularity when the denominator goes
to zero is avoided for the same reason here as previously. In averaging the
denominator, we use the conditional probability density function in {’xx‘gx\ )

»

('yy' given in Lx.éy because of our prior knowledge of these surface slope.s at

the specular point. The average then becomes

103

- 2 4

PR N B N W



RS AL

e+ )’

Xsp  ysp

|§xx§yy i} L;y| ’

<l’(172|> =)

or

4
<!> = SeC

_y2
T LN (R cysp)dcxxdcyydcxy
(B-22)

In particular, the denominator will be evaluated for the Gaussian surface
model employed previously. The above denominator is the same as the integral

of Eq. (B-19). The solution obtained there represented as I, was el 5.1an2,

37
Hence the average curvature for the Gaussian model becomes
T secty
<|Tma!> = 0.327-2- e ( B-23)
n

(c) Average Scattering Cross Sections per Unit Area

In the scme manner, let us substitute Eq. ( B-19), giving the
average number of specular points per unit area, and Eq. (B-22), for the
average Gaussian curvature at a specular point, iato Eq. (B-2) to give the
general expression for the average scattering cross section per unit surface
area. Again the integrals cancel, simplifying the result.

2 = 4 ? &2
azn 7 sec’ yp(tany, o)lRén“)' , ( B-24)

where p(;x.;y) is the joint probability density function for the surface slopes,
‘x and ‘y' The total slope of the surface at the specular point, tany, is given
in Eq. (B-27), and the remaining terminology is defined in the introduction.

For the model having Gaussjan surface statistics, the bistatic and back-
scattering cross sections respectively become:
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4 2
0O _8sec'vy 8 2
2 e , B-25
“en T Rep(® ] (B coa}
tan? 6,
v e 1
¢
sec” # )
R i 8 2 ¥
T - e [R(O) |2, ( B-25b)

where again R(0) is the Fresnel reflection coefficient for normal incidence.
The latter equation is identical to that obtained by Hagfors' by the autocorrela-~
tion approach, and Muhleman? by the ray optics technique, as corrected by
Hagfors.! Equation (B-25a) is identical to the result derived by Semenov? and
later by Stogryn.?

4, Conclusions

We have obtained explicit expressions for the average number of
specular points per unit surface area and the average curvature at a specular
point. The role of these quantities in the scattering process 1 readily under-
stood from basic geometrical optics (or stationary phase) coniiderations. For
a two-dimensionally rough surface, for example, the scatterirg cross section
for one specular point is 7 times the product of the principal radii of curvature.
For a very rough surface where the power from neighboring specular points
adds incoherently, one must multiply by the average number of such specular
points. Furthermore, one must multiply by the surface reflection coefficients
in order to account properly for polarization. These reflection coefficients are
derived here for the vertical and horizontal states.

From examination of the Gaussian model ( which several investigators®
have found typifies the sea surface fairly well) we see that the dominant factor
in the scattering cross section for relatively small rms surface slopes is the
number of specular points. This quantity varies directly with the surface slope
probability density function, which decreases quite rapidly at scattering angles
where the slope of the specular points must be considerably different from zero.
On the other hand, the average radii of curvature increase with increasing slope
at the apecular point, but not nearly enough to offset the decrease in the number
of specular points.

The two pieces of surface statistical information obtained here, &nd
their simple relationship to a third quantity, the scattering cross section,
suggest possible uses in determination of surface properties of an unknown or
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maccessible surface, i.e., in the inverse scattering problem. For instance,
the number of specular points on a surface might be counted from optical photo-
graphs or by scanning with a collimated laser or radar beam. The intensity oi
the return from each of these specular points permits one to estimate the product
of the principal radii of curvature. If one combines or integrates these separate
specular point brightnesses, he obtains the scattering cross section of the entire
surface. Measurement of any two of these quantities permits determination of
the third. Also, one can obtain the surface slope probability density function.

If the functional form of the distribution is not too different from Gaussian so
that one can use the model examined in this paper, one can obtain estimates of
the rms roughness height and correlation iength from a knowledge of two of the
three quantities, Normally, these two parameters of a rough surface cannot be
determined from the scattering cross section alone, since the only surface
parameter appearing explicitly in the model is the surface slope, as seen from

qu ( B°25) .
5. Appendix

First, we shall determine the pertinent angles and slopes associated
with the specular points, The slopes are determined by applying the stationary
ikg-T
phase principle to the exponential e ° , of t‘l}e physical optics integrand.
Here § = ﬁi - ﬁs ( Figure B-1), and ¥ = xx + yy + L(X,y)z is the distance from

the origin to a point on the surface. The stationary phase point is defined as
the point at which the gradient vector in the x, y-directions of the argument of
the above exponential vanishes. Equating the two components of this vector to
zero, we obtain the surface slopes at the specular point as

106

A R

o 3 N T

gy 4l

4 ‘W-w_-wfww it e




(sm 6, cos ¢ - sin 0 )x +sin g sin QY+ ( cos 6, + cos es) z

i

= . ( B-26)
'\/E ,/1 - sin 00 sin 0B cos (Ps + cos 00 cos 0B
The cosine of the angle of incidence ¢ at the specular point is -Ki . ﬁsp
= ﬁs . ﬁsp; after simplification, it is given in Eq. (B-3). The angle between
the above normal and the vertical v is determined frem cosy = z-:n Its

n .

sp
tangent is also the total slope of the surface at specular point, and is readily
determined from Eq. (B-26).

gin®p, - 2s8in6, sing cos¢ + sing
i i 8 8 8

cos oi + cos es

tany =

(B=-27)

Now that we know the angles associated with the specular points, we can
determine the manner in which these points reflect the incident polarized wave.
Vertical and horizontal polarization states here refer to the incident and
scattered E-field vectors along the 6 T Os directions and (pi' <ps directions

respectively (Figure B-1). The reflection coefficients between the scattered
and incident v and h states are the same as those for an infinite plane tangent to
the surface at the specular point and having slopes gxsp and gysp' This problem

has been solved by Mitzner.!! Briefly, one resolves the incident E-field into

components along two vectors, one normal to the local plane of incidence, i.e.,
e i

sin ¢ sp

and one in the plane of incidence but perpendicular to ﬁi’

i.e.,
o= ki Xy ,
Likewise, we employ a unit vector perpendicular to is' i.e.,
x ; .
s

o

g =

The components of the scattered E-fields resolved along o and # are then
related to the components of the incident E-fields resolved along v and o by
the well known Fresnel reflection coefficients:
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€ cost - [epn - sin’e
r rr

R”(L) = ,
€ cos L + /eu -siniL
T TrYr
and
[ .2
U cost - [eu = sin“y
Rl(L) =_r il ( B-28)

’ .y
cos t + € - sin” L
#I‘ I‘#I‘

If the incident E-field is horizontally polarized, then the reflection
coefficients we seek are defined as follows:

b - B
i i
h
and
¢ - E
R _ 8
vh Ei 2
h

where E' is the total E-field reflected from the specular points as determined
by the technique in the preceding paragraph. An analogous definition gives
va and th when the incident E-field is vertically polarized. After performing

the required algebra, we obtain

2
sin oi sin 98 sin 8 R“(L) + azagR ()

- L
i e - ’

48in® ¢ cos? ¢

a, sin GSR“(L) - ay sin GiR_L(L)

R, = sin <ps

vh , { B-29a)

4 sin? | cos® ¢

108

s
i
S
¥

D Wy




3 - 8. si

f - a, sin GSR.L(L) 3 8in ei R“( L)

hv s qos ’
4 sin® ¢ cos® ¢
s . .2 +
_ sin ei sin os sin qosRl( L) a2a3RH(L)
RVv = , (B-29b)
4 sin® ( cos? ¢

where

ay = cosf,sinf + sin g, cosd cos ¢y

i ] i ] s

and

ag = sinf,cosf_ + cosg,sinf cos¢ . ( B=-30)
i s i s 8

For backscattering, oi = os and P 0. These reflection coefficients are

simplified by taking the limit of numerator and denominator. The results are:

th=RW—- R”(O), -Rl(O);RVh=RhV—’O. (B-31)
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