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1, Introduction

then a radar vave strikes a group of volume-distributed scatterers (e.g.,
raindrops) or surface-distributed scatters (e.g., terrain, sea surface), two
things can happen to the incident signal spectium, First, its center position can
be shifted due to relative radial motion betwveen targets and antenna, Sccondly,
the epectrum shape can be distorted. Since the positions of the scatterers are
neithe: knoun precisely nor of great concern, the exact shape of the distorted
spectrum is not determinable; it is the average effect on the spectrum vith vhich
ve shall be concerned here., In general, this average spectrum after the inter-

action is alvays broadened (though possibly only slightly) from that of the inci-

dent signal,

Several mechanisms can produce these spectral distortions., Each of
them will be briefly dealt with below, In order to better understand each process,
ve shall ignore all of the other possible distortion-producins mechanisms vhile
wve deal with one at a time, In Section 9 it will be shown how several of these

effects can be combined when they act together,

Throughout this article, we shall restrict ourselves to backscatter. The
units of the average scattered spectrum, O(f), employed in Sections 5, 6, and 7
below are meters® x Hz ! (1.e., backscatter cross section per cycle per second).

Then the average backscattering cross section of the distributed scatterers within

a single resolution cell is defined as
]
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In sections 2,3, and 4, this spectrum is normalized and given as P(f) = G(f)/oB
because these mechanisms can be treated separately from the scatterers vhich

produce them., In the Appendix, OB uvill be discussed for various scatterer models,



2, Total Signal Length and Its Relationship to
Signal Spectrum

The most obvious factor effecting the spectrum of the scattered signal
is the spectrum of the incident signal, In the absence of all antenna and target
motions, the scattered signal spectrum will be identical to that of the incident
signal, In radar systems vhich attempt to separate moving targets from stationary
background or clutter, such as the MTI* system, the total incident signal may con-

sist of a fairly long train of pulses.

One common example illustrating this mechanism is a search radar antenna
rotating continuously in azimutk, As the antenna beam rotates past a point target,
it is excited by a train of pulses vhich appear the largest in amplitude as the
beam center points directly past the target. The amplitude of this pulse train is
modulated by the antenna pattern, Assume that g(9,P) is the normalized voltage
pattern of the antenna (i.,e.,, g(0,0) = 1, wvhere ©® here is assumed to be in the
azimuth direction and 6 1s colatitude, perpendicular to it, If the antenna is
rotating, then ® =Qt, vhere 2 is the rotation rate in radians/sec., For back-
scatter, the received voltage is proportional to gz, because the same antenna is
used for transmitting and receiving, Then the normalized energy density spectrum
received from a nonmovia~ point target at Go,ﬁz for one sweep of such a rotating
antenna consists of a train of spectra spaced fPR (i.e., pulse repetition fre-
quency) apart as shown in Figure 1, Each pulse of the train has the rollowing

shape

2 . 2 ,~12M(f-nf )t
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vhere n is the number of the spectral line (n = O corresponds to the center carrier
frequency position fo). FT(f) is the Fourier transform of a single normalized

pulse of vidth T; for a rectangular pulse of unit height, this is FT(f) =
sinTfT
1 3

*
Moving Target Indication
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For instance, assume the antenna pattern is Gaussian, i.e,, [g(G,cp)]a -
exp[-2(93+¢?)/A?] where A 1s approximately the 3 dB beamwidth of the conical beam.
Then one spike in the frequency spectrum, as represented by the square of the in-
tegral, or last factor of (2), is exp[ﬂzé?falna], vhere the 6 dependence is
dropped. Then the total 3 dB width of the spectral line is Af -'ﬁ%? + For example,
the line width for an antenna with a 2° azimuth beamwidth and a rotation rate of
3 rev/sec is Of = 81 Hz,

3, Spectral Distortion Due to Relative lMotion and
Finite Beamuidth

Vhen "istributed clutter sources are moving at a velocity, v, through a
radar beam, t' . radial component of this velocity varies slightly across the finite
angular width of the beam, This radial velocity variation produces spectral spread-
ing of the incident signal., Assume that the incident signal is monochromatic and

all of the particles are moving at the same velocity, v, so that all other sources

of gpectral distortion can be ignored for the time being.

The analysis here can apply to the case where the antenna itself is in
motion vith respect to the scatterers, as in an airborne radar, It is also ap-
plicable vhen the scatterers themselves are in motion, as in a rain shower. lhen
the scatterers are volume distributed, as, for instance, raindrops, we will use
the geometry of Figure 2a, Vhen the scatterers are surface distributed, as with
terrain viewed irom an aircraft, we refer to the geometry of Figure 2b. In both
cases, v is the velocity of the scatterers moving through the resolution cell with
respect to the antenna and O is the angle betuveen v and the direction to the center

of the cell,

Assume the same one-vay voltage pattern for the antenna, g(8,%), as
defined in the preceding section. Since the same antenna is used for transmitting
and receiving, the pover received from a single scatterer within the resolution
cell at 90, ¢g, 1s proportional to Ig(e ,¢g)|4. The power spectral density re-
ceived is then obtained by integrating 3(9,¢)|‘ times the reflected power spectrum
from a point scatterer at an angle, 8, from boresight, The latter spectrum is an
impulse function whose position varies only with 6, Only the integration over 6

is of concern here, because this is the angular direction in vhich the radial



velocity varies and hence the direction producing spectral spreading., Then the
spectrum* of the received signal for a monochromatic incident wave of frequency f.°
is

O L G (1-¥c050) , o) l* 3)
_cfosma 2Vf sinQ

vhere A (in radians) is approximately the 3 dB beamwidth of the one-way power pat-
tern, |g(0,fp)|8, in the 9 direction.** Simply interpreted, this equation shous
that the received signal pover spectrum has the same shape as the antenna pattern,
This result is valid so long as 0 % 0, The approximate half-pouer bandwidth of
the received signal may be expressed in terms of the 3 dB antenna beamvidth, A:
Af = 'é:! fOAsina. The Doppler shift of the spectrum center, as seen from (3), is

_2_vf cos(C,
co

As an example, consider a ground-based S-band (3 GHz) radar looking into
a rain shower, Assume it has an elevation beamuidth, 4, of 3°, Let the look angle
above the horizon be 10° (i.,e., 0 = 50°). Uith a moderate rainstorm, the drops
fall at a mean velocity of 9 m/s; assume they fall vertically, The Doppler center
shift of the received spectrum here is approximately 31 Hz, and the half-pover
bandwidth for a monochromatic incident signal is about 17,5 Hz, This spectrum
spreading caused by raindiops falling through a finite~sized resolution cell is

called "shear'".

When o = 0, the received signal spectrum has approximately the followving form:

V2 1 a
P f) --. \d : .
( mo 2v | 8<J'1T‘:f— |f"fou""z_::’)I ’ 0) | (4)
=] lf-fo(ld—c-)l o

*
The spectrum here is normalized so that I_: P(f)df = 1,

For volume-distributed scatterers, the integration over @ is already assumed
completed. This is represented in the two-way power pattern beamuidth, % ; L.e,,
2

J'-: !g(O,CO)Pde < % |g(€)‘,0)|4 for narrov beam antennas, For surface distributed

scatterers, ©® is a function of time as the pulse propagates across the ground,
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The half-power bandwidth in this case is Af = §7§zé?. The above results for Q =

0 have application to a moving radar, such as that on a homing missile or terrain-
avoidance aircraft radar, looking directly ahead. For example, assume that the
radar platform is moving at 600 knots and looking straight ahead., At an S-band
frequency and for a half-pover beamvidth, A, of 6°, the spectral spreading due to
the finite beamuidth is about 10,6 Hz, wvhile the spectrum center shift is about
6 kHz, This is true for either volume-distributed scatterers, such as rain, or
surface-distributed scatterers, such as terrain. One can see that the spectral
spreading is not nearly as great vhen the moving radar is looking ahead as vhen it
is looking off to the side, As a comparison, the same radar, if it vere a side-

looker, (i.e,, @ = 90°), would have a received spectrum vidth of about 700 Hz,

4, Spectral Distortion Due to Relative Motion and Finite

Resolution Cell Size

A mechanism vill be discussed here vhich produces spectral spreading
vhen a moving radar antenna looks at scatterers distributed throughout the resolu-
tion cell., The finite size of the illuminated area is responsible for the spread-
ing. Uhile the mechanisms of the preceding sections are known and have been men-
tioned elsevhere [1], this mechanism, ve believe, has not been recognized pre-
viously as a contributor to spectral spreading., The effect is illustrated in

Figure 3, The component of velocity in a direction containing the plane of in-
cT

2
%%;;ﬁ if the radar is looking at the ground at a depression angle B, The velocity,

cidence is v, The range resolution cell depth is for volume~-scatterers, and

v, for the latter case is assumed to be that component parallel to the ground,
Assume that the return at radar position {1 for elapsed time, t,, comes from the
solid resolution cell. Then at the time of the next pulse transmission, che radar
platform has moved, and at elapse time ) the returning pulse comes from the dashed
resolution cell, These two resolution cells do not contain identically the same
scatterer targets, but a portion of them are shared by the two. As the velocity
increases, there is less overlap, but as the resolution cell length increases,

the overlap becomes greater., The signal returns from the non-overlapping areas

are uncorrelated from pulse to pulse, because they contain different scattering

centers at different positions.



If ve compute the correlation coefficient for the overlapping areas as

a function of elapsed time, T, ve find it is

¥ T
R(T) = { l - |!t| for |!£|< 1
Y for |!%_>_1 , where L is the length of the resolu-

tion cell in the direction of motion (i.e., it is 2% and ;:osﬁ for the cases men-

tioned above).

The Fourier transform of this correlation function is then the normalized

density spectrum for the received signal vhen the incident carrier is monochromatic.

It is

P(f) -71':—;-"— , (5)

The approximate half-pover bandwidth of this spectrum is Af = % .
As an example, consider an aircraft with a narrow pulse (T = 0,1 ps)
flying at 600 Lnots and looking straight ahead, If the depression angle, 3, is

(%]

small, the length of the resolution cell, L, is 2%. Then the half power bandwidth
of the received spectrum is 20 Hz,

The mechanism here is definitely different from that of the preceding
section, which depended upon the fact that, due to finite beamwidth, the wave
phasefront is not planar across the resolution cell but spherical., In other words,
the rays propagating to different parts of thz resolution cell are not parallel,
with the angle between them and the velocity vector varying. The mechanism of
this section produces spectral spreading even if the rays are parallel and the phase
front is planar. A comparison of the two processes results in some intercsting
contrasts, The preceding section showed that decreasins the size ol the resolution
cell by making the beamwidth smaller decrecases the spectral spreading; this section
shous that decreasing the length of the resolution cell can increase the spectral
spreading, because of the different mechanism involved, From (5), one can see
that as either the velocity approaches zero or as the resolution cell length ap-
proaches infinity, the scatterer spectrum approaches the impulse function., This
is expected since the incident spectrum is an impulse function, and vhen there is

no apparent motion, the scattered spectrum should also be an impulse,



2s Spectral Distortion Due to Volume Scatterer Velocity

Dif nces

One sometimes encounters volume-distributed scatterers vhose velocities
are not all identical, Such is the case for raindrops, vhose fall velocities are
observed to vary with drop size.* Figure 4 illustrates the geometry for a packet
of particles moving in the vertical direction, vhile the radar views it from angle,
@ , vith respect to the vertical, The individual particles are assumed to be all
moving in the same direction, but have different speeds, i.e., vl, v;, Vis eee e
Tle can nov define and assign p(v) as the probability density function for the velo-
city of a given particle,

A monochromatic signal illuminates the particles, and hence the incident
spectrum is proportional to the unit impulse function, 5(f-f°). Then it may be
shown in a straightforvard manner that the signal reflected from all of the par-
ticles has a pover density spectrum proportional to the particle velocity probabi-
lity density. LCxpressed as the radar cross section per unit £frequency, O(f),
this is

C

o(£) = 2£ _cosa F ((2£ cosa/c/ % > (6)

vhere OB is the radar cross section of all of the particles within the resolution
cell, If the standard deviation (or square root of the variance) of the particle
velocity is vs then the approxigate half-pover banduidth, Af, of the scattered
signal spectrum is given as Af --—-ﬂﬂf cosa

Let us look at an example. lMean drop velocities in a rainfall are about
4=6 m/s for light rains to ¢ m/s for heavy rains [2]. The standard deviation of
drop velocities about the mean is approximately 1 m/s., For an S-band (3 GHz) radar
in a heavy rainfall and at an elevation angle of 10° (i.e,, & = 80°), the

*

Neslected here are any rotational velocities of individual particles., For in-
stance, a rotating chaff particle will modulate the incident signal., For nearly
spherical raindrops, this effect is not applicable,
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center frequency of the return vill be shifted by about 31 Hz, The scattered
spectral width for an incident monocihromatic wave will be 7 Hz, It has been ob-
served, hovever, that a significant number of smaller sized raindrops fall very
slovly; this results in a gradual tapering off of p(v) below the mean velocity of
9 m/s, but a ruch more abrupt cutoff above the mean. Hence even though the pre-
dicted half-pover width is 7 Hz, ve can expect to see scattered signal energy in

a band as great as 30-40 Hz, since the spectrum does not fall off rapidly belou the
lover 3 dB point, The spreading also increases vith elevation angle; {f the radar

is looking vertically (@ = 0°), the spread can be as great as 200 Hz at S-band,

Another example 1llustrating this mechanism is foliage motion due to
vind, A surface search radar, for instance, looking over a wooded area will re~
ceive a return from the trees and foliage whose spectrum is spread due to leaf and
branch motion, Nathanson [3] has found from examination of experimental data that
the standard deviation of foliage velocity for wooded terrain is about 0,03 m/s
for a 0-10 knot wind, about 0.1 m/s for a 15 knot wind, and about 0.3 m/s for a
20 knot wind, An S-band (3 GHz) surface search radar looking along the horizontal
in the wind direction (0 = 0) will suffer a spectral spread from the foliage return
of about & Hz for 20 knot viind,

6, Spectral Distortion from Sea Surface Due to Suxface
Movement: Slichtly Rough Surface

The sea surface represents a case of surface-distributed scatterers which
are in motion, One would naturally expect to see a distortion of the received
radar spectrum due to a random modulation of the incident vave by the sea. This
section will be concerned witn the roughness vhose scale falls into the category
"slightly rough'; by this we mean that k h cose1 < 1, vhere ko _,Z; is the free
space wavenumber, h is the rms height of the ocean waves, and 61 is the incidence
angle measured from vertical (i.e., the complement of the grazing angle). At HF
frequencies, all of the ocean waves in general satisfy this criterion, vhile at

microwave frequencies, only the capillary vaves may fall in this category,
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It is showm in Reference 4 that surfaces having slightly rough scales
must be analyzed by a perturbation technique. Such an analysis, valid in the low-
frcquency limit, shows a difference in return for vertical and horizontal polari=-
zation states which agrees with experimental observations, The analysis there,
valid for a two-dimensionally rough surface height variable z = C(x, y), can be
readily extended to include a third quantity, time, i.e., z = C(x, y, t). The
analysis proceeds as before, but with three instead of two variables, Details of
the derivation are omitted here for lack of space., The radar (backscatter) cross
section per Hz bandwidth for a surface area, A, included within the resolution
cell is

o 4 4 LT .
o(f) = 47k _*Acos*d, [a (8 )] U [-2k sind,, 0, 2M(£-£ )] . (7)

The quantity U (p,q,w) is the spatizl and temporal height spectral density of the
1

slightly rough ocean surface scale, It is defined in terms of the surface height

correlation function, thl(X, ¥, T) = {C(x,y,t)C(x+X, y+¥, t+T)) as follows

2
" (,q,0) = l‘n; I_: I_: J_: R (X, Y, Tye PRI LTy var, (3)
Here, C(x,y,t) is taken to be the surface heisht above the mean level, and hence
its average value is zero, Also, G(ei) in (7) is proportional to the polarization
matrix elements; it varies with incidence angle and surface constitutive parameters,
but is not a function of the roughness, It will be given in the Appendix for the

vertical and horizontal polarization states,

Equation (7) shows that only the ocean wave spatial frequency p =
2k°sin9i produces hackscatter, Stated another way, the entire backscattered com-
ponent at radar wavelength A is produced by those ocean waves of lensth L =
X/Zsinei. This result has been mentioned many times in the literature,

The spatial spectrum of the sea surface, ta(p, q), has been measured

LnAma
and the N:;u:;-Pierson model [5] seems to explain its dependence upon wind, No
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one has yet measured the full spatial and temporal spectrum of the sea, and no one
has proposed a reasonable theory or model for it. First order ocean vave theory
shows that the temporal period of the sea has a detezrministic relationship with
respect to the spatial wavelength for a given wave, In other words, an ocean wave
of given length has a fixed period, determined by the forces of gravity and fluid
mechanics at the air-vater interface. This first-order relationship betueen the
ocean surface spatial vavenumbers p, q, and the temporal wavenumber, « (W = 27Tf),
1SA/;;:E; =Ef;v vhere g is the acceleration of gravity [5]. If one employs this
first-order gpproximation, Equation (7) sbows the received spectrum to be two im-
pulse functions at frequencies f = fo % %:Jﬁ;;{;é: « Radar measurements at HF
have shoun that the position of the spectrum is predicted by the above relation-
ship, but the spectrum is not an impulse function.[6] It has a finite width which
can be several tenths of a Hz at fo ~ 13 ilHz, This suggests that one must go
beyond the first-order theory to obtain a meaningful estimate of the spatial and

temporal sea spectrum contained in (7).

7. Spectral Distortion From the Sea Surface Due to Surface
Movement: Very Rough Surface

At microvave frequencies, the largest scale ocean waves are greater in
height than the rada: vwavelength, This large scale, satisfying the relationship
kohcosﬂi> 1, is called ''very rough', and is analyzed by physical or geometrical
optics, The result, valid in the high-frequency limit, shous that all scatter
comes from portions of the surface oriented normal to the radar line of sight;[7]
these are called specular points and are familiar at optical frequencies as the
dancing glitter of the sun on the surface. Since these specular points are in
motion, they produce random shifts in the frequency of the incident vwave. The

analysis of a moving surface has been treated extensively in [3].

As in the above section, one can determine the scattered power from such
a surface by merely extending previous analyses for a random surface, C(x,y), to
include the time variable also, i.e., C(x,y,t). Using the physical optics formu-
lation, one can arrive at the following result for the radar cross section per
Hz bandwidth,
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f- f
O(f) = Z'%' secsﬂilR(0)|2P<tanOi, 0, (2f COse )f) R

vhere P(C y ) is the joint probability density function for the surface

slopes C andC in the x- and y-directions* and for the vertical surface velocity,
T (L.e. C ='30/3t), Also, R(0) is the Fresnel reflection coefficient for the

sea for normal incidence, and A is the surface area within the resolution cell,
Normally, Cx’ €, and Ct are correlated to a considerable extent so that it is not

possible to separate P(Cx, Cy, Ct) into the product of separate density functions.

Notice the similarity betuveen (9) for sea surface motion ancé €¥)r for. volume
scatterer motion. Even though the two theories were derived from different initial
formulations, the similarity between results indicates that the mechanism producing
spectral spreading is the same: it is the motion of discrete scattering centers
separated on the average by many wavelengths. In the former case, the discrete
scattering centers were individual particles, such as raindrops, vhereas in the

latter case, they are the moving specular points on the surface.

As pointed out previously, the three derivatives of the surface are
normally correlated., For the sake of obtaininz an estimate of the sea spectral
spreading produced by the large scale roughness, let us assume they are uncor-
related, Further, let us assume that the surface is Gaussian, Then it is easy
to show that the variance of the vertical ocean wave velocity is v2 = (§2> =
EE; , where h® is the mean-square surface height and T is roughly the time reriod

T of the large scale ocean waves. leasurements have shown that 1 m/s is typical
of v d for the sea surface., The half-pover spectral width of the received pover
is OF % f%@é focosOi. For an S-band radar (3GHz) and at a depression angle of 10°
(i.e,, 2, = 80°), this half-pover bandvidth is Af = { lz, using v, = L m/s.

O, Spectral Distortion From the Sea Surface Due to Surface
Movement: Composite Surface

At microwave frequencies, the sea surface definitely has a large-scale
component compared to radar vavelength, Hovever, it also has a small-scale
component (i.e., the capillary vaves) vhich ride on top of the larger structure
and fall into the slightly rough category. Hence, the scattering mechanisms of

both of the preceding sections appear to be operating simultaneously,

(*The plane of incidence is assumed for convenience to be the x-z plane)
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It is shoun in [4] and discussed in [9] that to a first order, one can
represent the scattered pover from such a composite surface as the sum of the povers
from the very rough and slightly rough scale components. One adds the powers
because these two roughness scales are usually independent of each other (being
produced by different mechanisms) and hence they, the scattered fields, superpose

incoherently,

The same reasoning can be applied to the spectrum from such a surface.
One therefore adds O(f) of (7) to that of (9) to obtain the backscattered spectrum
of a composite surface for an incident monochromatic vave, One has two actual
surfaces to analyze in this case, { and (g, vhere §, includes all large-scale
surface height components vhich satisfy koCLcosei> 1 and QS includes the small-
scale components failing this inequality. The combination of the tvo mechanisms
simultaneously results in a complicated model vhich is a function of several
parameters. Gualitatively, one can see that as one approaches grazing (Giﬂn/Z),
the slightly rough theory becomes more important because more of the ocean rough-

ness satisfies the inequality kogcosei <1,

that does experimental evidence shou about the scattered signal spectrum
in the microwave frequency region? Not enough data is available to obtain a com-
plete and accurate nicture as a function of polarization, frequency, sea state,
incidence angle, etc, Some of the dagavseems to confirm the validity over a
limited range of the expression Af = —:-fo for cthe half-power bandwidth; where
Ov is a sea-surface velocity spread. From (3] and [10], Av varies approximately
linearly from about 0.7 m/s for Sea State #1 (vind speed 5 knots), being about 1.0
m/s for Sea State #3 (wind speed 13 knots), to about 2,7 m/s for Sea State #5
(vind speed 22 knots), Measurements show that Av may be somewhat larger than these
values for horizontal polarization and “somevhat lover .for vertical: polarization
(by as much as 20-30%), For example, at S-band (3 GHz), one can expect spectral

spreading by as much as 55 Hz for Sea State #5 from this measured data,

9. Combination of Several Snectral Distorting Effects

In Sections 2 through O, ve have considered various knoun physical

mechanisms vhich distort the spectrum of an incident signal after scattering.,
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To physically understand them, we trcated each mechanism separately ignoring all
of the other possibilities, In reality, several of the processes are usually
acting simultaneously, For instance, one may have the spectrum-distorting effect
of finite beamuidth discussed in Section 3, as well as sea surface motion, Hou
then does one combine these various effects to obtain the total spectrum of the
received signal?

One can shovw theoretically that the resultant signal spectrum, OR(f),
expressed in terms of average radar cross section per Hz bandwidth, is obtained
by convolving the various spectra together., For instance, let Pi(f) be the nor-
malized spectrum ol the incident signal, Assume that the radar platform is moving,
and looking dovm across the sea surface, Then the effect of finite beamuidth given
in (3) must be included: call it P (f). Also, the motion of the sea surface
dist vts the spectrum according to the mechanisms in Sections 6-8; this is repre-
sented as 0(f). In addition, the effect mentioned in Section 4 may be important;
let us assume it is not significant here, Then the total received spectrum is

given by

o (£) = J;r_: J_: P, (WP (5-n) o(£-E)dnds . (10)

t"hile the above convolution technique is exact, it is unfortunately not
very handy when the various spectra are only estimates to start with, Nor is it
convenient vhen a quick ansver is needed, A simpler ''rule of thumb" is available.
It is obtained from the above equations vhen one assumes that at least two of the
three processes are random and that all three are mutually independent, The total
3 dB banduidth, AfR, may be found from the banduvidth of the incident signal, AfiJ
the bandwidth, Afl, of Px(f)’ and the bandwidth,Afs, of g(f) for the sea surface:

2 -2
Af; = 08 + O + At‘: . (11)
10, Summar

In this paper ve have attempted to mention and briefly discusc all of the

knoun mechanisms which produce spectral distortions on an incident signal after
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scatter from distributed sources, Some of these mechanisms have been mentioned
previously [1], but we have attempted here to relate the spectral distortions more
precisely to the antenna and signal properties. The mechanism mentioned in Section
4 has not been previously recognized as a contributor to scattered spectrum dis-
tortions, The movement of the slightly rough sea surface scale (Section 6) pro-
duces a spectral distortion somevhat different from that induced by usual scatterer
motions of Sections 5 and 7, The signal spectrum for the slight scale movement

is directly proportional to the temporal spectrum for the surface height itself,

In most radar applications the volume-and surface-distributed scatterers
represent unvanted background, or clutter, as in the case of rain and terrain,
Hovever, there are situations, such as in satellite, air surveillance, and ground-
mapping, as vell as vith veather radars, vhere one is primarily interested in ob-
serving these targets. In either case, the results presented here, along with

the physical interpretation provided, should aid in analysis of the received signal,
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Appendix, Scattering Cross Section for Distributed Scatterers

(a) Volume-Distributed Scatterers

In Equation (6), we expressed the radar (backscatter) cross section of

all of the volume-~distributed scatterers within a radar resolution cell as OB'

Here ve wish to examine this quantity further, break it down, and provide a

meaningful physical explanation of the scatter mechanism,

It is showvn in [10] that one can express Op in terms of the radar cross

section per unit volume times the volume of space inside the resolution cell, i.e.,

OB = 0¢ V, The depth of the resolution cell is'gl

length, The cell is elliptical in shape looking along the antenna boresight,

vhere T is the signal pulse

wvith A and € being the half-pover beamwidths of the one-way antenna directivity
pattern, lg(e,m)lz. Since the same antenna is assumed to be used twice for the
backscatter situation, the two-vay half-pover beamwidths for narrow-beam patterns
are approximately'§; and 53 (if the beam is conical, A = €), Then the volume
inside this cell is given as

e 18 € 7 TR3cTAE
' [nn.4/2/2J =

vhere R is the range to the cell from the antenna,

(12

The quantity O is discussed in detail in [10]. A simple and meaningful
model is presented there; each particle, vhile its position is entirely random,
is assigned an average individual radar cross section, {(0), Then it is shown
that, due to the random position assumption, one can add the average scattered
power from each particle incoherently to obtain the following result for the

average total radar cross section per unit volume:

ot =p (o) , (13)
vhere p is the scatterer density, or average number of particles per unit volume.

For raindrops, (o) is the backscatter cross section of a small water
sphere., OSince this raindrop size is small compared to wavelength in the microwave

rezion, one can use the lou-frequency approximation for a dielewtric sphere,
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Lxperimentally, values of drop density, p, of the order of 100/m® for rain have
been measured, Also, values of 0 have been measured for a moderate rainfall vary-
ing from -G3 dB at S-band, -62 dB at X-band, up to -39 dB at Ka-band (expressed

as dB m'l).
(b) Surface Scatter: Slightly Rough Surface

Rough surfaces falling in the slightly rough category have been treated
elsevhere (4], [9], [10], [11], Here we shall briefly mention the result obtained
for this model, First, ve express the average radar cross section for the surface

vithin a resolution cell as 0, = 0°A, vhere A is the surface area subtended by the

B
resolution cell and O° is the average backscatter cross section per unit area, For
the radar configuration shown in Figure 2b, the area A is given by

RA T ReTA
A= _.] [C - \C 14)
21 L2cosBl  2/25inf : :

vhere 0 is the grazing angle and 61 = T/2-8, All other symbols have been defined

previously.

Actually, 0° can be obtained from (7) by performing the integration
indicated in (1), or it can be derived separately, as done in [4], In either case,

it becomes

0° = 4ﬂk2cos491|a(01)!aﬂl[-Zkosinni, 0l, (15)

vhere 1 (p,q), the spatial spectrum of the surface height, is defined from the two-
1
dimensional surface height correlation function, hznl(x, Y) as in (8):

2 o [~ -ipX-qu )
v (p,q) = b& [ [ R (X, ¥) ¢ axdy . (16)
1 e : 1

-l a®

Also, G(Gi) is derived in (4] for the vertical and horirzontal polarization
states. For a homogeneous surface having relative constitutive parameters GQ, M.y
they are:

2 2
(b -1) [(k-1) sin”0 + € p ] -p (¢ -1)
a (O ) = — ——ay—
k. cos € ¢ =sin®f
L 1 MYy




AT

- - 2 14 - 2 -
e (Cr 1) [(6r 1) sin 61 * €E“r] €2 (ur 1)
1 [ 0, + 4/ A ’
€ cos - 2
r i er“‘r sin 91 ]

ahv(ei) = “vh(ei) = 0, 17)

For a perfectly conducting surface, one permits €.~ in the above

equations to obtain
1+ s:l.nze1

0, () =1, o ()= (12)

cos 6i

The above results are valid only to the first order in (kogcosei)a, Qi,
and C;. They indicate no depolarization for these states. Retention of higher
order terms does include depolarization, although the results are considerably

more complex [12].

(c) Surface Scatter: Very Rough Surface

If the surface roughness falls in the ''very rough' category, results for
0° analogous to those of the last section can be obtained, These are found either

by integrating (9) as shown in (1), or by a separate derivation [4], The result is

0° = Mgec*s, IR(0)|°P(tand ,0) , (19)

where P(Cx, Cy) is the joint probability density function of the surface slopes
Cx, Cy in the x- and y-directions, All of the other quantities have been defined

before.

Further details and comparison with measured data 0° may be found in
[10] and (111,
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FIGURE 2, GEOMETRY OF RADAR AND DISTRIBUTED SCATTERERS FOR FINITE
BEAMWIDTH .
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FIGURE 3. GEOMETRY OF DISTRIBUTED SCATTERERS AT GIVEN RANGE FROM
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FIGURE 4., GEOMETRY OF VOLUME-DISTRIBUTED SCATTERERS MOVING AT VELOCITIES
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