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The Effects Of Finite Scattering Area On
The Bistatic Normalized Cross Section
For A Two-Dimensional Rough Surface

1. INTRODUCTION

High-range-resolution radars illuminate a small patch of ground in the range dimension.
This smaller clutter paich can reduce the total radar clutter and therefore make target detection
easier, so long as the characteristics of the clutter are unchanged. However, many of the
assumptions of how clutter will behave in a radar system assume the clutter cell is infinite
compared to the separation of the scattering elements. When the dimensions of the cell shrink to
just a few correlation lengths of the roughness, the characteristics of the clutter are no longer well
known.

Previous reports by Papa and Woodworth! and by Sharpe23 have considered finite cell size
scattering from a one-dimensionally rough surface. These reports suggest that the cell size can
have a significant effect on the scattering statistics. In this report, the normalized clutter cross
section of two-dimensionally rough surfaces is examined for finite cell sizes. The two-dimensional
case is more involved than one-dimensional scattering because off-axis scattering and
depolarization of the scattered wave must be taken into account.

In this report, the calculated mean values of the co-polarized and cross polarized normalized
cross section a©, for finite cell sizes, are determined as a function of scattering configuration. The
effect of varying the cross range dimension of the clutter cell, the wavelength of the incident field,
and the rms height of the rough surface are also studied. The results are then compared to o°
values for the one-dimensional finite cell model and for the infinite cell size scattering analyses.
Since surface dielectric constant e, does not affect the finite cell size effects, the results are given
for a perfectly conducting surface. The effect of & is just multiplicative. However, g, will affect
the angular dependence of the mean normalized cross section.

(Received for publication 28 August 1992)




The normalized cross section of a rough surface is given by:

() ()

E,

E;is the field incident upon the rough surface and Eg is the scattered field. Because Eg is the
field scattered by a random surface, it must be described statistically. The symbol <-> denotes an
ensemble average over the variables {; and {9, which are the random surface heights at two
points, x; and x, on the surface, and i, and pu,, which are the surface slopes at these points. A =
Lyly is the area of the clutter cell where Ly is the range dimension and Ly is the azimuth
dimension. R, is the distance from the surface to the point at which Eg is measured. This
distance must be large. The surface geometry is shown in Figure 1.

The scattered field, Eg is found by solving the Helmholtz integral equation in the far field:

E, -—H( —-w—) (2

R, -k, 7 -~
where ¥= _e_R___ is the spherical Green's function with k, being the wave vector of the

scattered field. E is once again the total field on the surface given by E=(1+R)E, where R is
the Fresnel reflection coefficient of the surface. The normal to the surface, n, is given by:

_ IA _ l‘ 2
1+42+2
Figure 2 illustrates the scattering geometry with the various parameters defined. For the

perfectly conducting surface used here R = 1 and one obtains the expression for the scattered
field as:

~ ket _
E,= F|le®" 4
"= I j [ €57 axaty @
F2R (1+ cose,cose, — sin6,sin0,cosé, )
- €0s6, + €00,
where:

D= k[(sine, — 8inB,cosd, )X - 8inb,sing,ij — (cose, +cosd, )i]
7 =K, + YU, +C(x-y)2o




The incident field is a plane wave given by:
E, = e** (5)

The ratio of the scattered field to the incident field is then given by:

L/ L, Ly L,
I S -
‘ 4 4 * g 14

The expression for 0 can then be written as:

o k2 F2 J-J-I ,T 1(vz, +u,t.)[x2 -0 ]dxldXQdyld!'h "

where:
T, = |x; - x5
Ty = v - v
0= (") =eF
I = ov, = Rayleigh roughness parameter
Xz = (=) = exp(-vZo?(1-C)
C= e-%’

This fourfold integral can be further simplified by using a change of variables technique?® that
results in the simplified expression for ¢°

K2F2 o .
o° = — I I cos(v,, )cos(v,1, sz - IL, -t JL,-1, ]dtxdty 8)
o

This allows us to calculate the mean clutter cross section for rectangular cell sizes of different
dimensions given by Ly and Ly The equation for the variance of the of the clutter cross section
for a two dimensionally rough surface is given as an eight-fold integral. Because of the numerical
complexity required to solve these equations, the two dimensional variance is not included in this

study.

For a two dimensionally rough surface, off-axis scattering will occur and will result in
depolarization of the linear polarization state of the incident wave upon reflection from the
surface. The value of the clutter cross section given in Eq.(8) is for the polarization which results
in the maximum value of the clutter cross section. In order to determine the horizontally and




vertically polarized components of the clutter cross section, the polarization term F used in Eq.(8)
must be removed and the pure scattering matrix elements given in Eqs.(10) are used. The symbol
0,",,,,,, will be used to represent the clutter cross section with no polarization dependence. The

polarization dependent terms can then be written as:
2 /]
Opg = ]le Opnpal (9)

The subscripts p and q refer to the polarization of the scattered wave and the incident wave
respectively. For vertical and horizontal polarization states, the scattering matrix elements are

given by:
sme,sme,smunzl (V+a,asR, (V)

Ry, = 10a]
hh 4sin* cos% (10a)
sin®, a,Ry (v)-sin6,a3R, (1)
Ron = -sing, 4sin* cos®t (10b)
-sin6, asRy (1) +sin6, azR, (1)
R, = -siné, 10¢
o = —Sing 4sin* cos*t (10c)
assing Ry (1)- sin@,sin@,sinZ¢, R, (1)
B 4sin®tcos® (10d)
where:

a, =1+ sin@,;sind cosé, — coso,cos6,
a, = cosf,; sinf, + sind, cosd; cosd,
a; = sin@, cosd, +cosb, sinb, cosd

a4 = C0sb; +Coso,
For the perfectly conducting surfaces used in this section of the paper, R} = -1 and Ry = 1.
This will cause the values of the co-polarized components, |R,| and |R,|' to be identical.
Similarly, the cross polarized components, |8, [’and |R,| are also identical. These scattering

matrix elements allow us to separate the total scattered power into the co-polarized and cross
polarized components.




Figure 1. Resolution Cell and Scattering Angle Definitions
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3. RESULTS

The first major thrust shown in the results is the effect of cell size on the mean normalized
cross section of surfaces which are rough in two dimensions. The area of the clutter cell is A =
Ly where L, is the range dimension of the cell, which is determined by the pulse width, and Ly
is the azimuth dimension, which is a functior of antenna beamwidth.

The first set of figures examines trends in roughness and wavelength effects using surface
plots of the co-polarized and cross polarized components of 0°. The dominant feature in the
patterns is the variation in the ¢° values that result in local minima.

Figures 3 and 4 are for ;= 75", T= 1m, 6 = 0.2 m, Ly = 2 m and Ly, = 2 m for a wavelength
of A = 0.1 m. For the co-polarized component shown in Figure 3 there is a continual shift in the
location of the polarization minima towards zero elevation scattering angle as the azimuth angle
increases. This agrees with previously published results for scattering from infinite clutter cells4.
In comparing the co-polarized component with the cross polarized component in Figure 4, it is
clear that at the angles where there are minima in the co-polarized component, most of the energy
is converted to the cross polarization. Figures 5 and 6 are surface plots of the co-polarized and
cross polarized components of &° for the same conditions with wavelength A = 0.25 m* 6; = 75",
T=1m,6=02m, L,=2mand Ly=2m. The large A implies that the surface appears relatively
smoother. Figures 7 and 8 have identical parameters to Figures 5 and 6 except that o = 0.5m.
This produces a Rayleigh roughness parameter similar to the one in Figures 3 and 4. The same
trends are seen in all these cases. Differences in relative magnitudes are due to the wavelength
dependence of the kernel of o°.

The null locations of the co-polarized component of o¢° are, in general, functions of the
scattering geometry and the dielectric constant. Because of this, these locations should not
change for a finite cell size. To determine the location of the nulls more closely, Figures 9 through
11 are line plots of the co-polarized component of o° for the same parameters given above. The
correlation length used in these calculations was T = 1 m. The mean surface slope, defined as
6/T, is then 0.2 for Figures 9 and 10 and 0.5 for Figure 11. In both Figures 9 and 10 no null
occurs for ¢g =0 and ¢g = 15°. For ¢g = 30, the null is at 6g = 70, for ¢ = 45° the null is at
85 = 60°, dg = 60° has the null at 65 = 40° and for ¢g = 75  the null is at 6g = 20°.

Papa, Lennon, and Taylor* have published bistatic scattering results for an infinite cell
having the same parameters used here. The corresponding expression for ¢° for the infinite cell
size is:

)
0* = B2 ot - i e
o

The null locations for the finite cell size agree quite closely with the null locations given for
the infinite cell size. For Figure 11 where o/T = 0.5, very close agreement with published results
of null locations is once again seen. This comparison between scattering from finite clutter cells
show that for the small dimensions used in the analysis, the size of the clutter cell does not affect
the location of the polarization nulls.




In order to compare values of 6° obtained with the two dimensional finite cell size model to
the physical optics model used for the infinite cell size, the size of the finite cell was increased to
6 mx 6mand 10 m x 10 m. These results are plotted in Figures 12 and 13. In Figure 14 the
infinite cell size scattering is plotted using physical optics calculations. The trends of the cross
section are very similar for the infinite cell size model and the finite cell size model. The null
locations do not change at all for the two models. The discrepancy in the values of ¢° are most
significant for small values of azimuth angle and the differences become more pronounced as the
scattering angle increases.

The next area of consideration is comparison with one dimensional results. Note that
depolarization and off axis scattering do not occur in the one-dimensional case so differences
should occur in the results for the two different cases. For the one- dimensional studies done
previously, L, was zero. Figure 15isa plot of the ratio of o° for the two dimensional roughness
for small Ly to o° for the one-dimensional case. Fairly good agreement is seen for the two
models, particularly for moderate scattering angles. For extreme back scatter and extreme
forward scatter, however, the two-dimensional case shows larger returns. This is due to the very
small number of scattering facets in the one dimensional model that are tilted severely enough to
cause scattering at these extreme angles. Because these results are for A = 0.25 m, which is a
relatively long wavelength, the surface appears fairly smooth. As the surface roughness
increases, the number of properly oriented facets will increase. In the two-dimensional model,
however, there are also off-axis facets that are tilted properly to contribute to the scattering in the
extreme forward and back scatter directions.

For an actual high resolution radar, L, will be very small. However, Ly . which is deteir.nined
by the antenna beam width, may not be small. To determine the effect of Ly, on the clutter cross
section, small values of L, were used while L,, was increased. As Ly, increases, ¢° does not show
any significant changes. Figure 16 plots o° for in-plane scattering as Ly, increases from one
meter to 10 meters. The largest variation in clutter cross section is just a few tenths of a dB.
From these two figures it is clear that the one-dimensional and the two-dimensional model agree
quite closely except at extreme angles and also that the cross range dimension of the clutter cell
does not have a significant effect on the value of the clutter cross section.

Figures 17 and 18 are plots of the out of plane scattering for 6; = 7560, A = 0.25m, and 0 =
0.5 m with Ly= 6 m and Ly= 10 m, respectively. Comparing them with Figure 11 where Ly= 2
m, we see that even for off axis scattering, Ly has very little effect on 6°. The only noticeable
difference is seen at large values of 6g, and even this difference is quite small.
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Figure 7. Co-Polarized Normalized Scattering Cross Section as a Function of Elevation and Azimuthal Angle, A=025mandG°=0.5m




ot ¢

(8F) SO

02 O\ © O\ 02

uoyezye|od SS9
Buniejjeos ejeog eb.e

14




W0 =0 PpuUsw 0=y ‘RSuY FRMWIZY PIOOPS 10) ABuy SULIPEIS UOHEAILT JO UOHIUN] ¥ S¥ UONOAS 5501 BULISEIS PIZI[BULON POZURIOJ-0D) ‘G 0Bty

(Bep) %9
06 08 0L 09 0s (1} 4 414 114 ot 0 05
- °¢v
4 og-

o
N
(8p) SOH

wg=A7 wg=*1
We'g=0 W'0=\ oS.=19
Buiia)iess ojeos ebien

15



- KT LF S

W 70 = O pue W 670 = Y ‘s9jSuy [epnwIzY paosleg 1o} 2(Suy SuLoneds UoNEAI(T JO UOHOUN B SB UONIS 55050 BuLINEIS PIZIRULION PIZUBIOJ-0D ‘01 mBL

(Bep) %9
06 08 0. 09 0 Oy 08 02 Ol

i ' T ¥ T Y T Y 1 Y T Y T LS T CO-

oSimd —ah— 1
09=0 —9—
Sh=t —F— 4 0G-
Ot=> —@—
Si=p —a— ]
O=> —@—

ol‘ = .

3 - . ;
- S / 4 0¢-
" — .

.,
O/OI,T“\IIIQI\\\‘\\\O\’II\\O o

wg=A7 wg=x1
WZ'0=0 WGZ'0=\ .G.=1§
Buiiejieos ajeas ebie

(8P) sOH

Vi

-~
>

16




W'0=0purwszo =Yy ‘safuy pyinwizy paxdfas 10§ 38uy Suaurdg UOHEAIIT JO UOHOUNY € SB UONIS $5017) SULANEDS PIZIfRULION PIZURI0g-0D) || SmSBig

wg=41 wg="1
WG'0=0 WGZ'0=\ o5.='6
Buise)ieog ojeog abse

(Bep) %o
06 08 0L 09 0S (1] 4 0t 0c (1]
oSi=d —a—
o09=¢p —v—
oSh=¢ -
o00=0> —m—
o§l=d —o—
=¢ —e—
0/ , ' -
L3 '/.1.' =
-, S a =
° _e - s o N

0S-

ov-

Oi-

(8P) SOH

17




4. CONCLUSIONS

This report describes the extension of the analysis of finite cell size effects to the more
significant case of bistatic scattering at arbitrary angles from a surface with roughness that varies
in two dimensions. This introduces more complexity into the analysis than for the earlier one-
dimensional studies both from the range of angular conditions to be considered and the fact that
the effects of scattered signal depolarization must be included. In this report we have described a
number of trends that can be seen in the results.

Previous results for determining clutter power have used a physical optics model that
assumes the cell size is very large relative to the correlation distance. To determine the effect of
reducing the cell size on the clutter power, the results for the finite cell size and infinite cell size
were compared. The polarization nulls were found to be unaffected by the size of the clutter cell.
This result is not surprising, however, because the null location is in general a function of the
scattering configuration. The magnitude of o°, however, does depend on the integration limits
and hence is affected by cell size. The normalized clutter power from the smaller cell is
consistently less than for the infinite cell size, particularly in the near forward scatter direction.
The results confirmed that the null locations in the overall patterns are insensitive to wavelength
or roughness variations. The depolarization of the scattered wave shows that in the regions
where the co-polarized component decreases, the cross polarized component increases.

The next aspect of interest is comparisons with other calculations. The results obtained by
the model given in this report for a two-dimensionally rough surface were compared to results
given by the simpler one-dimensionally rough surface model in the limit as Ly—0. The agreement
between the two models was quite good except for extreme forward and extreme backscatter
directions. The question of how the finite cell results matched those for the infinitely large case
also showed that the patterns for increasing cell size rapidly approached the large cell results.

A related result seen is that increasing the cross range dimension of the clutter cell has very
little effect on o°. This is a significant result because in high resolution radars, it is the range
dimension that decreases, while the cross range dimension can remain quite large. It should be
pointed out that the integral for 6° does depend on which limits are varied.

Finally, it should be pointed out that the subject of two-dimensional finite cell scattering is a
highly complex topic. This initial study has related the behavior of the scattering to a number of
different sets of results and has shown important findings for high resolution radars. Future
studies still have to address additional aspects. The normalized clutter cross section of a clutter
cell with finite dimensions can be calculated by numerically solving a double integral. The
variance of the clutter power, however, requires the solution of an eight-fold integral that is
numerically intensive and quite complicated. This will be pursued in subsequent efforts.
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MISSION
or
ROME LABORATORY

Rome Laboratory plans and executes an interdisciplinary program in re-
search, development, test, and technology transition in support of Air
Force Command, Control, Communications and Intelligence (C:’I) activities
for all Air Force platforms. It also executes selected acquisition programs
in several areas of expertise. Technical and engineering support within
areas of competence is provided to ESD Program Offices (POs) and other
ESD elements to perform effective acquisition of C3I systems. In addition,
Rome Laboratory's technology supports other AFSC Product Divisions, the
Alr Force user community, and other DOD and non-DOD agencies. Rome
Laboratory maintains technical competence and research programs in areas
including, but not limited to, communications, command and control, battle
management, intelligence information processing, computational sciences
and software producibility, wide area surveillance/sensors, signal proces-
sing, solid state sciences, photonics, electromagnetic technology, super-
conductivity, and electronic reliability/maintainability and testability.
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