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ABSTRACT 

A theoretical expression for the relative backscatter coefficient was 

evaluated for different values of the dielectric constant and conductivity 

of the ground, the wavelength, polarization and incidence angle of the 

radiation, and the heights of the scatterers above the ground.  The result- 

ing curves of backscatter coefficient  vs  angle of incidence are not un- 

like some experimentally derived curves for hf  backscatter, especially 

with regard to the differences between horizontal and vertical polariza- 

tion and between land and sea. 
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dS element of area of the ground 

height distribution of scatterers 
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by the ground 

reflection coefficient oi the ground, I RJ e 
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angle of elevation of the Incident radiation 

path difference between direct and reflected rays 

dielectric constant of the ground 

dielectric constant of free space 

"elative complex dielectric constant. 

height of a scatterer above the ground 

60iÄcr 

phase shift between direct and reflected rays, 

wavelength in meters 

2n5 
+ » 

2 sin 7 

conductivity in mhos/m 

radar cross section per unit area of the ground 

standard deviation of  t, 

phase of the reflection coefficient 
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1 -      INTRODUCTION 

The backscatter coefficient, usually defined as the radar cross section 

per unit area of the ground, is an important parameter in oblique hi" 

sounding of the ionosphere by use of ground backseatte".  The variation of 

the backscatter coefficient with angle of incidence has be«n the subject 

of experimental investigations [Refs. 1 and 2\ ,   the intorpr-etation of 

which suggests that an interference mecharlF.ro is signi.fica; ' .  For scat- 

ter ers such as 'rees, the energy is receiv3d and reradiateu by means of 

both direct rays and rays reflected from the ground.  The interference 

between these rays may explain the varlfetion of the backscatter coefficient 

with angle of incidence and with the polerlzatlon of the incident energy. 

To test this hypothesis, a theoretical expression for the backscatter co- 

efficient was set up in terms cf the neights of the scatterers and the 

reflection coefficient of the ground.  The reflection coefficient in turn 

depends on the elsctrical propertiei- of the ground and the wavelength and 

polarization of the radiation.  Calculations were performed for different 

combinations of these parameters, and this paper presents and discusses 

the results. 
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11.  THEOR V 

The theory for ground backseatter is similar to Goldstein's droplet 

theory ior backscatler from the sea at contimetric wavelengths [Ref. 3], 

The notation closely follows that of Beckmann and Spizzichino [Ref. 4], 

Consider a single scatterer as an elementary dipole at a height C, 

above y reflecting plane, illuminated by radiation of wavelength A Inci- 

dent rm the plan" ^t an an^ie of elevation 7. 

The vertical radiation pattern of the scatterer and ground may be 

described bv 

^Cr) = u'-;.?-; G(7) 

where l{C,,y)     is the dipole radiation pattern.  Let  0(7) = cos  7 for 

vertical polarization and G[))   -   1  for horizontal polarization.  1(^,7) 

is proportional to  (1-j R| )  + 4| RJ cos  (iJ>/2),  where 

5 =2^  sin 7 

R e -1$ 

fe       sin 7 - 
re           ' 

/                2    \ 4 
e     -cos    7 

\  re             7 

e       sin  7  + 
re            / 

/               0    \ 1/ 

iG       -COS"   7) /2 

\ re             7 

-1 

(vertical polarization) 

(horizontal polariz-it ion) 

60iAcr . 

2,- ,  v 
The power returned from a single scatterer is proportional tc  P {C,,y), 

2/  \ 
and from n scatterers,  nP (^,7,),  if all the seatterers are at the same 

height  £. 

- 2 SEL-65-liO 



Let   the  ht-ight   distribution  of  scatterers  be 

,2' 
n(0   = 1 

-— exp/ 
(J1(2n)/s        \2aj 

for     C > 0 

where a       \s  the standard deviation from zero height. 

Let the horizomal distribution of scatterers be uniform, and consider 

an area  dS  from which power is being returned.  The number of sca^ terers 

at height  C  above dS  is proportional to n(0 dS,  and the power re- 
2 

turned is proportional to P (L./)  "(-j)  dS. 

The power returned from scatterers of all heights is proportional to 

/ 
P (C,7)  n(0  dS  dC 

that is, proportional to 

G (7) dS /V(;. n(C)  < 

The radar cross section per unit area, or backscatter coefficient, is 

therefore 

tf0(7) ^ G
2(7) /^(C,?)  n(C)  aC 

This expression was evaluated for- different values of £/e .  ^.  CT,  and 

Q- ,  and for both horizontal and vertical polarizations.  For vertical 

polarization, the Brewster angle was also derived. 

In order to obtain results applicable to a wide range of data, it was 

found convenient to work in terms of 6/e ,  crA,  and a./A,  setting 
' o 1 

a./A equal to 0.01, 0.1, and 3.0 in turn.  For vertical polarisation, all 

combinations of e/e  = 3, 10, and 30 were used with aA = 0.0001, 0.001, 
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0.01, and 0.1; also, the combination e/c  =80 was used with 07. = 0.4, i   0 

4,   40,   aud  400.     These  combinat iona   iTiCluded  such  cases   as  very dry  soil 

(e/c^ s 3,   cr = O.OOOl).   ice  (e/e     =3,   a = O.l),   moist  soil  (e/e     = 30, 
o 

rz o.Ol),   and saa (e/e     = 30,   ff = 4), cr             .   ,   0 

-  4   - SEL-65-110 



III.  DEPENDENCE OF  cr (>)  ON THE INPUT PARAMETERS 

A.  HORIZONTAL POLARIZATION' 

Wi;i horizontal polarization cr (7) is very sensitive to variations 

in a ■ Figure 1 shows that u (7) may decrease by 40 db when cr /A is 

rieereased bv a factor ol 10. 
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FIG 1, RELATIVE BACKSCATTER COEFFICIENT VS ANGLE OF ELEVATION 
FOR HORIZONTAL POLARIZATION, SHOWING THE EFFECT OF VARYING THE 
HEIGHTS OF SCATTERERS. 

B.  VERTICAL POLARIZATION 

1.  Changes in a /A 

Figure 2 is for average ground (G/e  = 10, j = O.COl) qnd a wave- 
o 

lengtl of 10 m.  Provided  CJ /A  is less than 0.1,  cr (7)  is almost 
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FIG. 2.  RELATIVE ^CKSCATTER COEFFICIENT VS  ANGLE OF ELEVATION 
FOi VERTICAL POLAHIZATIOM, SHOWING THE EFFECT OF VARYING THE 
HEIGHTS OF SCATTERERS. 

unafiected by changes in  cr, .  (This conclusion is qualified in Section 

VI.)  Presumably, it is also unaffected by the actual form of the height 

distribution.  In view of this, the case for er,/X < 0'1 will be the 

usual standard when considering the effects of other parameters in this 

paper. 

2.  Changes in  JÄ 

Variations in o"A have very little effect on cr (7),  provided 

CjA is l^ss than 0.1 and €/c   is less than 30  In other words, for 
' o 

most land surfaces, variations In cr are unimportant at high frequency. 

For sea  (e/c  = 80, a = 4), variations in crA do have a significant 
' o 

effect.  Figure 3 shows that i' a /A = 0.1, an increase from 0.1 m to 

- e s'ij.-es-iio 



inn -i in A may give rise 10 a 10-db increase in a       at 5 deg, and a 

30-db increase at 1 deg.  The dots on the curves indicate the Brewster 

angle, showing that mcretse of  crA d'Teases the Brewster angle, which 

inhibits the low-angle decrease in  a  until very low angles. 
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FIG. 3.  RELATIVE BACKSCATTER COEFFICIENT VS  ANGLE OF ELEVATION 
FOR THE dEA. WITH VERTICAL POLARIZATION, SHOWING THE EFFECT OF 
VARYING THE WAVELENGTH.  The dots represent Brewster angles. 

3.  Changes in e/e^ 

The parameter e/e   has a large influence on  a (/) and on the 

Brewster angle.  The curves in Fig. 4 for moist land (c/e  = 30) and dry 

land (e/e  = 3)  indicate that for a given area concentration of scat- 

terers. a \y)     is about 10 db larger for moist Ipnd than for dry land, 

7 - SEL-65-nO 



In spite of the fact that the difference in a, as mentioned in the last 

paragraph, ts not significant.  Increase of €/c   affects the Brewster 

angle in the same way as increase of ah,     moving Ix   to  lower angles of 

elevation. 
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FIG. 4.  RELATIVE BACKSCATTER COEFFICIENT  VS  ANGLE OF ELEVATION 
WITH HORIZONTAL POLARIZATION; AND WITH VERTICAL POLARIZATION AND 
DIFFERENT GROUND CONS!ANTS, AND A WAVELENGTH OF 10 M.  The 
dots represent Brewster angles. 
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IV,  RESULTS FOR TYPICAL TYPES OF GROUND 

Figure 4 compares the curves calculated for various types of ground, 

when C,/A - 0,1  and  A = 10 m.  For a given area density of scatterers, 

the sea is the best scatteiring surface with vertical polarization.  Hori- 

zontal polarization gives a poorer return than vertical for any of the 

surfaces considered. 

When the same curves were plotted for CT,/A = li  the effects due to 

ground constants and polarization were largely suppressed, and at low 

angles-all the curves agreed to within a few decibels.  In making compari- 

sons between theso curves, one should remember that they correspond to a 

constant area density of scatterers on the surface, which may in practice 

vary considerably.  Also, it should be remembered that the number of 

horizontal scatterers is probably considerably less than the number of 

vertical scatterers, especially at heights comparable to a wavelength at 

high frequency.  Probably cf (7)  for horizontal polarization is always 

less than that for vertical polarization, even when cr./A = 1. 

9 - SEL-65-110 



V  COMPARISON WITH EXPERIMENTAL RESULTS 

It is of interest to compare the general trends of the a (7)  curves 

with experimentally derived curves.  Figure 5 presents the experimental 

curves of Hagn [Ref. l] for horizontal polarization, with the curve cal- 

culated for er./A = 0.1  revised to conform to the coefficient  p = 

a /(2 sin 7) and reproduced in various positions on the graph for com- 

parison with the experimental curves.  Figure 6 follows the same pro- 

cedure for vertical polarization, except that in this case there is a 

different calculated curve for each type of ground, and each calculated 

curve appears only once, afier being scaled to match the corresponding 

experimental :urves as closely as possible. 

The polarization dependence is rather well described by the theory, 

and for vertical polarization the slope difference between the curv  for 

sea and land seems to be reproduced.  The theory provides an explanation 

for the relatively high values of  a  at angles near the Brewster angle, 

and for the rapid decrease in a  at lower angles [Ref. 2].  The theory 

does not, however, adequately explain the "knee effect" that is sometimes 

observed [Refs. 1 and 2]. 
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VI.  CONCLUSION 

The partial success of this theory to account for the a  (7)  depen- 

dence for different values of c/e ,  a,  a,  at high frequency suggests 
o       l 

that a model consisting of scattering objects r'.sing out of a reflecting 

plane is likely to be of some value.  Wetzel [Ret.   5], using a similar 

model and a more rigorous theory, has estimated the radar cross section 

of a tree of height  A/2  for angles below 30 deg and has predicted strong 

polarization dependence, and a sharp fail-off in cross section below about 

14 deg when the Brewster angle was 22 deg. 

In criticism of the present theory, it is pointed out that a tree or 

other scatterer is not a collection of "elementary" dipoles radiating 

independently.  A tree of height  A/2,  for example, would exhibit resonance 

and scatter more strongly.  The theory is most realistic when cr /A S 0.1. 

Further, the conclusion of Section III.B.1--that provided the area 

density of elementary dipoles is constant,  a  becomes independent of 

a   if O /A    S 0.1--is not strictly correct.  A model of short cylinders 

would be more realistic.  As (J../A approaches zero, there should be a 

decrease in cylinder lengths, and a  should decrease rapidly according 

to the Rayleigh scattering law. 

- 12 - SEL-65-110 
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