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Abstract

The problem of wave propagation in forest is revisited. In particular, the effect of the non-planar interface
between the air and the canopy on lateral waves is ezamined. An anglytical formulation is obtained for the
mcan field when both the transmitter and receiver are within the foliage. This formulation is based on distorted
Born approzimation and is shown that compared to a planar interface, the field of a dipole in a canopy with
rough inlerface is significantly reduced.

1 Introduction

A generally adopted model of a forest at HF through VHF, that attributes wave propagation in forest to a
lateral wave, was first developed by Tamir [1]. In this approach, the forest is modeled by a homogeneous half-
space dielectric medium with a planar interface. The field of a dipole within this medium was then evaluated at
an observation point near the interface using the asymptotic form of the integral involved. This solution shows
that the field at the observation point is dominated by the so called lateral wave that travels along the flat
canopy-air interface. In reality, however, the interface between forest canopies and air is not flat, hence it is not
clear as to what happens to the lateral wave or whether it can even be excited or not. In this paper, the effect
of roughness of interface between canopy and air on the wave propagation in forest areas is investigated. An
analytical solution is obtained using the volumetric integral equation in conjunction with the distorted Born
approximation.

2 Analytical Formulation

Geometry of the diffraction problem is shown in Fig.1 where the dipole located at heights & and k' inside
a canopy with effective dielectric constant £;. The envelope of the canopy-air interface is denoted by d(z,y)
The permittivity of the upper medium(air) is denoted by ;. We modify the problem by extending the canop)
to z = 0 plane and assume that there exists a volumetric polarization current J = ik;¥;(e2 ~ €1)E!, wher
E'=E +E +E*. Here E' is the incident field, E" is the reflected wave from the planar interface and B i
the scattered field generated by J itself. To the first order in (¢ — £1) the Born approximation can be used tc
the scattered field

B = ko¥(es - £1) /_ : /_ : /_ 2(, y)é’(F, #)- [B() + B (7))da'dy'd2’ @

where G is the dyadic Green’s function of the half space diclectric medium (2, 3].

In (1) d(z,y) is a two dimensional random process describing the interface between the canopy and air and i
assumed to be Gaussian with a mean value of m(a positive number) and standard deviation of o. Distortec
Botn approximation provides a more accurate solution for E°. In this approximation, a phase cotrection term i
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incorporated into the expressions for the internal field to account for the difference in the propagation constant
between the air and the canopy as scen in the following expression of incident and reflected waves.
B = p(k;',)ei[k;z'Jrk;y'u;:'] . itk =k}, )m

. . . - 2
= B(=ki ) Relhe Hhyy ki) ks, Kb @

where P(ky,) is a unit vector (P = ¥ or h) as is defined in [2, 3] and R, is the Fresnel reflection coefficient
for vertical or horizontal polarization.

Since the layer thickness is not uniform, the phase correction terms in (2) are chosen for a layer with a uniform
thickness m. Substituting 2-D Fourier transform of Gin (1) and after performing the integration with respect
to 2/, evaluation of ( E’) would require computation of the term like (¢*7*¢) which for a Gaussian d are found
o be

() = Sl Hrerse(~3 52 + e er s
7 72 7 (3)

(e3#ty = Sl e B e fe( - T+ e Fersels f>1

where s can be either 53 = k‘%, + kil: or 52 = k%z - k;,. )
The integration with respect to z’ and ¥’ can now be carried out analytically which results in §(kz—k;)-86(k,—4})-
This in turn simplifies the integration with respect to k; and k. Thus the final result is readily obtained as,

Bt = + (B~ (Rres + R )ex[k' z+k] v~k 2] (4)

where R,y is the Fresnel reflection coefficient for the canopy-air boundary at z = 0.
R,,,+ngm is accurate enough for horizontal polarization, but il cannot accurately predict the Brewster angle
for vertical polarization. To rectify this deficiency, higher order solutions must be obtained but it is sufficient

to use only —zziﬂ-'{—l term of the dyadic Green's function. Thus the partial second order solution can be
obtained and is gwen by

3 —_— 2 Py -
E(8) = -ko2(—£’T;i /" G2z (B + E))dv (5)

The ensemble average of E*(*%) can be obtained in 2 manner similar to what was used in computation of (E*()).
After some algebraic manipulations, the reflection coeflicients for the mean field are obtained and given by

ko¥(ez ~ € 1 ; i
Rty == (2;;‘ '){;[Rn’((e“”‘) 1)+ 1= (et
By i —is isam

+ () = (e e

£~ € ; —i 3 i
RS;.:LM—‘QL (B o) - (et (b7 4 1D
(1= R+ Bufen) - (emindy) (2 it )
1
where k,2 = k% + k,‘;z.

Using the above result, the solution for an infinitesimal dipole embedded within the foliage can be obtained
by expanding the field of the dipole in terms of a continuous spectrum of plane waves. Assuming that a dipole,

whose orientation is denoted by a unit vector I, is located at 15 = —(h + m)Z, and using superposition, the
mean scattered field can be computed from the coherent sum of all reflected plane waves. That is
TkoZy

(EBOPB) ==

- R“ 5)+ I 1) R e iis(=m=h) il z+E} ) g gpeé
872 oo k’ Bh. v
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or more accurate computation, the mean field for a diclectric medium with a rough surface is calculated by,
Eezad(a) = Eezact(ﬂ' = U) + EBorn(a) - EBom(a =0)

where Eezqu(0 = 0) is the field of the dipole in the presence of the upper free-space medium with a planar
interface at z = —m.

3 - Numerical Simulation

In order to verify the accuracy of the distorted Born approximation, first, the approximate analytical solution
for reflection coefficient of a planar boundary is compared with the exact Fresnel reflection coefficient when a
plane wave is incident at the boundary. We cousider a canopy with effective permittivity € = 1.03 + 0.001
and the interface between the canopy and air is assumed plenar at a distance m = 6[m] from the x-y plane
of the reference coordinate system. Figure 2 and 3 show the comparison between the reflection coefficients
as predicted by the distorted Born approximation and the exact solution for both parallel and perpendicular
polarizations. A very good agreement is obtained for this example. Further sensitivity analysis show that the
accuracy of the distorted Born approximation degrades. Similar behavior is obtained when m is kept fixed and
dielectric constant of the dielectric layer is increased. Next we considered the field of dipole inside a dielectric
layer with £ = 1.03 + i0.001 at a depth of 2[m] below the interface. The field is observed at a depth in 1[m]
below the interface as a function of radial distance. The exact solution is compared with the distorted Born
approximation for a chosen value of m = 2[m] at 30[MHz] in Fig.4. An excellent agreement is obtained. Close
examination of these results indicates a maximum relative error of 2 % between the two solutions. As for
the plane wave illumination simulations, the discrepancy between the distorted Born and the exact solution
increases with increasing m.

With confidence in the distorted Born solution, the effect of the interface roughness on the field can now
be examined. Fig.5 shows the variation of the field as function of radial distance between the transmitter and
the receiver (h = 2{m], &' = 1[m]) for two cases. In the first case, £; = 1.01 + i0.6 and ko = 3 (roughness
parameter) and the second case, £; = 1.03 + i0.6 and ko = 2. The results are also compared with those had
ko = 0 (flat interface). It is shown that these surface roughnesses reduce the field by a factor of 3-5dB. For
these simulations, we used a p.d.f. for d of the following form fa(d) = 7.i?z;e—d’/z‘,’ where d can only assume
positive numbers.

4 Conclusions

Analytical formulation for the mean-field of a short dipole embedded in a forest is computed. In this
formulation, the effect of the roughness of the air-canopy interface is taken into account. Distorted Born
approximation is shown to provide a very accurate results for the limiting case when the interface roughness
disappears. Simulated results indicate that the roughness of the interface reduces the contribution of the latera)
waves significantly.
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Figure 1. Geometry of a dipole with a canopy
with rough interface
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Figure 3. Comparison of the phase of reflection
coefficients for a planar interface using exact and
Born approximation
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Figure 2. Comparison of the magnitude of re-
flection coefficients for a planar interface using
exact and Born approximation
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Figure 4. Comparison of exact versus approx-
imate Born solution for the field in a dielectric
with flat interface
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Figure 5. Field intensity under two different roughness and

effective dielectric const.
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