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Abstract

The uniform asymptotic solution with higher-order terms for the scattered fields by the
discontinuity of the impedance surface has been derived. The validity of the asymptotic solution has
been confirmed by comparing with the reference solution calculated numerically. The physical
interpretation of the asymptotic solution is also clarified.
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1. Introduction

Ground wave propagation along the earth’s surface is strongly influenced by a discontinuity
of the surface impedance of the earth [1] — [7]. It is assumed that both the transmitting and receiving
antennas are placed on or near the earth’s surface. The recovery effect [2] — [5] appearing on the
portion of the sea over the land-to-sea mixed-path has been examined by using the mixed-path
theory [2], [3]. The recovery effect has been confirmed experimentally through the measurement
along the land-to-sea mixed-path [2], [3], [5] —[8].

In the present study, we shall examine the reflected and scattered fields when the source and
observation points are placed sufficiently higher positions from the earth’s surface [9] — [12]. The
solution for the scattered fields by the discontinuity of the impedance surface has been derived by
applying Wiener-Hopf technique [9], [10]. Here we shall derive a uniform asymptotic solution
which contains the higher-order terms for the reflected and scattered fields by applying the aperture
field method (AFM) to obtain the integral representation for the fields and the saddle point
technique [13] to evaluate the integral asymptotically. Higher-order scattering terms are included in
the high-frequency asymptotic solution [11] —[13].

We will confirm the validity and applicable range of the novel uniform asymptotic solution
by comparing with the reference solution calculated numerically. The physical interpretation of the
uniform asymptotic solution is also clarified in this paper.

2. Formulation and Higher-Order High-Frequency Asymptotic Solution

2.1 Formulation and Integral Representation

Figures 1(a) and 1(b) show the Cartesian coordinate system (x, y, z), a planar impedance
surface with an impedance discontinuity, the junction C at x = d, transmitting and receiving
antennas T and R, the geometrically reflected ray on the impedance surface, the scattered ray
excited at the junction C, and the aperture plane defined by x = d, —co<y <o, 0<z<oo. The
surface impedance changes at the junction x = C from Z, (=(uy/e0)"?,ex=¢, +io,/® ) to Z
(= (/) 6t =&, +ioy/w). Here (¢,,0,)and (g,,0,) denote (dielectric constant, conductivity)
on the land and the sea, respectively. The vertical transmitting antenna is placed at T(0, 0, /) and the
vertical receiving antenna is place at R,(x, 0, z) above the geometrical boundary (GB) or at R;(x, 0,
z) below the GB as shown in Figs. 1(a) and 1(b), respectively. The geometrical ray reflected on the
portion of the surface impedance Z, (or Z,) and the scattered ray diffracted by the junction at x = C
are observed at the observation point Ry(x, 0, z) (or R3(x, 0, 2)).

The vertical electric field £, observed at the receiving antenna R, or R; due to the antenna
current / and antenna height £ may be obtained from [6], [8], [11], [12]
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Figure 1: Cartesian coordinate system (x, y ,z), planar surface with impedance discontinuity at
the junction x = C, and aperture plane.
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where the amplitude function f; (z") and the phase function g j (z") are given by
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In (1), z' is the integration variable on the aperture plane (x = d, y = 0, 0<z'<w ) and ko
(Faneotty )> ka G anetuy ).and ky (= w,/efu, ) denote respectively the wavenumbers in the air, on
the surface with the surface impedance Z,, and on the surface with the surface impedance Z;. The
notations @, , 9, 0;, 6, Ra1, R.», Ry1, and R, used in the above equations are defined in Figs.
1(a) and 1(b). The time factor exp(—iw?) is suppressed throughout this paper.

2.2 Higher-Order High-Frequency Asymptotic Solution

Since the asymptotic analysis method for the vertical electric field E,; with j = 3 has been
considered elsewhere [14], here we will investigate the analysis method for E. ; with j = 2. The
physical interpretation of the index j (= 2 or 3) has been explained in [12].

When the observation point Ry(x, 0, z) is placed near the GB (geometrical boundary) line,
the saddle point z' =z, is located near the endpoint z'= 0 of the integral in (1). Therefore, by
applying the saddle point technique applicable uniformly as the saddle point approaches the
endpoint z'= 0 [11], [12], [14], one may derive the uniform asymptotic solution for the integral (1).
Thus, the vertical electric field £, may be given by
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In (4) and (5), Ef% and ES% ¥ denote, respectively, the geometrical ray T — D — R, reflected on
the surface with the impedance Z, (see Fig. 1(a)) and the scattered ray T — C — R, diffracted by
the discontinuity of the surface impedance at the junction x = C. The terms E] Dgl), and E, ,

n?



constituting the scattered ray solution E% ¥ are given by
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where Ej, and E, , denote, respectively, the incident ray on the junction x = C and the scattered ray
propagatlng from C to the observation point R; in Fig. 1(a). While, E(Z) ¥ in (4) corresponding to
the second-order asymptotic solution for the scattered ray T —» C — R2 may be given by
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» D Lo=—t=— ®)
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The last term Em * in (4) represents the scattered ray (T — C — R, ) solution higher than
and equal to the third- order asymptotic approximation. The novel higher-order asymptotic solution
may be given by
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where, E(3) s and E(3) S in (10) and (11) denote, respectively, the third-order and the fourth-order
asymptotlc solutions for the scattered ray T — C — R, . The last term E(32) 3in (9), which is
defined by (12) corresponds to the scattered ray solution higher than and equal to the fifth-order
asymptotic solution. This term may be neglected in the high-frequency condition where ko >> 1.
The notations used in the above equations are defined as follows [14]

()= B0, Gz(S)=f2(Z')62—i= (13)

iqy(2') =iqy(zhs) =57, Sy, =+/i{q2(Zh) —q2(0)}. (14)

The notation z;, denotes the saddle point of the integrand in (1) in the complex z'- plane.

So far, we have derived the uniform asymptotic solution for E, , defined in (1). As shown
in (1), in order to obtain the total field at R, (see Fig. 1(a)), it is necessary to add the asymptotic
solution for E, , defined in (1) to E,, in (4). The asymptotic solution for £, may be found
elsewhere [14], T15]. - ’

3. Numerical Results and Discussions

In Figs. 2(a) and 2(b), we have compared the calculation results obtained from the uniform
asymptotic solution proposed in this study with the reference solution calculated from (1) by
performing the numerical integration. Vertical electric field magnitudes are calculated as the
function of the distance x (A). In both Figs. 2(a) and 2(b), it is observed that the uniform asymptotic
solution including fourth-order asymptotic solution (o © o : open circles) agrees very well with the
reference solution (— : solid curves) in the whole region shown in the figures. However, when the
observation point is placed at the lower position as in Fig. 2(a), the first-order asymptotic solution
(- = - ) and the second-order asymptotic solution (— - —) deviate from the reference solution (—)
in the ranges x > 750A. The errors of these asymptotic solutions are relatively large as shown
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Figure 2: Comparisons of uniform asymptotic solutions with the reference solution.

in Fig. 2(a). However, if we increase the height of the receiving antenna, the first-order and second-
order asymptotic solutions agree very well with the reference solution up to x = 1350A as shown in
Fig. 2(b).

4. Conclusion

By applying the aperture field method and the saddle point technique applicable uniformly
as the saddle point approaches the endpoint of the integration path, we have derived the higher-
order asymptotic solution for the scattered fields by the discontinuity of the planar impedance
surface. We have confirmed the validity and importance of the higher-order asymptotic solution by
comparing with the reference solution. Also shown is the physical interpretation of the asymptotic
solution for the scattered fields.
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