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A PHYSICAL OPTICS MODEL FOR SCATTERING
OF HF RADIATION BY IRREGULAR TERRAIN *

G. J. Burke

Lawrence Livermore National Laboratory
• P.O. Box 5504, L-156, Livermore, CA 94550

Abstract

Physical optics models were developed for scattering of HF radiation by irregular terrain
when an antenna is located on or near the scattering surface. The primary interest was in skywave
radiation patterns for communication links using the ionosphere. Second-order reflections were
included in the solution through an image approximation, and the UTD result for an impedance
half-plane was used to reduce reflections due to truncating the current distribution on the surface.
Arbitrary 2-D or 3-D terrain profiles can be entered into the codes, and the source can be an
antenna with currents generated by the NEC method-of-moments code or a point source. Results
were validated by comparing with 2-D integral equation solutions for actual terrain contours.

1. INTRODUCTION

The scattering of HF radiation by irregular terrain is difficult to model due to the size of
the region involved and the variety of conditions that may occur. Also, the terrain scattering
depends on the radiation pattern of the antenna, which itself may present a difficult modeling
problem. Several techniques for modeling terrain effects were considered in a previous study [1]
and can be divided into solutions based on integrating induced sources over the ground surface,
ray-based methods of geometrical optics or GTD/UTD and differential equation solutions. A 3D
geometrical optics model for terrain scattering was described in [1], and related investigations
have been conducted by Breakall et al. [2] of UTD models and by Janaswamy [3, 4] of integral
and differential equation techniques.

This report describes the development and validation of physical optics (PO) models for
scattering of HF radiation by two- and three-dimensional terrain surfaces. Results of some initial
PO calculations for terrain scattering were included in [5]. It has since been found that in order
to get accurate results when the antenna is located on the irregular terrain it is necessary to

• invoke reciprocity to put the source at the distant receiver location and evaluate the field at the
. original antenna location near ground. In addition, second-order reflections in the vicinity of the

antenna and receiver were found to be important. Reflected and diffracted fields from the UTD
I

solution for an impedance half-plane were added to the model to reduce tipple in the radiation
patterns that would result from truncating the PO currents on the surface. This last extension
saves computation time by reducing the range over which the PO currents must be integrated.

• Work performed under the auspices of the U. S. Department of Energy by the Lawrence Livermore

National Laboratory under Contract W-7405-Eng-48.
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Fig. 1. Coordinates for the 2-D model of the terrain surface.

The PO codes will model a terrain with an arbitrary elevation profile by interpolating between
input elevation values, and the transmitting antenna can be a point or line source or segment
coordinates and current values from a modified version of the NEC-MoM code.

The development of the PO models for 2-D and 3-D terrain scattering is briefly described
in Section 2 of this paper. Also, a code for solving the Fredholm integral equations (MFIE for
vertical polarization and EFIE for horizontal polarization) was developed to validate the PO
models, and this solution is described in Section 3. Section 4 contains some results generated
to validate the codes. A more complete description of the PO and integral equation models and
additional examples for validation are contained in [6].

2. THE PHYSICAL OPTICS MODEL

For the 2-D PO model the terrain surface will be assumed to vary in height in the x direction
as z = hs(x) and be constant in the y direction, with surface normal fi and tangent vector $ as
shown in Figure 1. The lossy ground is characterized by relative permittivity er and conductivity
a, and these parameters may be functions of x. Also needed are the wavenumber in air k0 =

w_ and in the earth kg = kov/'_g where _g = er - ja/u_eo. The wave impedances in air and

earth are r/0= x/#0/e0 and r/g= _/v_, respectively, and the time dependence e jwt is assumed.

In PO the current at each point on the surface is determined by the direct, incident field from
the source with the assumption that the field reflects as it would from an infinite plane tangent
to the surface at that poin*_. Hence PO is sometimes called the tangent-plane approximation. On
a lossy surface an impedance boundary condition is enforced and reflected fields are determined
by the Fresnel plane-wave reflection coe_cients. At points shaded from direct illumination by the
source the PO currents are assumed to be zero. An arbitrary incident field can be decomposed
into TE and TM components, and in 2-D these components are not coupled by scattering. It
is possible to solve two scalar scattering problems for the transverse field components, but the
vector electric field will be computed since that is the field most often measured. While the
measurement points will be in the far field of the antenna, they may not be in the far field of the



terrain scattering surface, so E/H - 7?0cannot always be assumed.

If the incident fields at point (x, zs) on the surface, where zs = hs(x), are Ei(x, zs) and
Hi(x, zs) the equivalent surface currents given by the PO approximation are

KTM(X) = -- fi X E_rM(X, zs ) = --(1 -- RTM) [Ei(x, zs) ' _] _ (1)

JTM(X) =fix H_:M(X, zs) = -(1 + RTM) [Hi(x, zs) •b] _ (2)
' I

for TM polarization and

' KTE(X) -- -- fi x FfirE(X, zs ) = (1 + RTE) [Ei(x, zs) •St] _ (3)

JTE(X) ----fix H_rE(x , zs) --- (1 -- RTE) [Hi(x, zs)" §] _ (4)

for TE polar_.zation, where Et and H t are the total surface fields. The reflection coefficients are

given by [7] ko cos Oi - kg cos Ot (5)
RTE = E_/E_ = ko cos 0i + kg cos Ot

and kg cos Oi - ko cos Ot

RTM = _/H_ = kg cos 0i + ko cos 0t (6)

where the angle 0i is between the incident ray and the normal, so that cos 0i = -_s" fi, and Ot is
the complex angle of the ray transmitted into the ground

cos 0t = [1 - (kO/kg) 2 sin 2 0i] 1/2.

The total surface currents are then

K(x) = KTE(X) + KTM(X)

J(x) -- JTE(X) -b JTM(X)

over illuminated parts of the surface. The scattered field is obtained by integrating over the
surface currents as

-jo. as'+ VC; (r,r') x (7)
1 1

where d_' is the element of length on the surface dd = VII + and is the
dyadic Green's function. In two dimensions

." I'c(r, r')= (_ + _22VV ) Go(r, r')

Gc(r,r'_=-_--_H_2)(k[r- r'[)

t _

where r = x_ + z_ is the vector to the field evaluation point, r _ = x_f¢ + ha(x_)_ is the vector to

the source point on the surface and H0(2) is the Hankel function. The limits xl and x2 should be
positive and negative infinity, but in practice the integral is truncated at points beyond which the
contributions are negligible.



In the direct application of PO the antenna on the ground produces fields over the terrain
that determine the currents in equations (1) through (4). Significant scattering is expected from
points over the irregular terrain and also from the ground near the antenna even if it is flat. Fields
that reflect from the ground under the antenna and then are scattered by the terrain irregularities
can also be important, and these represent second-order scattering terms. A second-order PO
solution would require much more computation than first-order, or else difficult decisions about

which terms to retain. However, when the antenna is located over flat ground the PO integral
can be stopped over the fiat region between the antenna and a mountain, where the contribution
is small, and the direct and reflected rays from the antenna that illuminate the mountain can be
obtained from geometric optics. This GO/PO model gave better accuracy than simple first-order
PO. However, it cannot easily be extended to the case of an antenna located on the mountain.
Also, PO is not accurate for an antenna near the surface of finitely conducting ground, even flat
ground, unless the solution is modified to use the accurate near field over the ground, involving
Sommerfeld integrals or approximations.

To avoid these difficulties reciprocity was invoked to make the distant receiver, sweeping an
arc in the sky, the source of E i and H i in equations (1) through (4). The scattered field at a test
dipole at the antenna location near ground is then evaluated using the near-field form of equation
(7). To approximate the field that scatters from the terrain and then is reflected again fl'om the
ground near the antenna, the field is also evaluated at the image of the test dipole reflected in a
plane tangent to the ground under the antenna. Since the equivalent currents in equations (1)
through (4) were obtained with the assumption of zero field behind the surface, the evaluation
at the image point should yield zero field if only first-order scattering occurs. The actual field
evaluated at the image point will include fields that have scattered once from the terrain before
passing through the sur{ace and also errors due to truncation of the PO integrals and curvature
of the surface. When the field at the test dipole and its image are combined these errors can be
partially cancelled for horizontal polarization where they are often most significant.

The field evaluated at the image of the test dipole is assumed to actually reflect from the sur-
face and reach the antenna location, and hence should be multiplied by the appropriate reflection
coefficient before being added to the direct field. However, the angle of incidence needed in the
reflection coefficient is not known since the field has an integral rather than a ray representation.
To approximate the angle of incidence the terrain is initially searched to detemfine the average
angle for all points on the terrain than can be seen from the location of the image test dipole. This
angle is not allowed to be less than about 10 degrees to avoid negative angles when the antenna is
on top of a mountain. In such a case the second-order reflection would actually take place on the
side of the mountain with a positive angle, but an accurate configuration could not be determined
without ray tracing. Despite these approximations, the inclusion of the image field was found to
significantly improve the accuracy in the cases tested. The field due to the image of the distant
source (original receiver) is also included in the incident fields in equations (1) through (4) when
it illuminates the front of the scattering surface.

The final addition to the PO model was to include the fields reflected and diffracted from half-

planes extem_ing from the limits of the PO integral to negative and positive infinity. The UTD
solution for an impedance half plane by Volakis [8] was used. UTD does not provide a seamless
transition from the PO solution due to the different edge treatments. However, the inclusion of
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Fig. 2. Illustration of the componentstreated in the PO model, including reflectionand diffraction from the UTD
half-planes.

the UTD half-planes does provide a substantial reduction in the tipple in the radiation pattern
due to truncation of the PO integral. The terms included in the final PO model are illustrated in
Figure 2. The extension of the 2D PO model to 3D is straight forward, with the UTD half-planes
replaced by a frame formed by four half-planes.

3. THE 2-D INTEGRAL EQUATION MODEL

Integral equation solutions for the current on the terrain surface were developed as a means to
check the validity of the PO results and also were invaluable for determining which contributions
were important in developing the PO model. The MFIE was solved for vertical polarization and
the EFIE for horizontal polarization [9] with an impedance boundary condition over the surface.
For TE polarization the equation for the magnetic surface current K8 is

_(r) -1 /xz_ ( O)Gc(r,r')(_.fa')-ldx'_Ks(x)- Ks(z') -jw#/rlg + _n' (8)
W%

where xm _<x < xp and OGc/On' = fi'. _7'Gc. The equation for TM polarization is related to
(8) through duality, so only one code is needed. The only difference in the solutions is that the

source of _ in (8) will be an electric line current in the y direction, while the source of H_ for
TM polarization will be a strip of vertical electric current Jz extending over -oo < y < oo.

• The integral equations were solved by the method of moments with pulse expansion of the
current and point matching. To reduce,reflections in the solution at the ends of the integration

. ' range the first and last pulse basis fufictions were extended to negative and positive infinity,
respectively. The extensions used functions of the form exp[-jkRa(x)]/R_(x), where R,(x) is the
distance from the source antenna to the point (x, zs) on the surface, and the exponent n was taken
as 1/2 for vertical polarization and 3/2 for horizontal polarization. The integration contours to
infinity were deformed into the complex x plane to obtain rapid convergence. This extension of
the basis functions essentially eliminated reflections in the solution for current. However, a similar



Zl "t f0 -- I , i ,
0 200 A00 600 800

Fig. 3. Terrain profile for the Cedar Valley,Utah site.

extension of the current in computing the radiated field is more difficult since the integration in
the complex x plane could encounter branch cuts. Hence the current was truncated at xm and xp
in computing the radiated field, producing some ripple in the pattern unless the limits extended
sufficiently far from the source.

4. RESULTS AND VALIDATION

To validate the PO model and the independent work reported in [2], [3]and [4], measurements
have been made of the radiation from antennas in hilly terrain at a site in Utah [10]. The terrain
shape along the helicopter flight path at Cedar Valley, read from a topographic map for input to
the 2D PO code, is plotted in Figure 3. Vertical monopole and horizontal dipole antennas were
located at the base of the hill (x = 0 m) and on top of the hill (x --- 170 m) and also at a site
in the valley behind the hill. A vertical dipole at height 2 m above the surface and a horizontal
dipole at 4.57 m above the surface were used for validation. The patterns computed by the PO
code for the actual monopole and dipole dimensions were very close to the patterns of these point
sources.

The results of the PO model were first compared with the integral equation solution to
postpone dealing with real-world uncertainties. Comparisons are shown in Figure 4 for vertical
and horizontal sources at the base of the hill and at the top of the hill at 27.7415 MHz. Generally
good agreement is seen between the PO and integral equation models in these cases. Similar
agreement was obtained at 8.015 MHz. The codes were also compared for a simple Gaussian curve
approximating the front side of the hill at Cedar Valley. This smooth hill produced a scattering
pattern with much less fine detail, and the codes were again in good agreement. The PO model
was also compared with radiation patterns measured at Cedar Valley and was in agreement on
the main features of the pattern, with some differences apparently due to uncertainties in the
ground profile or factors in the measurements that were not taken into account.

p

4. CONCLUSION

A model using physical optics w_s developed for scattering of HF radiation by irregular
terrain. Both 2D and 3D models were developed, since the 2D model offers a faster solution and
simpler definition of the terrain shape, while the 3D model is needed when scattering occurs from
obstacles out of the vertical plane from transmitter to receiver. Reciprocity Tas invoked to place
the source at the distant receiver location, and second order scattering was included through
geometrical optics approximations. The UTD solution for an impedance half-plane was included
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to reduce errors due to truncating the PO integral. Results from the PO codes for an actual
terrain profile were in good agreement with an integral equation solution which is expected to be
accurate.

The PO codes are set up to model terrain of arbitrary shape and to read antenna geometry
and currents from a file written by a modified version of the NEC-MoM code. Alternately,
point or line sources can be used. The terrain shape is described by generating a file containing
elevations at a number of points read from a topographic map, and the code applies cubic-spline
interpolation to the points entered to determine the surface for the PO solution.

This work was supported by the Naval Security Group Command through CDR Gus K. Lott.
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