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GROUND WAVE PROPAGATION OVER IRREGULAR, INHOMOGENEOUS
TERRAIN: COMPARISONS OF CALCULATIONS AND MEASUREMENTS

R. H. Ott, L. E. Vogler, and G. A. Hufford*

An algorithm (PROGRAM WAGNER) that evaluates HF
ground-wave attenuation over irregular, inhomogeneous
terrain is used to compare calculated field strengths
with observed measurements for 9 actual paths and
frequencies ranging from 120 kHz to 50 MHz. All
comparisons show encouraging agreement between calcu-
lations and measurement. The 20 MHz comparisons over
the Colorado Mountains provided a challenge for
PROGRAM WAGNER.

Key Words: HF-VHF groundwave prediction; integral
equation method; irregular terrain;
measurement comparisons; radio propagation.

1. INTRODUCTION

A method for calculating the ground-wave field over irregu-
lar, inhomogeneous terrain was developed by Ott (1970, 1971la),
and comparisons with alternative analytical methods were made
for idealized terrain profiles such as concave parabolas, sea-
land-sea paths, and single Gaussian ridges (Ott, 1971b, 1974).
The excellent agreement between methods like Fock currents for
concave surfaces, the classical residue series, and an integral
equation developed by Hufford (1952), and Ott's method based
upon an elementary function (closely related to the Sommerfeld
flat-earth attenuation function) for the parabolic wave equat-
ion provided encouragement for the usefulness of Ott's method
and the associated algorithm.

The computer program (called PROGRAM WAGNER) implementing
the method based upon the parabolic wave equation is described
in Ott (197l1la). Improvements in the algorithm PROGRAM WAGNER
which have been developed are: 1) a linear interpolation to
represent the terrain heights between input terrain heights
versus distance, and 2) the inclusion of an effective height-

gain function to account for the influence of an elevated

*The authors are with the U. S. Department of Commerce, National
Telecommunications and Information Administration, Institute for
Telecommunication Sciences, Boulder, Colorado 80303.




transmitting and/or receiving antenna. The input terrain height
versus distance data can be obtained from existing digitized
profiles (Hopkins, 1977).

The purpose of the present paper is to describe certain
extensions and modifications of the original program, and also
to present a comparison of computed field strength values with
actual measurements obtained over nine particular paths and
frequencies ranging from 120 kHz to 50 MHz.

A draft new report on propagation over irregular, inhomo-
geneous terrain based on PROGRAM WAGNER was recommended in the
CCIR XIV Plenary Assembly ih June 1978 in Kyoto, Japan as a
contribution to propagation by diffraction" and will be recom-
mended to the Special Preparatory Meeting for GWARC-79 scheduled
for October 1978 in Geneva. In addition, several groups in this
country have implemented the computer algorithm at their facility.
For example, Hansen (1977) used PROGRAM WAGNER to estimate the
effects of a bluff along a path from Point Loma in San Diego,
California to Point Mugu near Santa Cruz island. Recently
Monteath (1973) pointed out the use of our integral equation
program for solving the problem of propagation over irregular,
inhomogeneous terrain. Wait (1974) discusses the use of our
integral equation for cases where the geometry is not amenable

to mode matching.
2. MODIFICATIONS TO PROGRAM WAGNER

In order to compute fields over actual paths using the pre-
vious version of PROGRAM WAGNER, the terrain had to be fit with
some form of analytic function. Past versions of WAGNER used a
series of Gaussian exponential terms to fit the actual terrain
data points. A detailed description of this method of terrain
fitting is given in an ITS Technical Memorandum of limited dis-
tribution, ERLTM-ITS 160, by J. E. Herman and R. H. Ott.

The new version of PROGRAM WAGNER uses a linear fit to the
input data points for the terrain elevation versus distance and
a 2-point approximation for the derivative or slope of the ter-

rain versus distance.
-2-




Another modification of the original WAGNER is the inclusion
of an effective height gain function to account for the influence
of an elevated receiving antenna. The expression used is the
first two terms in the series expansion of the exact height gain
function arising from the smooth-earth diffraction residue
series, i.e., 1 + ikAh. Here, k denotes the wave number, A is
the normalized surface impedance, and h the receiving antenna
height. The approximation is valid for heights, h, to about the
first maximum in the height-gain pattern.

Finally, the modification to the integral equation for the
case of propagation over terrain having up to 2 layers in con-
ductivity and dielectric constant versus depth was derived and
is given in Appendix A. This extension would allow the prediction
of ground wave field strengths for example in the case of perma-
frost or a forested and vegetated environment. However, the
mathematical results for layered ground have not been included.
in the latest computer algorithm PROGRAM WAGNER.

3. INTEGRAL EQUATIONS =

The derivation of the integral equation used in the algor-
ithm PROGRAM WAGNER is given in Ott (1970, 1971). The final

result is —

x 1 —
£(x) = W(x,0) —/% [ e@e RSy gyuex, g - LRy @)
. (9]

+ (A (8)= BW(x,E) Hprigy) T PaE (1)

where x, £, y{(x) and y(g) are defined in Figure 1 and f(x) is the
field normalized to twice the free-space field, The factor
(A—Ar) arises in mixed-path problems. The factor Ar is constant
with distance and is the relative value of the normalized surface
impedance. This factor is computed using the values for ¢ and

€. for the first section of a mixed path. The factor A varies
with distance in a mixed path problem. The variation of A with

X may be continuous or contain abrupt changes. The factor

(A—Ar) is zero for a single section path. The remaining factors

in (1) are defined as
-3-
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Figure 1. Great circle path geometry for integral equations.
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i 18(10%)o¢

N = & 7 TF(MHZ) i
f = frequency, in MHz;
o = ground conductivity;
€, = dielectric constant.

Equation (1) gives the integral equation for the attenua-
tion function normalized to twice the free-space field

The derivation of the integral equation used in the algor-
ithm PROGRAM INTEQ (given in Appendix B2) is described by
Hufford (1952), and the final result is

. X
£x) =1 -/5 [ £&) [+ y (&) -
(@]
(2)
y (x) =y (E) . o x 1/2
—?é—y———] explik/2(p1-0y=00) ) lrpr—z)! g
where [y(x)—ha]2
Po = % - o(x) = 2(ro—X)—¢ (%), (3)
[y (g)=h_1°
oy = 5 - ¢(8) = 2(ry-€)-¢(&), “ (4)
ly (x) -y (£) 12 |
o, = oy = )+ (E) = 2[ry=(x-E)1=¢ (X)+¢ (E), (5)
X 2
o(x) = - 2 ylh + f Iy'(£)1° ag, (6a)
O
yl = y' (&) (6b)
© '€=or

and the distances po, Py and Py correspond to the first two terms
in the binomial expansion for the distances ror Ty and r, shown
in Figure 1 minus the distance the wave travels along the surface

of the terrain.




The numerical analysis used to solve (1) and (2) is signi-
ficantly different, and the form for the integral equation in (1)
has the potential of being numerically more efficient because the
integral part of the integral equation is subtracted from a func-
tion, W(x,0), that decays with distance according to the Sommer-

feld flat earth attenuation function. For example, if o = .01

”

S/m, €. = 10, frequency = 10 MHz, and x = 1 km, then A
0.024 + i0.042, p = 4.44 - i2.47, and W(x,0)= -0.077 + i10.064.
Suppose the exact value for the magnitude normalized attenuation,
|£(x)|, is 0.11. Then using the form for the integral equation
in (1) requires only one significant figure from the integral
portion whereas the form in (2) requires two significant figures.
However, in the actual examples considered in this study it was
not clear that the algorithm PROGRAM WAGNER was more efficient
than the algorithm PROGRAM INTEQ. In principle, PROGRAM WAGNER
should allow a larger spacing for the observation points, x, to
achieve a convergent solution than PROGRAM INTEQ. The present
versions of both algorithms indicate that PROGRAM INTEQ is at
least a factor of 4 faster in computation time than PROGRAM
WAGNER. Obviously, the techniques used to code the integral
equation in (2) need to be considered in coding of (1) but this

is well beyond the scope of this report.

4., COMPARISONS WITH MEASUREMENT

Table 1 summarizes the comparisons of the integral equation
predictions and the measurements, together with the source of the
latter. The spacing of points refers to the variable x in (1)
or (2) and is the distance projected on a horizontal plane. The
computational time is for a CDC 6600 computér. The spacings
used were not necessarily optimum and were arrived at by decid-
ing the 100 meter spacing yielded reasonable agreement for the
WGR-TV path from Buffalo, New York. When the terrain was rela-

tively flat, spacings as large as 1 km were used.




Predictions/Comparisons for 9 Paths

Path Frequency Reference x-spacing Time (sec.) Tigure No.
Transmitter (WGR-TV) 59.75 MHz Head, H.T. (1958) 1(1)100m;100(50)1000m 1213 2
in Buffalo, NY-over (horizontal (596 pts.)

Lake Erie toward polarization) 1(1) 47km;47(0.25)155km

Cleveland, Ohio

Transmitter (KCBS) 740 kHz CBS Radio (1971) 0.5(0.5) 72 km 113 3

north of San Francisco (144 pts.)

Bay, south through San

Francisco, over Santa

Cruz Mountains

Transmitter (KBOL) in 1490 kHz W. A. Kissick, et al., 0.1(0.1)19.3km;19.31km 116 4

Boulder, south over (1978) (0=0.008 s/m) (194 pts.)

Davidson Mesa 0.1(0.1)19.3km;19.31km 82 5

(0=0.015 s/m) (194 pts.)

Transmitter (KBLU) in 560 kHz Heckscher, J. (1977) 0.5(0.5)41km;41(0.1)45km 203 6

Yuma, AZ, beyond (294 pts.)

Tinajas Altas 45(0.5)61km;61(0.1)73km

Mountains toward Mexico 73(0.5) 83km
0.5(0.5)46km;46(0.1)48.5km; 55 7
48.6(0.5)67km (154 pts.)
0.5(0.5)46km;46(0.1)48.5km; 56 8
48.5(0.5)67km (154 pts.)

Canyonlands, UT 2.0 MHz W. A. Kissick, et al., 0.1(0.1)48.5km;48.58km 620 9

adjacent to Canyon- (1978) (486 pts.)

lands National Park

Canyonlands, UT 1.619 MHz Same 0.1(0.1)48.5km;48.58km 609 10

adjacent to Canyon- (486 pts.)

lands National Park

Canyonlands, UT 518 Same 0.1(0.1)48.5km;48.58km 611 11

adjacent to Canyon- (486 pts.)

lands National Park

Canyonlands, UT .419 Same 0.1(0.1)48.5km;48.58km 636 12

adjacent to Canyon- (486 pts.)

lands National Park




Table I

(Continued)

Path Frequency Reference X-spacing Time (sec.) Figure No.
Canyonlands, UT .180 W. A. Kissick, et al., 0.1(0.1)48.5km;48.58km 632 13
adjacent to Canyon- (1978) (486 pts.)
lands National Park
Canyonlands, UT .120 Same 0.1(0.1)48.5km;48.58km 625 14
adjacent to Canyon- (486 pts.)
lands National Park
Canyonlands, UT 2.0 Same 0.1(0 1)48.5km;48.58km 608 15
adjacent to Canyon- (Colorado River o & €) (486 pts.)
lands National Park
Canyonlands, UT 2.0 Same 0.1(0.1)48.5km;48.58km 679 16
adjacent to Canyon- (ECAC profile data) (486 pts.)
lands National Park
From Mare Island, 2.0 MHz Same 0.1,0.2km;0.23(0.5)11.23km 57 17
Valejo, CA south (158 pts.)
over San Francisco 11.41(0.1)12.01km;12.07(0.5)18.57km
Bay over Marin 18,72(0.1)20.22km;20.31(0.5)26.81km;

Peninsula 26.94(0.1)28.44km;28.52(0.5)31.02km;
31.48(0.1)37.28km;37.3km
From Mare Island, 1.619 MHz Same 0.1,0.2km;0.23(0.5)11.23km 57 18
vValejo, CA south (158 pts.)
over San Francisco 11.41(0.1)12.01km;12.07(0.5)18.57km;
Bay over Marin 18.72(0.1)20.22km;20.31(0.5)26.81km;
Peninsula 26.94(0.1)28.44km 28.52(0.5)31.02km;
31.48(0.1)37.28km;37.3km
Same 0.518 MHz Same Same 59 19
(158 pts.)
Same 0.419 MHz Same Same 59 20
(158 pts.)
Same 0.161 MHz Same Same 58 21
(158 pts.)
Same 0.137 MHz Same Same 56 22

(158 pts.)




TABLE I (Continued)

Path Frequency Reference x=-spacing Time (sec.) Figure No.
Santa Ritas, AZ 2.0 MHz W. A. Kissick, et al., 0.1(0.1)1km; 1(0.5)7km 72 23
near Greenvalley, AZ (1978) 7(0.1)20km; 20(0.5)30km (172 pts.)
and adjacent to AZ (0 change at 16.40 km)
Experimental Range
Same Same Same 0.1(0.1)30km 210 24
. (0 change at 12.95 km) (300 pts.)
Same Same Same Same 106 25
(measured values for o) (166 pts.)
Same Same Same Same 7 26
(Two section flat earth) ( 49 pts.)
Same 1.619 MHz Same 0.1(0.1)km; 1(0.5)7 km 70 27
' 7(0.1)20km; 20(0.5) 30 km (172 pts.)

(conductivity from geological maps)
(0 _change at 16.40 km)

Same Same Same 0.1(0.1) 1 km; 1(0.5) 7 km 97 28
7(0.1) 20 km; 20(0.5) 30 km (172 pts.)
conductivity from geological maps)

(except 0 change at 12.95 km)

Same 0.518 MHz Same Same 71 29
‘(except o change at 16.40 km) (172 pts.)

Same Same Same Same 97 30
(except o change at 12.95 km) (172 pts.)

Same 0.419 MHz Same Same 70 31
(except o change at 16.40 km) (172 pts.)

Same Same Same Same 107 32
(except o change at 12.95 km) (172 pts.)

Same 0.160 MHz Same Same . 69 33
(except 0 change at 16.40 km) (172 pts.)

Same Same Same Same 106 34
(except 0 change at 12.95 km) (172 pts.)

Same 0.137 MHz Same Same 69 35
(except o change at 16.40 km) (172 pts.)

Same Same Same Same 108 36

(except o change at 12.95 km) (172 pts.)
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TABLE I (Continued

Path Frequency Reference X-spacing Time (sec.) Figure No.
Dry Lake, NE, ’ 2.0 MHz W. A. Kissick, et al. 0.1(0.1) 15km;15(0.5)21 km; 8 37
Transmitter on east (1978) 21(0.1)23km;23(0.5)42km (147 pts.)
slope of Highland 42(0.1)44.5km;44.5(0.5)52km;
Peak to Dry Lake 52.46 km
Valley (PROGRAM INTEQ)
Same Same Same Same 263 38
(PROGRAM WAGNER) (261 pts.)
Same 1.619 MHz Same Same 263 39
(261 pts.)
Same 0.518 MHz Same Same 254 40
(261 pts.)
Same 0.419 MHz Same Same 259 41
(261 pts.)
Same 0.160 MHz Same Same 267 42
(261 pts.)
Same 0.137 MHz Same Same 262 43
(261 pts.)
Colorado Mountain 20.084 MHz M. E. Johnson, et al. 0.1(0.1)50.4km;50.46km 599 44
Data toward Berthoud (1967) ' (505 pts.)
Pass Campground
Same Same Same 0.05(0.05) 30km 677 45
(600 pts.)
Same Same Same 0.01 (0.01) 6 km 913 46
(600 pts.)
Same Same Same 0.46(0.1)30.76km; 59 47
(PROGRAM INTEQ) (304 pts.)
Same Same Same 0.26 (0.05) 29.96 km 186 48
(PROGRAM INTEQ) (595 pts.)
Same Same Same 0.05 (0.01) 10 km 445 49

(PROGRAM INTEQ) (996 pts.)




The algorithm, PROGRAM WAGNER, is best suited to propaga-
tion frequencies below VHF. Also, because of problems in main-
taining numerical accuracy during the integration process, pre-
dicting attenuation for vertical polarization is usually more
successful than for horizontal polarization.

In the upcoming comparisons, the ordinate scales are in the
familiar dBu/kW, which is to say the field intensity measured in
dB above 1luV/m and normalized to the case of 1 kW radiated from
a (vertical) half-wave dipole.

To test what might be considered an extreme case for the
applicability of WAGNER, a path near Buffalo, New York, was
chosen (Head, 1958). Field strength measurements were available
along a radial from WGR-TV over a path that extended out to about
155 km. The station transmitted horizontally polarized waves at
a frequency of 59.75 MHz. The initial portion of the path (about
47 km) was over Lake Erie, with the remaining portion over land
containing variable terrain features. A plot of the path profile
is shown in the lower part of Figure 2; it should be noted that
the irregularity of the terrain is greatly exaggerated because
of the expanded height scale.

The predicted effective radiated power in Figure 2 was ob-
tained using a version of PROGRAM WAGNER which used a series of
Gaussian terms to fit the terrain profile, using PROGRAM
TERMAP. Fifty-eight terms were used in the terrain fit, with
the difference between fit and actual terrain data points being
everywhere less than about 27 m. The predicted field, repre-
sented by the solid line, is shown in the upper part of Figure 2.
The abrupt change at about 47 km is caused by the passage of
the wave from the smooth surface of Lake Erie (with assumed
dielectric constant = 81 and conductivity = 0.01 S/m) to the
land (with dielectric constant = 15 and conductivity = 0.03 S/m).

Measured values are represented by X's that start near the
shore of the lake and are plotted at various distances over the
land portion of the path. The upper end of the vertical line

-11-




Figure 2.

dBu/kW ERP

Meters

100

90 -
80
10
5
60 gy
° o
50 NE
- %
X ¥ %o
*ﬂ X 0i0
W N 7 G
V\ 2 | 008)
30 X QJ- mn L0
X : x } K
P
20 Y *s L )
1 x
i
10 lf

1
]
IOOO/ \\

N A
500 ///\/ V\\‘”\i

v/’// r—
T g 60 80 g

0 120~~~
20 ‘
OOM Distance in Kilometers I4ON|54,5
WGR-TV ’
216 deg Radial

Path profile (lower portion) and received signal in
dB above 1 uv/m for 1 kW Effective Radiated Power)
for WGR-TV. Crosses denote measured spatial averages
taken on 100 ft. mobile runs; circles denote
"residue-height gain" predictions (see text). WGR
antenna: 133 m above ground, 320 m above sea level.
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through each X is the maximum field that was measured during a
100-ft. mobile run at each receiving site; the lower end is the
minimum observed field and the X's are plotted at the median
values.

The calculated field appears to follow the general trend of
the observed values although individual points are not predicted.
One reason for this, of course, could be that local terrain
effects at the measurement sites (e.g., buildings, telephone
wires, etc.) greatly influence the received field. There is
also some indication, especially in the first few measurements
near Lake Erie, that complex interference effects not accounted
for by the simple ground-wave model are operating.

Figure 2 also shows a set of points, denoted by circles,
that give a predicted field obtained by multiplying the classi-
cal residue series over a smooth sphere (with € = 15 and o =
0.03 S/m) by a "terrain-height gain" function, 1 + ikAy, where
y 1is the terrain height above the sphere. This was included,
not as a recommended prediction model, but merely as a matter of
interest to show an attempt at a simple approach to the problem
of irregular terrain propagation. It is apparent that the
received fields depend significantly on the intervening terrain
and not just the terrain height at the receiving point.

A second comparison of calculations and observations was
made on a path in the San Francisco region (CBS Radio, 1971).
Measurements were available on a radial from KCBS, a station
transmitting vertically polarized waves at a frequency of 740 kHz.
Figure 3 shows the path profile, measured field strength values,
and prediction curve over a path of about 73 km. The terrain
function deviated from the actual terrain data by about 40 m at
the most using PROGRAM TERMAP. As can be seen, the prediction is
well in accord with the observed data except for the end of the
path. Whether the disagreement in this region is because of
inaccurate values of electrical ground constants or, perhaps, the
wrong assumption for the effect of atmospheric refraction is
not known. The following table shows the ground constants used

over various portions of the path.
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Figure 3. Path profile (lower portion) and received signal

(in dB above 1 pV/m for 1 kW Effective Radiated
Power) for KCBS. Crosses denote measured medians.
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Distance (km) € o (S/m)
to 19.19 15 0.01

21.98 81 5
22.50 15 0.03
25.05 81 5
30.41 15 0.03
37.72 81 5
72.73 15 0.008

In both of the examples presented here, a standard "4/3-earth"
atmosphere was assumed. The computer program is capable of in-
cluding other values of constant atmospheric ray bending through -
the use of the effective earth's radius concept.

It should again be noted that the first few measurements
near the transmitting end of the path indicate a more complex

interference mechanism than is assumed in the present model.

4.1 KBOL - Davidson Mesa Path

Two sets of field strength measurements were taken along a
radial running from station KBOL in Boulder, Colorado (f = 1490
kHz, vertical polarization), southeast towards the Davidson Mesa
area. The terrain profile is shown in the lower portions of
Figures 4 and 5. The measurements Pm’ in terms of received power

in dBm, were taken on Dec. 9 and Dec. 15, 1977.

d (km) Pm(12/9) Pm(12/15) d (km) Pm(l2/9) Pm(l2/15)

1.75 -43 8 -47.4 9.92 -62.5 , -64.0
3.63* -58.3 -59.1 10.81 -65.5 -66.0
5.42 -56.5 -57.4 14.57 -68.0 -68.7
6.53 -56.4 -58.1 15.02 -68.2 -69.7
8.61 -61.4 -62.6 19.31 -70.2 -74.1

Because the absolute level of the radiated power from the
transmitter, Pt’ was not known, the data were adjusted so that
the first measured point (at 4 = 1.75 km) agreed with the WAGNER
calculated va