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COMPARISONS OF OBSERVED PROPAGATION LOSS WITH PREDICTIONS
FROM MULTIPLE KNIFE-EDGE ATTENUATION

L. E. Vogler* :

Comparisons of theoretical attenuation based on multiple knife-
edge diffraction with measured values of median propagation loss are
presented for a number of different propagation paths. In general
the knife-edge predictions tend to overestimate received signal
strength with most of the differences between predicted and observed
values lying in the range -12 to +7 dB. Use of a computerized topo-
graphic data base to generate path profiles for the knife-edge atten-
uation result in predicted/observed loss differences of about the
same magnitude, although spurious results sometimes arise.

Key words: data comparisons; multiple knife-edge attenuation

1. INTRODUCTION

An expression for the attenuation of a plane wave diffracted by multiple knife-
edges has been derived recently and a computer program developed that evaluates the
result for an input of up to ten knife-edges (Vogler, 1981). Although actual radio
propagation paths never consist strictly of knife-edges, many paths can be approxi-
mated as a sequence of knife—edgés and an estimate of path attenuation obtained.
This paper discusses the application of the multiple knife-edge (MKE) attenuation
function to the prediction of propagation loss over irregular terrain.

Obvious limitations in the application of the MKE function to actual condi-
tions are:

(1) the theoretical knife-edges are perfectly absorbing half-planes

normal to the direction of propagation, whereas the correspond-

ing terrain features are peaks or ridges of various orientations
with a variety of electrical ground constants;

(2) terrain features characterized as "knife-edges" are actually
rounded obstacles, and in most cases are only crude approxima-
tions to a true knife-edge; and

(3) intra knife-edge terrain reflections can affect signal levels.

*The author is with the Institute for Telecommunication Sciences, National Tele-
communications and Information Administration, U.S. Department of Commerce,
Boulder, CO 80303.



Despite these Timitations, the MKE function should be able to provide useful infor-

mation in the prediction of propagation loss. The accuracy of the estimate will,

of course, depend on how closely the actual path approximates a knife-edge path. |
Propagation paths can be categorized into three general types:

1. Line-of-sight (LOS) paths, in which the transmitter and receiver
are within radio line-of-sight of each other.

2. Single horizon (SH) paths, in which a single obstacle acts as a
common horizon for both the transmitter and receiver.

3. Double horizon (DH) paths, in which two separate obstacles act

as horizons for the transmitter and for the receiver.

Propagation loss for an LOS path is usually somewhat near the free-space loss;
however, if the tops of terrain features (or knife-edges) are close enough to the
direct, line-of-sight ray, the signal attenuation can be significantly increased.
Examples of this phenomenon are shown in some of the data comparisons given later. ;
MKE diffraction losses of as much as 16 dB above free-space loss are indicated on
some LOS paths.

SH paths are subject to the same circumstances along the two direct ray paths
from the horizon to both antennas. In addition to the diffraction loss caused by
the horizon obstacle (or knife-edge), further loss is incurred when intervening
knife-edges approach the ray path.

In the case of DH paths the situation is further complicated by the fact that
knife-edges between the horizons may completely obstruct the horizon-to-horizon
direct ray path. The computer program used in the later comparisons always assumes
that "obstructing" knife-edges (whether horizons or otherwise) are more significant
than any others and -- up to a maximum of ten -- computes the propagation loss
using the most significant knife-edges. If fewer than ten obstructing knife-edges
are encountered, those knife-edges for which the tops most nearly approach any
direct ray path are used. This criterion holds whether the path be LOS, SH, or
DH. .

In the following section, a number of propagation paths for which measured
values of propagation loss are available are used to provide comparisons between
observed and theoretically predicted losses. The paths and measurements were ob-
tained from a report by Longley, Reasoner, and Fuller (1971) and include only those
paths which can be designated as diffraction paths, i.e., tropospheric scatter
paths are not considered. Also, profiles were chosen for which more than one set



of measurements were available. Path profiles obtained by reading height versus
distance values from contour maps are available for all the comparison paths and
were used to select those terrain features read in as knife-edge inputs to the

MKE attenuation subroutine. For any one path profile there can be a number of
propagation paths, the latter being differentiated by different frequencies and/or
antenna heights. The antenna height information is not given in this paper but _
may be found by referring to the appropriate path identification number in the
Longley et al. report.

The observed loss, Lbo’ used in the comparisons is the median or 50% observed
loss tabulated in the data report. These observed losses come from distributions
of hourly median values and usually represent many hours of measurement. At the
time these measurements were made, antenna gain accuracies, power measurements,
and calibration procedures 1limited measurement accuracies to the order of +1 dB
(L. G. Hause, private communication). The predicted loss, L(MKE), is the sum of
the free-space propagation loss, L. ., and the diffraction loss (in dB), A(MKE),
as obtained from the MKE attenuation function:

L(MKE) = Lfs + A(MKE) , (1)
where Leg = ?0 Tog (dfMHZ) + 32.4478 (2)

with d the path distance in km and fMHz the radio frequency in megahertz.

The antenna and knife-edge heights used in the calculation of the MKE attenua-
tion function are values measured from some common reference plane, while the height
information from the path profile data are heights as measured from mean sea level
(ms1). Thus, the profile heights must be adjusted to account for the earth's cur-
vature. Furthermore, atmospheric refraction will cause bending of the radio rays,
whereas the geometric parameters of the MKE function require straight-line geometry.

The present computer program uses the concept of an effective earth's radius,
a,» to account (approximately) for atmospheric bending, and the following relation-
ship adjusts for the earth's curvature:

h(x) = H(x) - x2/2ae , (3)



where H(x) is the profile height above ms1 of a terrain obstacle (considered as a
knife-edge) at a distance, x, from the transmitter, and h(x) is the input height
to the MKE function. The effective radius is given by (Rice et al., 1967)

a, = 6370[1 - 0.04665 exp(0.005577 NS)]'] , (4)

and the value of surface refractivity, Ns’ for any particular propagation path is
tabulated in the data report.

Finally, it should be pointed out that choosing knife-edges from a collection
of profile points read from contour maps is a somewhat arbitrary process. To begin
with, the points themselves are subjectively determined by the person reading the
maps. Secondly, a particular point chosen as an MKE input might, in reality, be
part of a "rounded" terrain feature which little resembles our concept of a knife-
edge. These considerations will always be present when attempting to use knife-
edge effects to estimate actual signal attenuation. Nevertheless, there are many
paths for which the best method of predicting propagation loss would appear to be
through the application of multiple knife-edge diffraction. The following section
presents some comparisons of observed data with theoretical MKE attenuation.

2. COMPARISONS OF OBSERVED AND PREDICTED LOSS
Seventeen different profile paths, each containing a number of propagation
paths, are presented in Table 1 to show comparisons of observed with predicted
propagation loss. A1l three general types of paths (LOS, SH, and DH) are repre-
sented, there being

6 LOS profiles: profile nos. 1, 2, 3, 4, 7, and 10;
3 SH profiles: profile nos. 8, 12, and 15; and
8 DH profiles: profile nos. 5, 6, 9, 11, 13, 14, 16, and 17.

The order of the profiles is by path distance, d, and within each profile the prop-
agation paths are arranged according to increasing frequency. If the same fre-
quency appears more than once in a particular profile, the propagation paths have
different transmitting or receiving antenna heights.

The column headed "Path #" contains the propagation path identification num-
ber used in Longley et al. (1971). Further information concerning the path can be
found in that report.



Table 1. Comparison of Predicted and Observed Propagation Loss
A = L(MKE) - L(Observed)
Path # iz (obs) Leg A(MKE) L (MKE) A
Profile 1, Clausen Site - Eglin Main Base, FL
d=11.91 km
187 40.5 94.4 86.12 - 1.83 84.29 -10.1
188 75.5 96.2 91.52 0.59 92.11 - 4.1
189 165.2 101.1 98.33 - 1.05 97.28 - 3.8
190 455 99.0 107.13 0.36 107.49 8.5
191 952 128.2 113.54 - 0.23 113.31 -14.9
Profile 2, Coupland Tower - Eglin Main Base, FL
d = 18.59 km
192 40.5 106.2 89.98 14.00 103.98 - 2.2
193 75.5 105.8 95.39 12.96 108.35 2.6
194 165.2 113.6 102.19 11.20 113.39 - 0.2
195 455 117.2 110.99 7.46 118.45 1.2
196 952 123.8 117.41 3.50 120.91 - 2.9
Profile 3, Wagner Site - Eglin Main Base, FL
d = 27.50 km
197 40.5 116.0 93.38 16.88 110.26 - 5.7
198 75.5 115.8 98.79 16.67 115.46 - 0.3
199 165.2 114.6 105.59 15.97 121.56 7.0
1800 455 122.8 114.39 14.32 128.71 5.9
1801 952 135.8 120.81 12.73 133.54 - 2.3
Profile 4, Cheyenne Mtn. S - Kendrick, CO
d =79.59 km
250 100 131.4 110.46 9.05 119.51 -11.9
270 192.8 133.2 116.17 5.59 121.76 -11.4
290 230 128.6 117.70 4.87 122.57 - 6.0
310 1046 131.4 130.86 0.14 131.00 - 0.4




Table 1. (continued)
Path # fMHz L(obs) Lfs A(MKE) L (MKE) A
Profile 5, Cheyenne Mtn. B - Kendrick, CO
d =79.73 km
330 92 133.7 109.76 18.69 128.45 -
350 210.4 139.6 116.94 18.79 135.73 -
370 236 137.5 117.94 18.81 136.75 -
Profile 6, Rochester - Ithaca, NY
d = 107.24 km
1606 840 182.6 131.54 41.16 172.70 - 9.9
1609 2800 194.6 142.00 49.42 - 191.42 - 3.2
1610 9100 207.1 152.24 61.04 213.28 .2
Profile 7, Cheyenne Mtn. S - Karval, CO
d = 112.97 km
252 100 135.0 113.51 10.90 124.41 -10.6
272 192.8 137.4 119.21 7.35 126.56 -10.8
292 230 135.1 120.74 6.48 127.22 - 7.9
297 751 135.0 131.02 3.93 134.95 0.0
266 1040.1 142.1 133.85 2.44 136.29 - 5.8
311 1046 150.1 133.90 3.04 136.94 -13.2
312 1046 134.5 133.90 - 0.30 133.60 - 0.9
313 1046 141.0 133.90 3.14 137.04 - 4.0
267 9250 153.9 152.83 0.12 152.95 - 1.0
268 9350 152.7 152.92 0.10 153.02 0.3
298 9361.3 154.0 152.93 0.04 152.97 - 1.0
Profile 8, Cheyenne Mtn. B - Karval, CO
d=113.32 km
332 92 143.5  112.81 26.38  139.19 - 4.3
352 210.4 149.8 119.99 27.16 147.15 - 2.6
372 236 141.8 120.99 27.30 148.29 6.5




Table 1. (continued)
Path # fMHz L(obs) Lfs A(MKE) L (MKE) A
Profile 9, San Antonio - Austin, TX
d = 119.03 km
21 101.5 168.1 114.09 48.17 162.26 -
22 101.5 164.7 114.09 47.93 162.02 -
23 101.5 167.8 114.09 48.84 162.93 -
Profile 10, Pikes Peak - Gun Barrel Hill, CO
d = 139.09 km
299 751 127.5 132.83 - 3.57 129.26 1.8
300 9361.3 158.5 154.74 2.46 157.20 - 1.3
Profile 11, Ft. Carson - Haswell, CO
d = 150.95 km
394 100 180.4 116.02 38.37 154.39 -26.0
389 1046 191.1 136.42 58.39 194.81 3.7
Profile 12, Cheyenne Mtn. S - Haswell, CO
d = 156.00 km
. 254 100 152.5 116.31 22.92 139.23 -13.3
274 192.8 157.2 122.01 22.16 144.17 -13.0
294 230 153.7 123.54 21.91 145.45 - 8.2
314 1046 164.5 136.70 17.25 153.95 -10.6
Profile 13, Cheyenne Mtn. B - Haswell, CO
d = 156.12 km
334 92 162.1 115.59 27.34 142.93 -19.2
354 210.4 172.4 122.78 31.01 153.79 -18.6
374 236 166.4 123.78 31.67 155.45 -11.0




Table 1. (continued)
Path # fMHz L(obs) Lfs A(MKE) L (MKE) A
Profile 14, Blacktail Canyon - Eloy, AZ

d = 167.79 km
1702 880 205.2 135.83 52.66 188.49 -16.7
- 1703 950 205.3 136.50 53.01 189.51 -15.8
1713 1705 214.2 141.58 56.51 198.09 -16.1
1712 2345 218.8 144.35 60.48 204.83 -14.0

Profile 15, Beulah - Table Mesa, CO

d = 223.56 km
303 100 165.3 119.44 40.12 159.56 - 5.7
305 751 191.6 136.95 40.06 177.01 -14.6
319 751 197.3 136.95 44.60 181.55 -15.8
320 751 191.5 136.95 38.13 175.08 -16.4
321 9200.1 228.7 158.71 52.26 210.97 -17.7

Profile 16, Cheyenne Mtn. S - Sheridan Lake, CO

d = 227.49 km
262 100 163.4 119.59 36.55 156.14 -7.3
302 230 164.4 126.82 41.34 168.16 3.8
322 1046 179.4 139.98 57.57 196.95 17.6

Profile 17, Pikes Peak - Sheridan Lake, CO

d = 244.29 km

425 1046 154.6 140.60 15.40 156.00 1.4




The column headed "A" shows the difference between the predicted and observed
propagation loss, with A defined as

A = L(MKE) - L, . (5)

Notice that a negative value of A indicates that more signal is predicted than is
actually observed. There is a general tendency to underestimate the loss when con-
sidering only MKE attenuation, and this is reasonable since most terrain features
are rounded obstacles rather than knife-edges. |

Among the six LOS profiles, predicted loss is generally underestimated for
the propagation paths of profiles 1 and 4. Profile 1 is a Florida path mainly
over water and contains no terrain features that might be classified as knife-
edges. Profile 4 extends over the eastern plains of Colorado and appears quite
flat over that portion where the direct ray nears the earth's surface.

Predictions for the propagation paths of profiles 2, 3, and 10 are fairly
close to observed values, and these profiles are more irregular than those of 1
and 4. An interesting observation concerning profiles 2 and 3 is that, although
the knife-edges used in the predictions are all below the LOS direct ray, their
configuration is such that as much as 17 dB attenuation is added to the free-space
loss.

The predictions of profile 7 give varied results, although most of the A's
are small, Path 311, at 1046 MHz, has the greatest discrepancy with a A of -13.2
dB; the other two paths at this frequency, nos. 312 and 313, show good predictions.
The differences among these three paths are in the receiving antenna heights and
the recording period of the observations. Path 312 was recorded for some 6000
hours, while 313 and 311 were recorded for about 400 and 600 hours, respectively.

The three SH profiles (nos. 8, 12, and 15) generally show much. more predicted
signal than is observed. Profile 15 is especially noteworthy because of A's as
large as -18 dB, yet the terrain profile itself would appear to be a good example
of a knife-edge path. The common horizon in this Colorado profile path (#15) is
a peak of about 4300 meters above msl. At this altitude the actual radio ray path
likely departs from the straight line geometry of the effective earth approxima-
tion, and the diffraction angle, 6, would be larger than the one used in the cal-
culations. An effective radius based only on surface refractivity is probably
too large for high altitude paths such as those in profile 15.



The DH paths have two profiles giving consistently large negative A's, nos.
13 and 14. Profile 14 (an Arizona path) appears to be reasonably well-approximated
by knife-edges, but #13 (in eastern Colorado) is a smoother, more rounded profile.

Propagation path 394 in profile 11 shows the largest negative A in the table
(-26 dB), while path 322 in profile 16 has the largest positive A (17.6 dB). No
other A's are near these two values, and the measured losses, if correct, must be
the result of unique effects. Predictions in the remaining 13 DH propagation
paths agree fairly well with observations.

In summary it appears that propagation loss predictions based strictly on
multiple knife-edge diffraction tend to provide estimates of signal power greater
than that actually observed. Of the 66 paths in Table 1, there are:

(1) 13 paths with 10 >A >0 ,
(2) 30 paths with 0 > A > -10 , and
(3) 21 paths with -10 > A > 20

Only two paths have A's outside this range. Figure 1 gives a graphical represen-
tation of the information in Table 1. The figure is a plot of A versus distance,
and it can be seen that most of the A's fall within the range from -12 to +7 dB.
One reason for the tendency to underestimate the loss is probably that terrain
obstacles usually have rounded tops. More comparisons of observations and predic-
tions over paths with sharply irregular features would be helpful.

3. MKE ATTENUATION USING TOPO

MKE attenuations have also been evaluated for a few paths whose profiles have
been obtained from a digitized topographic data base (TOPO) developed at ITS. The
data base provides terrain elevations above mean sea level at every 30" of latitude.
and of longitude in the continental U.S. A complete description of TOPO can be
found in Jennings and Paulson (1977).

TOPO terrain profiles are generated by designating the latitudes and longi-
tudes of the transmitter and receiver locations, then calculating elevations along
the propagation path by interpolating between grid points. A profile formed in
this manner is not as accurate as one read from contour maps and can, in fact,
occasionally result in spurious peaks or overlook actual ones.

10
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Profiles from contour maps are preferred in the calculation of MKE attenua-
tion; however, the Tabor involved is much greater than when using TOPO. The
attenuations will agree to the extent that the TOPO profile agrees with the map
profile.

The propagation paths for which TOPO profiles were generated are listed in
Table 2, along with the resulting A's. Path parameters are the same as in Table 1
except that path distances differ slightly because of the two profile-forming
methods. It should also be remembered that ground elevations at the antennas in
in the TOPO profiles usually differ from actual elevations, sometimes causing an
antenna to be placed on a slope rather than a prominence.

There is, again, a predominance of negative A's indicating that the MKE
attenuation predicts larger signal strengths than are observed. For two profiles,
nos. 8 and 12, the TOPO profile gives a single horizon path rather than the double
horizon path obtained from map reading. Apparently, one of the horizon obstacles
has been reduced in height during the interpolation procedure.

An example of a spurious result caused by TOPO is probably propagation path
#1610 which shows a A = 34.6 dB. The MKE attenuation was almost 30 dB larger than
that calculated using the map profile. The main problem in applying TOPO is the
inability to predict cases like this beforehand.

Topographic data bases with finer grids than TOPO are currently under develop-
ment. When these are completed more accurate terrain profiles will be available
and the problem of providing correct input information to the MKE propagation model
will be greatly eased.

4. CONCLUSIONS

Comparisons of MKE diffraction loss with observed measurements have been made
for over 60 propagation paths. The observed data represent median values of long-
term measurements over paths of varying distances and frequencies. MKE predictions
generally give higher signal levels than are actually observed, probably due to the
fact that terrain features are usually more like rounded obstacles than true knife-
edges. Two further papers which bear on this point are Nishikori et al. (1957)
and Vigants (1981).

For the 66 paths analyzed, about 75% have A's lying within the range from -12
to +7 dB. Al1 except two paths fall between the range -20 to +10 dB. Further

12



Table 2. Comparison of Predicted and Observed Propagation Loss
Using Profiles from TOPO
A = L(MKE) - L(Observed)

Path # L(obs) L ~ L(MKE) A

fs

Profile 6, Rochester - Ithaca, NY
d = 107.05 km (from TOPO)

1606 182.6 131.53 184.58 2.0

1609 194.6 141.98 209.56 15.0
1610 207.1 152.22 241.75 34.6

Profile 8, Cheyenne Mtn. B - Karval, CO
d = 112.99 km (from TOPO)

332 143.5 112.78 132.62 -10.9
352 149.8 | 119.97 147.40 - 8.4
372 141.8 120.97 142.69 0.9
Profile 12, Cheyenne Mtn. S - Haswell, CO

d = 155.56 km (from TOPO)
254 152.5 116.29 ~ 135.89 -16.6
274 157.2 121.99 142.26 -14.9
294 153.7 123.52 144.03 - 9.7
314 164.5 136.68 160.55 - 4.0

Profile 14, Blacktail Canyon - Eloy, AZ

d = 167.90 km (from TOPO)
1702 205.2 135.84 190.93 -14.3
1703 205.3 136.50 192.06 -13.2
1713 214.2 141.58 200.87 -13.3
1712 218.8 144.35 205.82 -13.0

Profile 15, Beulah - Table Mesa, CO

d = 223.80 km (from TOPO)
303 165.3 119.45 159.31 - 6.0
305 191.6 136.96 178.53 -13.1
319 197.3 136.96 183.81 -13.5
320 191.5 136.96 179.76 -11.7
321 228.7 158.72 217.88 -10.8

13



studies, using more measured data and a closer analysis of path profiles, might
enable the development of an empirical correction factor to refine the MKE pre-
diction model.

MKE predictions were also made on a few propagation paths for which the path
profile was obtained from a topographic data base (TOPO). Again, comparisons with
observed loss data indicate that MKE attenuation tends to overestimate signal
strength, At present the elevation grid spacing in TOPO is too large to generate
accurate path profiles in all cases, and spurious results are sometimes produced.
The development of a finer grid spacing should overcome many of the difficulties
now inherent in the application of TOPO to MKE attenuation modeling.
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