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ABSTRACT

This report determines how ground clutter strength varies with RF frequency from VHF to X-band
in ground-sited radar. This determination is accomplished by providing extensive empirical results from
multifrequency clutter measurements conducted at 42 different sites widely dispersed over the North
American continent. These results indicate that the frequency dependence of ground clutter strength
depends upon terrain type and can vary, for example, from a strongly decreasing function of frequency
in forest to a strongly increasing function of frequency in farmland. Five major terrain categories are
defined that encompass this dependence, namely, urban, mountains, forest, farmland, and desert. Within
each terrain category, results are also shown to be dependent upon the relief or roughness of the terrain
and upon the depression angle at which the terrain is illuminated. The depression angle dependence is
important, even for the very low angles (typically within a degree of grazing incidence) and small (typical
fractional) variations in angle that occur in ground-sited radar. This report presents specific clutter strength
results at each of five frequencies (VHF, UHF, L-, S-, and X-band) from each of the 42 sites at which
measurements were conducted. The report then combines results from similar sites to obtain the general
dependence of clutter strength versus frequency for each terrain category. Clutter strengths are described
in terms of moments (including the mean) and percentile levels (including the median) in measured
clutter amplitude distributions resulting from cell-by-cell spatial variation over a selected large kilometer-
sized macroregion of terrain at each site called the repeat sector. Measurements over the repeat sector at
each site were repeated a number of times to increase the reliability of the results. In addition to determining
the frequency dependence of ground clutter strength in various terrain types, this report determines dependen-
cies of clutter strength with radar polarization and resolution and specifies long-term temporal variability of
clutter strength with weather and season. The report includes descriptions of the clutter measurement equip-
ment and measurement procedures, provides calibration results, and describes the resultant multifrequency
ground clutter measurement data bases that are now maintained at Lincoln Laboratory.
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PREFACE

The radar ground clutter measurements program at MIT Lincoln Laboratory has provided two major
results. The first result is the dependence of low-angle ground clutter spatial amplitude distributions on
depression angle, such that the mean strengths of these distributions increase, and their spreads decrease
with increasing depression angle. These depression angle effects are largely the result of shadowing at
low angles in a sea of patchy visibility and discrete or localized scattering sources.

The second major result is the dependence of clutter strength on RF frequency, VHF to X-band, in
various types of terrain. For example, in steep forest terrain mean clutter strengths decrease strongly with
increasing frequency; whereas, in level farmland terrain mean clutter strengths increase strongly with
increasing frequency. This result is expanded upon at length in this report.

These two results have led us to a model for ground clutter spatial amplitude distributions. In the
model, the mean strengths of these clutter amplitude distributions vary with frequency, and the spreads
of these distributions vary with spatial resolution, depending on terrain type. For a given terrain type,
mean strengths increase and spreads decrease with increasing depression angle. This clutter model is
described in detail elsewhere.

This report is based upon the repeat sector measurements that represent an important subset of the
total data base of measurements. The repeat sector at each site is a narrow azimuth sector in which clutter
measurements were repeated a number of times to increase the depth of understanding and the reliability
of the results. What remains is to obtain the statistical benefit of analyzing and subsuming within the
clutter model the much more voluminous 360-deg spatially comprehensive survey data at each site. At
the time of writing (October 1990), we have generated and stored the approximately 100,000 clutter patch
amplitude histograms upon which this survey analysis will be based. This reduces the 3600 calibrated
clutter tapes and associated terrain descriptions and ground truth onto five clutter patch tapes. The many
stored patch histograms on these five tapes represent a final distillate of ‘all the measurement data into
a highly dense medium rich in modeling information. Analysis of these data, which is currently well
advanced, will allow an increase in the prediction accuracy of our clutter model by vastly increasing the
number of terrain samples upon which it is based.
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1. INTRODUCTION

During the three-year period from October 1981 to October 1984, MIT Lincoln Laboratory con-
ducted a multifrequency radar ground clutter measurement program at 42 different sites widely dispersed
geographically across the North American continent. Many of the sites were in western Canada. This
multifrequency measurement program is referred to as Phase One, in contrast to our earlier, X-band only,
measurement program, which is referred to as Phase Zero. The Phase One clutter measurement equipment
was self-contained and mobile, principally housed within three sixteen-wheeler tractor-trailer combina-
tion trucks, and manned by a five-man crew. The equipment included a transportable antenna tower
expandable in six sections to a maximum height of 100 ft. A photograph of the Phase One equipment
erected at our Lethbridge West site in Alberta, Canada, is shown in Figure 1. At each site, we measured
all of the discernible ground clutter within the field-of-view through 360 deg in azimuth and from 1 to
25 or 50 km or more in range at each of five frequencies: VHF, UHF, L-, S-, and X-bands. The duration
of time that our equipment spent at each site making these measurements was typically two to three
weeks. The amount of raw, digitally recorded, pulse-by-pulse measurement data collected at each site
usually filled about 25 to 30 high-density magnetic tapes. Within the measurement program we included
seven repeated data collection visits to a few sites at different times of the year to provide seasonal
variations in our clutter measurement data base. Altogether we maintained our Phase One measurement
equipment almost continuously in the field for three years conducting this 49-site-visit measurement program.

Our objective in conducting this extensive new measurement program was to develop a capability
for predicting ground clutter spatial amplitude distributions in ground-sited radars, as these distributions
typically arise at grazing incidence from large kilometer-sized spatial regions of visible terrain. Data from
each of the 49 site visits have now been analyzed. From these data a multifrequency clutter model has
been developed. The purpose of this report is to provide detailed and comprehensive documentation of
the multifrequency measurement results upon which the model is based. In particular, we wish to show
how ground clutter strength varies with RF frequency, VHF to X-band, in various types of terrain.

The particular clutter spatial amplitude distributions analyzed in this report were measured in what
is called the repeat sector at each site. That is, at each site a narrow azimuth sector was selected as a
sector of concentration in which measurements were repeated a number of times during the time on site.
Typically, the repeat sector is about 20 deg in azimuth extent and exists at ranges beginning a few
kilometers from the radar and extending 5 or 10 km. The principal multifrequency clutter data we so far
have under analysis and upon which this report is based are from the repeat sector measurements con-
ducted during each of the 49 site visits.

1.1 SCOPE

A ground-based radar often experiences ground clutter interference to ranges of many kilometers.
Most of the relatively significant clutter comes from geometrically visible terrain. From most places on
the surface of the earth, geometric visibility is spatially patchy; looking out from a site, high regions of
terrain are visible, and intervening low regions of terrain are masked. Thus, clutter occurs within kilo-
meter-sized macroregions of general geometric visibility, each containing hundreds or thousands of



spatial resolution cells. The spatial patterns of occurrence of ground clutter can be predicted geometrically
with reasonable accuracy using available digital terrain elevation data bases. Predicting, in this manner,
the existence of some macroregion of ground clutter, we then need to be able to predict the amplitude
statistics of the clutter as they exist within that region in order to estimate average signal-to-clutter ratios
for the radar operating in that clutter. Thus, our general objective is the prediction of ground clutter
amplitude statistics for distribution over spatial macroregions of visible terrain. A fundamental requirement
in this prediction is knowledge of how the mean strengths of clutter spatial amplitude distributions vary
with RF frequency in various types of terrain. Provision of this information is a specific major objective
of this report.

Dominant clutter sources within macroregions of general geometric visibility are often spatially
localized or discrete, such that groups of cells providing strong returns are often separated by cells
providing weak or noise-level returns. We have previously shown that a fundamental parametric depen-
dence in low-angle clutter amplitude statistics is that of depression angle as it affects microshadowing in
a sea (i.e., macroregion) of discrete clutter sources, such that mean strengths increase and cell-to-cell
fluctuations decrease with increasing angle. Depression angle is the angle below the horizontal at which
a clutter patch is observed at the radar. This fundamental dependence of ground clutter statistics on
depression angle exists even for the very low angles, typically < 1 deg, and small fractional variations in
angle that occur in ground-based radar. In this report, the major influence of depression angle at all Phase
One frequencies shall be seen.

The means and other measures (e.g., higher moments and percentiles) of clutter amplitude statistics
that are presented in this report are absolute measures not dependent on radar sensitivity. The Phase One
measurement radar was almost always sensitive enough to measure discernible returns from the dominant
discrete clutter sources that occurred within the visible repeat sector macroregions, regardless of range.
Increasing sensitivity merely acts to reduce the relative proportion of cells at radar noise level
(i.e., microshadowed cells) within such regions. The measured clutter amplitude distributions and their
means presented in this report cover all of the cells within the repeat sector macroregion, including those
at noise level in the measurements.

The subject of this report is ground clutter from visible regions of terrain. Ground clutter from
regions well beyond the horizon is usually much weaker than that from directly illuminated regions.
Although weak, such interference is not necessarily inconsequential to radars operating against targets
beyond the horizon. We are investigating long-range diffraction-illuminated ground clutter using instru-
mentation other than that described here. However, we understand these weak signals fundamentally as
clutter returns reduced by large propagation losses due to the indirect illumination, and we do not further
consider them here.
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1.2 GUIDE TO REPORT

In this section, a brief guide is provided to the contents of this report.

1.2.1 Ground Clutter Strength Versus Frequency

The major purpose of this report is to show how ground clutter strength varies with RF frequency,
VHF to X-band, in various types of terrain. Our best high-level answer to this question is given by the
data in Figure 98 and Table 11. These data provide mean clutter strength versus frequency for 12 different
terrain categories, generalized (i.e., medianized) across a number of similar measurement sites in each
category. The remainder of this report, in large measure, seeks to explain, enlarge upon, and provide
background about the data in Figure 98 and Table 11. Thus, much of the central body of this report
(i.e., Section 4) is given over to the specific interpretation of our multifrequency measurements of mean
clutter strength at each of the 42 sites, organized within broad terrain groups of urban, mountains, forest,
farmland, and desert. Appendix E shows a plot of measured values of mean clutter strength versus
frequency for the repeat sector at each Phase One site.

1.2.2 Means and Medians

There is more to ground clutter than mean strength. Every value of mean clutter strength provided
in this report comes from a clutter amplitude distribution measured over a repeat sector spatial macroregion.
Appendix E shows one or more sample clutter amplitude histograms for each repeat sector. These dis-
tributions are brought under more complete statistical description by tabulation of their higher moments
and several percentile levels, including the median in Section 6. All of these statistical attributes are
generalized across a number of similar measurement scenarios within the same terrain categories as were
the means in Figure 98 and Table 11.

1.2.3 Polarization and Resolution

The mean clutter strength versus frequency results of Figure 98 and Table 11 are averaged across
measurements of both vertical and horizontal polarization, using both 150-m and 15/36-m pulse lengths.
Variations of mean clutter strength with resolution and polarization are generally small, typically on the
order of 1 or 2 dB. Discussion of average differences in clutter strength with polarization and resolution
as well as the one-sigma range of variations and the maximum variation encountered with these parameters
is presented in Section 5.

1.2.4 Weather and Season

Because low-angle clutter is dominated by discrete scattering sources, effects with weather and
season are also small, usually less than 1.5 dB and 3.0 dB, respectively. Discussion of variability of mean
clutter strength with weather and season is given in Section 7.



1.2.5 Multipath Propagation

At low angles in open terrain, clutter measurements are dominated by multipath propagation that
causes lobing on the free-space antenna pattern and hence introduces strong variations in effective antenna
gain on the measured clutter. These propagation-induced variations are not removed in our assessments of
clutter strength. In other words, what we measure as clutter strength 6°F* is the product of the intrinsic
backscattering coefficient g° that would be theoretically measured under free-space illumination and the
propagation factor F raised to the fourth power, which includes all propagation effects, both reflective and
diffractive. Thus, in attempting to interpret many of the measurement results in this report, we are faced
with having to estimate the effects of propagation, particularly multipath, in the data. To do so requires
knowledge of terrain elevation variations over the measurement interval. How we proceed to estimate
effects of multipath in these circumstances is discussed in Appendix B, particularly Section B.2.

1.2.6 Antenna Tower Height

Multifrequency Phase One clutter measurements were obtained with multiple antenna tower heights
at four different sites. Results from Corinne for three different antenna heights are first shown in Sec-
tion 3.2.1 and then further discussed in Section 4.1.4.3. Also briefly discussed in Section 4.1.4.3 are two-
tower-height results at each of the other three multiple tower height sites, namely, Shilo, Suffield, and
Lethbridge West. In addition, Section 4.1.4.3 provides a comparison at X-band between Phase Zero and
Phase One across many sites in two regimes of antenna height — one where Phase One had similar
heights to Phase Zero, and another where the Phase One antenna height was twice as high as Phase Zero.

1.2.7 Long-Range Mountain Clutter

When a ground-sited radar experiences strong ground clutter from visible terrain at very long
ranges, such as 100 km or more, it has been our experience that such clutter comes from mountains
because only mountains rise high enough to be within geometric line-of-sight at such long ranges. Even
so, the mountains at such long ranges are barely within line-of-sight, just rising above a distant horizon.
When observed from open agricultural terrain, one might expect a significant multipath propagation loss
at VHF, and as a result weaker effective clutter strength from the mountains at VHF compared to
microwave bands. Our measurements show the opposite; long-range mountain clutter at VHF is signifi-
cantly stronger than in the microwave bands, whether observed over forested or agricultural surfaces. A
fact contributing to this effect in agricultural terrain is that the agricultural surfaces supporting multipath
are usually slightly inclined rather than level. In all bands, the long-range mountain clutter is substantially
weaker than mountain clutter observed at shorter ranges due to diffraction over the intervening terrain.
This interesting aside from the general thrust of our studies of looking at clutter from much closer ranges
1s discussed in Section B.3 of Appendix B.



1.2.8 Coherency of Clutter Returns

The Phase One measurements were coherent; that is, the phase* of the clutter return signal was
recorded as well as its amplitude. Clutter may be regarded as partially correlated noise in which the
degree of correlation depends on the type of clutter. Pulse-by-pulse coherent integration can increase
clutter-to-noise ratios; however, care must be taken not to integrate beyond a correlation period, or the
quasi-noiselike clutter returns will also be unintentionally reduced. These important matters concerning
data reduction are discussed, and examples are given in Appendix C.

1.2.9 Data Documentation

Our multifrequency clutter model predicts clutter amplitude distributions within a context of Weibull
statistics, where each Weibull distribution is characterized by two parameters, a mean strength, and a
spread parameter. The mean strength carries the dependence on RF frequency, and the spread parameter
carries the dependence on radar spatial resolution. The frequency dependence in the model is based on
the Phase One repeat sector measurements. As is amply illustrated in this report, site-to-site variations
in the frequency dependence of mean clutter strength are complex and specific. The model irons out many
of these detailed variations in order to be generally representative. A major purpose of this report is to
show the detailed results at each site and how we ironed them out. Appendix D provides a measurement-
by-measurement documentation of the data behind our model by providing the mean and standard deviation
of each of the nominally 960 different measured clutter amplitude distributions (i.e., 48 repeat sectors, each
at five frequencies, two polarizations, and two resolutions).

1.2.10 Phase One Program Documentation

Another important purpose of this report is to provide a summary documentation of the overall
Phase One clutter measurement program. The report in total and the site-by-site accounts in Section 4 in
particular contribute towards this purpose. Appendix E provides photographs of the Phase One equipment
on site and sample clutter measurement results from most of the Phase One sites as a companion volume
to Section 4. Section 6.1 provides a short historical summary of how our analyses of the data have
proceeded. However, Appendix A provides a separate, stand-alone account of the Phase One history,
measurement procedures, and resulting data base structure across the complete project. Thus, Appendix
A provides a first point-of-entry for any new user into our overall program, taking this user from initial
introduction to the point where he or she can knowledgeably request individual experiments from the
clutter data base.

* Actually, in-phase and quadrature samples from 13-bit A/D converters at rates of 1 to 10 MHz.



2. MULTIFREQUENCY CLUTTER MEASUREMENTS

The overall ground clutter measurement activities went forward in two phases: Phase Zero, a pilot
phase that was noncoherent and at X-band only, followed by Phase One, the full-scale program that was
coherent and multifrequency in five frequency bands (VHF, UHF, L-, S-, and X-bands). The Phase Zero
program has been described previously. This current report describes the results obtained so far from the
multifrequency Phase One measurement program. Results from both measurement programs have been
used as the basis of development of our multifrequency clutter model, which is described elsewhere.

The remainder of Section 2 is organized as follows. Section 2.1 provides overview information
describing Phase One schedule and equipment. More detailed information on these subjects is provided
in Appendix A. Section 2.2 discusses the different kinds of Phase One clutter measurement experiments
recorded at each site. First, Section 2.2.1 discusses the five-frequency 360-deg survey measurements and
briefly illustrates them as measured at the Gull Lake West site in Manitoba. In this discussion the
mainline measurement objectives and the approaches to meeting them are discussed. Section 2.2.2 pro-
vides more information about the actual repeat sector measurements upon which this report is based.
Section 2.2.2.1 provides a more lengthy discussion of repeat sector data at Gull Lake West, in which we
consider many of the underlying aspects of the ground clutter phenomenon and illustrate what lies behind
the values of mean clutter strength, which this report subsequently emphasizes. Section 2.3 defines the
approaches for describing and classifying the terrain from which the backscatter is measured.

2.1 PHASE ONE SCHEDULE AND EQUIPMENT

The Phase One measurement program consisted of setting up and acquiring clutter measurement
data 49 times at 42 different sites. These 49 site visits are listed chronologically in Table 1. Their locations
are shown by setup number in the map of Figure 2. Site locations by latitude and longitude are given in
Table A-2 of Appendix A. Figure 3 shows photographs of the Phase One equipment at two of these sites:
Puskwaskau, a forested site, and Orion, a farmland site, both in Alberta. Previously, we have discussed
how, at X-band, variations in clutter amplitude statistics with land cover (for example, between forest and
farmland terrains of similar relief and observed at similar viewing angles) are not extreme, and how we
have made good modeling headway by combining them as rural/low-relief terrain. In this report, we shall
show that as frequency decreases from X-band to VHF, mean clutter strengths of forested terrain viewed
at high angle strongly increase; whereas, mean clutter strengths of level farmland terrain viewed at
grazing incidence strongly decrease. As a result, forested terrain as is shown in Figure 3(a) provides mean
clutter strengths at VHF 10 or 15 dB stronger than in the microwave bands (a result that was initially
quite surprising); whereas farmland terrain as is shown in Figure 3(b) provides mean clutter strengths at
VHF 20 or 30 dB weaker than in the microwave bands (a more expected result). A plot comparing mean
clutter strength versus frequency for these two terrain types is shown in Figure 21. The purpose of this
report is to expand upon and explain these and other similar variations of mean clutter strength with
frequency.
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Figure 3. Phase One measurements in forest and farmland. (a) Forest at Puskwaskan, Alherta. View SW into repeat
sector




Figure 3. Phase One measurements in forest and farmland. (b) Farmland at Orion, Alberta. View SSW past equipment
into repeat sector bevond.
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Summary Schedule of Phase One Ground Clutter Measurements

TABLE 1

Setup Days
Number Site Name Dates Visited on Site
1. Katahdin Hill, Mass. 2 Oct — 17 Dec 1981 77
2. Shilo, Man. . 1 Feb — 2 Mar 1982 30
3. Neepawa, Man. 3 Mar — 18 Mar 1982 16
4, Polonia, Man. 19 Mar - 30 Mar 1982 12
5. North Truro, Mass. 23 Jun - 21 Jul 1982 29
6. Cochrane, Alta. 11 Aug — 31 Aug 1982 21
7. Strathcona, Alta. 1 Sep — 25 Sep 1982 25
8. Penhold Il, Alta. 27 Sep - 16 Oct 1982 20
9. Beiseker, Alta. 18 Oct — 13 Nov 1982 27
10. Westlock, Alta. 15 Nov — 25 Nov 1982 11
11. Cold Lake, Alta. 27 Nov - 9 Dec 1982 13
12. Suffield, Alta. 11 Dec 1982 — 21 Jan 1983 42
13. Pakowki Lake, Alta. 22 Jan - 2 Feb 1983 12
14. Orion, Alta. 2 Feb — 11 Feb 1983 10
15. Beiseker (2), Alta. 12 Feb — 24 Feb 1983 13
16. Cochrane (2), Alta. 24 Feb - 18 Mar 1983 23
17. Brazeau, Alta. 26 Mar — 13 Apr 1983 19
18. Lethbridge West, Alta. 29 Apr - 17 May 1983 19
19. Magrath, Alta. 17 May — 6 Jun 1983 21
20. Waterton, Alta. 6 Jun = 16 Jun 1983 11
21. Plateau Mountain, Alta. 17 Jun — 24 Jun 1983 08
22. Picture Butte Il, Alta. 20 Jul — 6 Aug 1983 18
23. Beiseker (3), Alta. 6 Aug — 24 Aug 1983 19
24, Brazeau (2), Alta. 25 Aug - 13 Sep 1983 20
25. Puskwaskau, Alta. 28 Sep — 11 Oct 1983 14
26. Peace River South I, Alta. 12 Oct — 3 Nov 1983 23
27. Woking, Alta. 5 Nov — 14 Nov 1983 10
28. Beiseker (4), Alta. 16 Nov — 26 Nov 1983 11
29. Wolseley, Sask. 29 Nov - 5 Dec 1983 07
30. Headingley, Man. 7 Dec — 21 Dec 1983 15
31. Altona I, Man. 5 Jan - 31 Jan 1984 27
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TABLE 1 (Continued)
Summary Schedule of Phase One Ground Clutter Measurements

Setup Days
Number Site Name Dates Visited on Site
32. Big Grass Marsh, Man. 1 Feb — 14 Feb 1984 14
33. Gull Lake West, Man. 15 Feb — 25 Feb 1984 11
34. Spruce Home, Sask. 27 Feb - 10 Mar 1984 13
35. Rosetown Hill, Sask. 12 Mar - 21 Mar 1984 10
36. Wainwright, Alta. 23 Mar — 2 Apr 1984 11
37. Dundurn, Sask. 3 Apr — 13 Apr 1984 11
38. Corinne, Sask. 13 Apr — 30 Apr 1984 18
39. Gull Lake West (2), Man. 2 May — 12 May 1984 11
40. Sandridge, Man. 12 May — 21 May 1984 10
4. Turtle Mountain, Man. 22 May - 4 Jun 1984 14
42. Beulah, N. Dak. 5 Jun - 15 Jun 1984 11
43. Knolls, Utah 18 Jun — 25 Jun 1984 08
44, Booker Mountain, Nev. 17 Jul — 27 Jul 1984 11
45. Vananda East, Mont. 30 Jul — 4 Aug 1984 06
46. Wachusett Mountain, Mass. 15 Aug - 25 Aug 1984 11
47. Scranton, Penn. 27 Aug — 11 Sep 1984 16
48, Blue Knob, Penn. 12 Sep — 22 Sep 1984 11
49, Katahdin Hill (2), Mass. 25 Sep — 19 Oct 1984 25
NOTE: (n) n-th repeated visit to a site to establish seasonal variations.

The Phase One multifrequency ground clutter measurement instrument was self-contained and mobile
in a three tractor-trailer configuration. Important Phase One system parameters are shown in Table 2. Phase
One operated in five frequency bands: VHF, UHF, L-, S-, and X-bands. These five bands shared three antenna
reflectors. The large 10 ft by 30 ft reflector was a shared dual-frequency antenna between VHF and UHF with
each band having its own set of crossed-dipole feeds. The intermediate-sized reflector was also a similar
shared reflector between L- and S-bands, with a crossed-dipole feed at L-band and a dual-polarized waveguide
feed at S-band. The L- and S-band feeds were protected by a radome. The small reflector was dedicated to
X-band, which was fed with a dual-polarized horn. The antenna tower upon which these three reflectors were
mounted was expandable in six sections to a nominal maximum height of 100 ft. The weight on top of this
tower due to the five antenna systems and associated equipment was 3000 Ibs. The tower was guyed with
28 cables, each tensioned to 1000 or 2000 Ibs. Eight guy anchors were emplaced at each site, and each was
tested to 20,000 lbs withholding capacity. Motion at the center of mass on top of the tower, critical to system
stability and phase coherence, was tested to within a specified tolerance, (viz., 0.1035 in/sec) using a vertically
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directed laser. The antenna beams were relatively wide in elevation and were fixed with boresight horizontal
at O-deg depression angle. That is, no control was provided on the position of the elevation beam. For most
sites and landscapes, the terrain at all ranges from 1 to many kilometers was usually illuminated within the
3-dB points of the fixed elevation beamwidth. The measured clutter statistics are corrected for gain variations
on the elevation beam both within and beyond the 3-dB points, depending on the depression angle to the
backscattering terrain point.

TABLE 2
Phase One System Parameters

a) Frequency-Dependent Parameters

Frequency Band

VHF UHF L-Band S-Band X-Band
MHz 167 435 1230 3240 9200
Range Resolution 36 or 36 or 15 or 15 or 15 or

150 m 150 m 150 m 150 m 150 m
Azimuth Beamwidth (deg) 13 5 3 1 1
Elevation Beamwidth (deg) 42 15 10 4 3
Antenna Gain (dBi) 13 25 28.5 355 38.5
Peak Power (kW) 10 10 10 10 50

b) Parameters Not Dependent on Frequency

Polarization

10-km Sensitivity
A/D Sampling Rate
A/D Number of Bits
Data Recording Rate

Azimuth Scan Rate
Tower Height

Either VV or HH

o°F4 =-60 dB

1, 2, 5, or 10 MHz

13

625K bytes/sec

Output Data land Q
RCS Accuracy 2 dB rms
Minimum Range 1 km
Dynamic Range
Instantaneous 60 dB
Attenuator Controlled 40 dB
Data Collection Modes Beam Scan
Parked Beam
Beam Step

0 to 3 deg/sec

30, 60, 100 ft
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The Phase One radar was a computer-controlled, instrumentation radar with high data rate recording
capability (i.e., linear receiver with 13-bit analog-to-digital converters in in-phase and quadrature channels)
and maintained coherence and stability sufficient for 60-dB two-pulse-canceller clutter attenuation in
postprocessing. The instrument had uncoded, pulsed waveforms with two pulse lengths available in each
band to provide high- and low-range resolution, as is shown in Table 2. Polarization was selectable as
vertical or horizontal with transmit and receive antennas always co-polarized (i.e., the cross-polarized
component in the radar return signal could not be received). The Phase One system activated one
combination of frequency, polarization, and pulse length at a time for any particular clutter experiment.
These three major radar parameters as well as other parameters (e.g., spatial extent in range and azimuth,
number of pulses, and pulse repetition rate, see Table A-18) were selectable at the on-board computer
console for each clutter experiment recorded. Internal calibration was provided for every clutter mea-
surement. External calibration was provided at most sites (see Table A-1) through use of standard gain
antennas and corner reflectors mounted on portable towers. Occasional Doppler measurements involving
a moving sphere sliding down a 45-deg line were performed to corroborate the standard Phase One
external tests. More information describing the Phase One system and its calibration is provided in
Appendix A.

2.2 PHASE ONE DATA COLLECTION

Phase One collected most of its clutter measurement data within three different kinds of experi-
ments, namely, survey experiments, repeat sector experiments, and long time dwell experiments. Our
spatially comprehensive survey data are discussed in Section 2.2.1. More in-depth repeat sector data are
discussed in Section 2.2.2. The third major type of Phase One clutter experiment is the long time dwell
experiment. Reported elsewhere [1] are temporal and spectral characteristics of ground clutter returns
based on the long time dwell experiments. See Appendix A for more detailed information on these types
of experiments.

2.2.1 360-Deg Survey Data

One important aspect in Phase One data collection was to record in survey mode all of the discern-
ible clutter within the field-of-view through 360 deg in azimuth and to 25 or 50 km or more in range.
The primary purpose of this comprehensive spatial survey data was to develop an understanding of
multifrequency clutter spatial amplitude statistics as they typically occur in ground-based air defense
radar. Figure 4 shows ground clutter maps measured in survey mode at all five Phase One frequencies
at Gull Lake West in Manitoba. These maps are at high-range resolution and horizontal polarization. They
are thresholded such that cells in which clutter strength* is greater than or equal to -35 dB are shown as
black. Maximum range in these maps is 15 km. North is zenith. At Gull Lake West the Phase One site
is on a 100-ft-high ridge running north-south. This ridge provides good visibility to the west and south-
west down onto level composite terrain. The shoreline of Lake Winnipeg is observable in the northwest
quadrant with some lake clutter evident at X-band.

* Clutter strength = 0 °F4, where o° is the clutter backscatter coefficient, and F is the propagation factor.
See Section 3.1.
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The first and most obvious thing we draw notice to in the clutter maps of Figure 4 is that, as patterns
of spatial occurrence of ground clutter, in overall gross measure they are quite similar. The reason for
this similarity is that the relatively significant or strong clutter being shown here comes from visible
terrain. Such patterns of spatial occurrence of ground clutter can, in gross measure, be approximately and
deterministically predicted at a given site simply as geometric visibility using Defense Mapping Agency
digital terrain elevation data.

The second thing we draw notice to in the clutter maps of Figure 4 is the patchy, granular, on-again,
off-again nature of the clutter. That is, clutter comes from discrete sources distributed over geometrically
visible surfaces and separated by microshadowed cells where the radar is often at its noise floor. As a
result, depression angle* is of fundamental parametric importance in the modeling investigations as it
influences shadowing in a sea of patchy visibility and discrete scattering sources. Depression angle will
be seen to be of principal influence in the multifrequency measurements of this report, where mean
strengths of clutter amplitude distributions will increase, and cell-to-cell variations in these distributions
will decrease with increasing angle.

The final thing we draw notice to in the clutter maps of Figure 4 is the effect of increasing azimuth
beamwidth (see Table 2) with decreasing frequency to smear out the clutter. This illustrates that the role
of spatial resolution of the radar is important as it influences spreads in clutter amplitude distributions.
Our multifrequency clutter model directly implements this important dependency. In this report, we
comprehensively document spreads in all of the measured spatial amplitude distributions as ratios of
standard deviation to mean in these distributions (see Figures 105 and 106, Tables 17 and 18, and Tables D-2
through D-6). The trend of spread versus resolution is illustrated over a number of measurements at three
sites in Figure 104. Beyond this, however, the primary emphasis in this report is to comprehensively
discuss and document important trends we have observed in mean strength versus frequency, not spreads
versus resolution.

2.2.2 Repeat Sector Data

One limitation in the Phase One survey data is that, due to limitations in acquisition time and data
volume, we were not able to establish a very complete time record for each spatial clutter cell that was
measured in this mode. In much of the survey data, we recorded only about 125 pulses on each cell for
each of the 20 data acquisition experiments in the 20-element radar parameter matrix (i.e., five frequen-
cies, two polarizations, two pulse lengths). To help overcome this limitation, we established a second
mode of data acquisition whereby, at each Phase One site, a series of ground clutter measurements were
repeatedly conducted over a specially selected narrow azimuth sector. In total these measurements are
referred to as repeat sector measurements. In each repeat sector measurement, we recorded many more
pulses (e.g., 1024) per spatial cell than we recorded in our survey data, and, in addition, we repeated each
measurement in the repeat sector a number of times (often four) for each set of radar parameters during
the Phase One stay at each site.

* Depression angle is the angle below the horizontal at which a clutter patch is observed at the radar.
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The approximately 80 repeat sector measurements at each site (i.e., four repeated measurements for
each combination of parameters in our 20-element radar parameter matrix) also encompassed variations
of other underlying parameters, such as data rate of recording, pulse repetition frequency, number of
pulses recorded, scan and step antenna modes, fixed and variable RF attenuation schedules, and, occa-
sionally, different antenna mast heights. The objectives in collecting the repeat sector data were (1) to
allow an assessment of quality of data to be made based on comparison of similar measurements, (2) to
provide a data base with substantially more depth in terms of parameter variations than our mainline
survey measurements, and (3) to allow determination of day-to-day temporal clutter variations caused by
weather and other natural and cultural processes of change occurring on the landscape.

In the initial analyses of Phase One measurements, special attention was given to the repeat sector
measurements. These data provide a manageable subset of the overall data acquired at each site. Almost
all of the clutter data following in this report are repeat sector data. A brief account of how the Phase
One analysis activities evolved, particularly the repeat sector analyses, is given in Section 6.1. Descrip-
tions of the terrain within all of our 42 repeat sectors are provided in Table D-1. Across all these repeat
sectors, the median azimuth extent is 20 deg, the median start range is 4 km, the median range extent is
6 km, and the median area is 12 km2. Altogether, we made 4465 measurements of pulse-by-pulse clutter
backscatter from repeat sector spatial macroregions in 49 setups of the Phase One equipment.

2.2.2.1 Gull Lake West. We now show repeat sector data in several formats at Gull Lake West as
a background to what lies behind the mean clutter strengths emphasized through the body of this report.
Figure 5 shows a larger picture of an X-band PPI clutter map at Gull Lake West at a reduced maximum
range of 7 km in which the spatial nature of the clutter is apparent. This clutter map clearly shows that
ground clutter has many different kinds and degrees of spatial correlation and texture, both man-made
and natural. That is, clutter does not occur as random salt and pepper. Theoretical studies that attempt
to get at the texture in clutter by treating clutter as correlated noise show that correlated clutter leads to
much higher false alarm rates in detection statistics than uncorrelated clutter with the same amplitude
distribution [6]. The boundaries of the repeat sector are shown overlaid in Figure S with heavy black
lines. A photograph of the Phase One equipment and a Phase One tower-top photograph looking into the
repeat sector at Gull Lake West are shown in Figure 6. We are looking out from a 100-ft-high ridge,
initially over level forested wetland to 3.5-km range, then across a swampy open pond area from 3.5 to
S km, then to a higher sand dune area along the shoreline of Lake Winnipeg between 5 and 6 km, and
finally to the open water of Lake Winnipeg itself. Figure 7 shows mean clutter strength versus range
through the Gull Lake West repeat sector at all five Phase One frequencies. These data are shown range
gate by range gate, averaged over the 20-deg azimuth sector in each range gate. We refer to such A-scope
traces as sector displays. These Gull Lake West sector displays in Figure 7 graphically depict not only
the varying spatial nature of the clutter, as does the PPI clutter map, but also the extreme variation in
mean clutter strength (i.e., 40 dB in Figure 7) that can occur in a given repeat sector. As is indicated in
Figure 7, we visited Gull Lake West twice, in winter (February) and late spring (May). Sector displays
for both visits are shown together in Figure 7 to indicate seasonal variability. Day-to-day and seasonal
changes are another aspect of the complex ground clutter phenomenon that we need to come to grips with.
We will discuss the detailed seasonal variation shown in Figure 7 in Section 4.1.3.4.
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Figure 5. PPI clutter map and repeat sector at Gull Lake West. Repeat sector is outlined in black. Max range =

7 km; X-band, 15-m pulse, horizontal polarization; cells with 0°F* > -40 dB are white. Second visit (May 1984).
Setup number 39, Table 7.
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(b)

Figure 6. Phase Oue at Gull Lake West. February 1984. (a) Looking NW to equipment ou site and (b) tower-top
view NW into repeat sector.
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Next, we consider mean clutter strength over the complete Gull Lake West repeat sector. First,
Figure 8 shows histograms of clutter amplitude statistics at X-band over the Gull Lake West repeat sector
at 15-m range resolution or pulse length in Figure 8(a), as in Figure 5, and at 150-m range resolution in
Figure 8(b). The high resolution histogram is smoother because it has more samples.* In both of these
histograms, the range of amplitudes is extreme, covering many orders of magnitude. The numbers in the
tables at the tops of these histograms are as follows. The second line in the table is terrain classification
information (see Section 2.3 and Appendix E). Below that, the first three columns of numbers on the left
are the moments of the distribution, i.e.,, mean, standard deviation, and coefficients of skewness and
kurtosis (see Appendices C and E). The moments are shown computed three ways in the first three
columns, as shadowed upper bounds (black noise samples get the measured noise-level values), shadowed
lower bounds (black noise samples get zero power values), and shadowless (black noise samples are left
out of the computation). The next two columns of numbers show goodness-of-fit coefficients to Weibull
and lognormal distributions. The last column of numbers on the right shows the maximum and minimum
-values of clutter strength in the histogram, as well as the maximum and minimum values of saturated
samples (if any, default = 999) and noise samples in the histogram.? Below that are percentile levels in
the histogram, 50 (or median), 70, 90, and 99. These appear first in the shadowed histogram including
noise samples, and second in the shadowless histogram excluding noise samples. These matters are
discussed in more detail in Appendices C and E. Many additional examples of such histograms are
included in Appendix E.

Some observations about the two histograms of Figures 8(a) and (b) may be made. The most im-
portant attribute of these histograms is the shadowed upper bound mean level, equal to -31.30 dB at 15-m
resolution in Figure 8(a) and equal to -32.15 dB at 150-m resolution in Figure 8(b). It is shadowed upper
bound mean strength numbers like these from many (i.e., 4465) repeat sector histograms that this report
dwells upon. We know these two numbers are accurate in Figure 8(a) and (b) because the shadowed upper
and lower bound mean strengths are identical to two decimal places (i.e., we have very tight bounds for
mean strength; the black noise samples do not affect these mean strengths except beyond the second
decimal place). Shadowless mean strengths are disregarded in this report because they are dependent on
radar sensitivity. A radar of theoretically infinite sensitivity would give a single value of mean strength
somewhere between our shadowed upper and lower bounds.

The next observation has to do with the wide spread in each of the two histograms of Figure 8.
There may not appear to be much to choose between them in this regard, but let us examine them more
closely. A measure of spread is the ratio of standard deviation to mean. This ratio is equal to 7.36 dB
for the 15-m pulse in Figure 8(a) and is equal to 5.78 dB for the 150-m pulse in Figure 8(b). Thus, the
moments of these histograms do indicate what we would expect, increasing spread with increasing

* The number of samples in these histograms is the number of range-azimuth cells times the number of
pulse groups per cell, 32 pulses per group, from our partially integrated data base (see Appendix A).

T In addition, bins containing noise samples are indicated with a double underline, and bins containing
saturated samples are indicated with a triple underline. For example, there is one saturated sample in
Figure 18(a) in the -23-dB bin.
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Figure 8. Histograms of clutter amplitude statistics at X-band over the Gull Lake West repeat sector. (b) 150-m
range resolution, horizontal polarization, measured 20 February 1984.
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resolution. This dependency with resolution is a major element in our clutter model. Ratios of standard
deviation to mean are provided for all repeat sector measurements in this report. Note that increased
spread at higher resolution is also observable in Figure 8 in terms of ratios of percentiles and in ratio of
maximum to minimum clutter strength measured. Finally, note that the higher resolution histogram also
has higher coefficients of skewness (i.e., asymmetry) and kurtosis (i.e., concentration about the mean).

Multifrequency mean clutter strengths over the Gull Lake West repeat sector are shown in Figure 9.
Results from both winter and spring visits are included in Figure 9. At first consideration, it seems
difficult to draw any conclusions from these mean strengths, presented by themselves in Figure 9. There
does not seem to be a strong clear-cut dependence of mean strength with frequency in Figure 9, except
that the S-band data seem lower. In terms of seasonal variations in mean clutter strength between winter
(snow and ice, deciduous foliage off trees) and spring (no snow or ice, deciduous foliage beginning to
emerge) visits as Figure 9, spring results tend to be a few decibels stronger than winter results, although
there is a fair amount of overlap within bands, band by band, with the exception of X-band where a more
clear-cut 5-dB seasonal difference is indicated. The results of Figure 9 will be discussed in more detail
in Section 4.1.3.4, including the S-band dip and seasonal variations. The format of Figure 9 showing
repeat sector mean clutter strength versus frequency will be the standard format for displaying the Phase
One results, site by site, in this report (although most repeat sectors are not so markedly variable in terrain
type through the repeat sector as is the Gull Lake West repeat sector).

Making generalizations from the mean clutter strength results of Figure 9 is difficult, as was pointed
out in the preceding paragraph. That is, isolated single-point measurements or even multipoint measure-
ments at a single site are not easily extrapolable to other sites. Looking back through the Gull Lake results
in Figures 5 through 9, we can certainly do more detailed analyses of clutter from forest versus clutter
from sand dunes, but an analytic model of backscatter from homogeneous forest does not provide the
answers needed describing clutter statistics from large extents of composite landscape. We need to
include characterization of the strong returns from the discontinuities between homogeneous terrain
features as they actually occur in ground-based radar. On the other hand, averaging all the returns in a
single mean number is, by itself, also insufficient.

Our solution to this dilemma, and the main thrust of this report, is to obtain results like those of
Figure 9 at many sites, to combine them within similar terrain categories, to separate them between
grossly different terrain categories, and by this means to provide the missing connecting tissue between
dissimilar single-point results that leads to generality and predictability. Thus, as the report proceeds, we
provide results like Figure 9 for repeat sectors at all of our measurement sites and look for important
similarities among them and differences between them.

2.3 TERRAIN DESCRIPTION

The prediction of radar ground clutter and its effects requires a methodology for describing terrain.
Clutter attributes are extremely variable from one kind of terrain to another. The terrain description
system used needs to be universally applicable and consistently applied. It needs to find important threads
of commonality among sites but not over-emphasize unimportant detail. For example, as will be shown,
it matters a great deal in terms of mean clutter strength whether agricultural terrain is of very low relief
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or just moderately low-relief. Also, as will be shown, it matters whether generally open terrain has small
secondary occurrences of trees. Thus, any attempt to investigate and predict ground clutter can only be
as successful as its terrain description methodology permits.

This report is based on clutter measurements in 42 repeat sectors. As an indication of the variability
of the terrain in these repeat sectors, Figures 10(a) and (b) show terrain elevation profiles and masking
in five Phase One repeat sectors. Figure 10(a) shows them on an adaptive ordinate that varies from site
to site; Figure 10(b) shows them on a common ordinate. These profiles include the sphericity of a 4/3
radius spherical earth to account for nominal atmospheric refraction; that is, at a completely level site,
the elevation drops by 23.55 m at 20-km range due to earth sphericity. These profiles indicate that terrain
visibility and hence clutter is patchy at low angles. Visibility is shown at two antenna heights, 50 ft in
Figure 10(a) and 100 ft in Figure 10(b), to show that it is usually not very sensitive to antenna height.
The terrain elevation data of Figure 10 were obtained manually from 1:50,000 scale topographic maps.
Subsequently, in Section 4 we show repeat sector terrain profiles based on Defense Mapping Agency
digital terrain elevation data (DTED) for which the source material was 1:250,000 scale maps. The
accuracy of these DTED profiles is significantly less than the accuracy of the profiles in Figure 10
because of this fivefold decrease in scale of the source material. The DTED profiles in Section 4 show
terrain elevation above mean sea level (MSL). Thus, unlike the profiles of Figure 10, the DTED profiles
do not incorporate earth curvature and do not show terrain masking.

An important parameter affecting clutter statistics is the depression angle below the local horizontal
at which the antenna illuminates the clutter patch. Depression angle is strongly dependent on the height
of the site above the clutter patch. Figures 10(a) and (b) illustrate that there is a large range of variation
in the Phase One site heights. Table 3 provides height of site above repeat sector midpoint elevation for
all of the Phase One sites, in decreasing order of site height.

The terrain in each repeat sector is classified both in terms of its land cover or land use character-
istics and in terms of its land-surface form or relief or roughness. The classes of landform and land cover
we use are shown in Tables 4 and 5, respectively. Both of these systems of classification are slight
modifications by us of general classification systems used by the earth resources community. These
terrain classification systems are universally applicable. Note the important footnote in Table 4. That is,
although we make use of nine specific landform classes, it is helpful to separate them into two overview
classes, namely, high-relief with terrain slopes generally greater than 2 deg and relief generally greater
than 100 ft, and low-relief with slopes generally less than 2 deg and relief generally less than 100 ft. Also
note that the landform class numbers in Table 4 do not strictly progress in order of increasing steepness
and/or roughness of terrain. This is a fact that, if not understood, could be confusing in subsequent
detailed discussions of results in this report. If we do attempt to arrange the landform classes in increasing
order of steepness and/or roughness (a somewhat subjective undertaking, depending on criteria), that
order would be something like the following: 1, 3, 2,9, 5, 4, 6, 7, 8.
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TABLE 3
Phase One Site Heights

Site Height Above
Repeat Sector

Site Height Above
Repeat Sector

Site (ft) Site (ft)
Plateau Mt. (a) 4021 Lethbridge West 105
Blue Knob 1710 Wainwright 102
Booker Mt. 1570 Rosetown Hill 98
Wachusett Mt. 1259 Penhold Il 68
Plateau Mt. (b) 921 Spruce Home 63
Polonia 576 Pakowki Lake 50
Scranton 555 Turtle Mountain 49
Cochrane 509 Headingley 38
Strathcona 425 Knolls 25
Brazeau 392 Woking 25
Puskwaskau 382 Shilo 20
Vananda East 342 Sandridge 10
Orion 335 Katahdin Hill 5
Magrath 300 Cold Lake 0
Beiseker 255 Big Grass Marsh -3
Beulah 214 Corinne -10
Picture Butte Il 210 Dundum -12
Wolseley 180 Altona Il -22
Westlock 150 Peace River South Il -150
Gull Lake West 147 Neepawa -340
Suffield 125 Waterton -1250

Note: Site elevation minus repeat sector midpoint elevation, in feet. In order of decreasing site

height.
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TABLE 4
Landform Classes and Descriptions

Terrain Terrain
Landform Relief Slope
Class (ft) (deg)
1 Level <25 <1
2 Inclined >50 1 - 2; Unidirectional
3 Undulating 25 - 100 <1; Regular sequences of gentle
slopes; wavelike
*4 Rolling >150 2 - 5; Regular to irregular sequences
of moderate slopes
5 Hummocky 25 - 150 <2; Complex sequences of slopes
*6 Ridged 50 - 500 2 — 10; Sharp breaks in slope at tops
and bottoms of terrain features
*7 Moderately >100 2 — 10; Undirectional
Steep
*8 Steep >100 10 — 35; Frequently unidirectional
9 Broken >50 1 - 5; Short dissected slopes

* Classes so indicated are “high-relief;” classes not so indicated are “low-relief.”
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TABLE 5
Land Cover Classes

1 Urban or Built-up Land
11 Residential
12 Commercial

2 Agricultural Land

21 Cropland
22 Pasture

3 Rangeland
31 Herbaceous
32 Shrub
33 Mixed

4 Fbrest

41 Deciduous
42 Coniferous
43 Mixed

5 Water
51 Rivers, Streams, Canals
52 Lakes, Ponds

6 Wetland
61 Forested
62 Nonforested

7 Barren Land

The terrain within each of the 42 repeat sectors is classified both in terms of landform and land
cover, according to the classification systems shown in Tables 4 and 5. We performed this classification
principally through use of topographic maps and preexisting available stereo aerial photos, usually at
1:50,000 scale. A typical aerial photo at 1:50,000 scale showing some of the terrain within the Peace
River South II repeat sector is shown in Figure 11. This Peace River terrain is briefly discussed in
Section 4.1.3.2. The repeat sectors are large, ranging in area from 4 km? (Puskwaskau) to 105 km?
[Plateau Mountain (a)]. Over such areas, terrain is usually to some extent composite, heterogeneous, or
nonuniform. Thus, a single classifier either for landform or land cover is usually not sufficient to completely
describe the terrain. We usually use more than one classifier and arrange them in order of decreasing
percent area of occurrence within the repeat sector (i.e., most area first, least area last). Terrain classi-
fications for all of our repeat sectors are shown in Tables 7 and 10 in the body of this report, and in
Table D-1 in Appendix D.
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Figure 11. Aerial photo of repeat sector at Peace River South 1. Scale = 1:50,000. North is up. Repeat sector range
extent is from 12 to 17.9 km; azimuth extent is from 348 to 358 deg; see Table 7.
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Recently, as part of studies (coordinated with us) being undertaken elsewhere* of our Phase One
measurements, in which an emphasis is on a more fine-grained approach to analyzing the data, special
aerial photography missions were commissioned and flown over many of our repeat sectors to provide
new color infrared (CIR) stereo aerial photographs of repeat sector terrain at 1:10,000 scale. One of the
new Peace River South II CIR aerial photography frames is shown in Figure 12. There is obviously much
more detailed information available in the photograph of Figure 12 at 1:10,000 scale than in the photo-
graph of Figure 11, in which much of the same terrain is included at 1:50,000 scale. In Figure 12, we see
the Peace River at the bottom of the photograph and the steep 800-ft drop to the river down forested
slopes from low-relief agricultural terrain above. We illuminate this terrain from 12 km south across the
river, and the repeat sector starts near the top of the high bluffs and extends out north across the
agricultural terrain there (see Table 7).

In the studies making use of these new CIR aerial photos, the terrain is classified cell by cell in cells
1 deg wide in azimuth and of 150-m range extent. The results of these cell-by-cell classifications for the
Cochrane repeat sector are shown in Figures 13 and 14.7 Such results are available for the repeat sectors
at all Phase One measurement sites in Canada and have been used to iterate upon, refine, and improve
the repeat sector terrain classifications used in this report. In addition, occasional subsequent field visits
have been required to resolve ambiguities in clutter results.

Finally, we refer to additional ground truth information collected during Phase One data acquisition.
This is described in more detail in Section A.1 of Appendix A. Thus, to keep track of wind, weather, and
seasonal conditions during the measurements, we maintained and updated a ground truth file consisting
of 60 parameters that was written on the raw clutter data tapes in front of each clutter experiment
recorded. We maintained weather stations on site and in the repeat sector to provide information for this
file. We recorded TV video in a 360-deg azimuth scan from an antenna bore-sighted TV camera atop the
tower. Finally, at each site many field photographs were taken of the terrain being measured, where the
photography position and direction is keyed to points on maps. Often these photographs included a
360-deg pan from the top of the Phase One tower. Examples of these photographs are provided in this
report for every site.

Terrain descriptive detail can be overwhelming. The approach in this report is to funnel all of this
information down to key macroclassifiers that cause the clutter statistics to cluster within class and
separate between classes.

* At the Defence Research Establishment Ottawa.

T Figures 13 and 14 were provided through courtesy of Dr. Chan, DREO.
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Fignre 12. CIR aerial photo of repeat sector at Peace River Sonth Il. Scale = 1:10,000. North is np.
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Figure 13. Cell-by-cell landform classification of the Cochrane repeat sector. From 1:10,000 scale CIR aerial
photos. Courtesy of Dr. Chan, DREO.
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3. FUNDAMENTAL EFFECTS IN LOW-ANGLE GROUND CLUTTER

In Section 4, we provide measured results showing how clutter strength varies with frequency across
the Phase One frequency regime. Before we begin detailed interpretation of these results, we first briefly
review here in Section 3 the basic mechanisms at work in low-angle ground clutter, following the ex-
amples of measured clutter discussed in Section 2.2. In reviewing these mechanisms, we want to establish
what might cause major parametric trends in the Phase One repeat sector results as RF frequency ranges
from VHF to X-band.

3.1 CLUTTER PHYSICS

The major elements that are involved in low-angle clutter are shown in Figure 15. Attention is
focused on directly illuminated clutter from large regions of visible terrain such as our repeat sector
patches. Within such regions, at the low angles of ground-based radars, the clutter sources are all of the
vertical features on the landscape, either objects associated with the land cover (such as trees or buildings)
or just the high points of the terrain itself. Such sources are usually spatially localized or discrete in nature
with microshadowed resolution cells occurring between them where the receiver is at its noise floor. As
the angle of illumination increases, the amount of microshadowing decreases. As a result, mean clutter
strengths measured over repeat sectors will increase, and cell-to-cell fluctuations (and hence ratios of
standard deviation to mean) within repeat sectors will decrease with increasing angle. These effects with
angle constitute a major parametric dependence in low-angle clutter at all Phase One measurement
frequencies.

The terrain between the radar and the clutter patch influences the illumination of the clutter patch.
For example, multipath reflections can interfere with the direct illumination and cause lobing on the free-
space antenna pattern. As shown in Figure 15, such lobing can act to significantly increase or decrease
the effective gain at which the patch is measured. All such propagation effects are included within the
propagation factor F, which is defined to be the ratio of the incident field that actually exists at the clutter
cell being measured to the incident field that would exist there if the clutter cell existed by itself in free
space. What we measure as clutter strength 6°F* is the product of the clutter coefficient itself, 6°, defined
to be radar cross section (RCS) per unit ground area in the resolution cell and the fourth power of the
propagation factor. Thus, throughout this report, clutter strength is given by 6°F?, which is computed in
units of m%/m? but is shown subsequently converted to decibels with respect to 1 m?/m2. Occasionally
we refer to the product o°F* as “effective clutter strength” to emphasize that it is this product including
propagation effects, not just the backscattering coefficient o° that is important to radar system perfor-
mance. How we compute clutter strength is defined in more detail in Appendix C.

In Section 4 we attempt to observe general variations of clutter strength o°F* through terrain-
specific dispersive influences entering via the propagation factor F. This often requires multiple indepen-
dent measurements of similar terrain from different sites to find underlying parametric trends. The
important, often poorly predictable role of propagation in low-angle clutter can be confusing at first
consideration. In Appendix B we provide further discussion of propagation and how we deal with it in
clutter analysis and modeling.
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Within the low-angle clutter phenomenon thus characterized by granularity of sources and specific
propagation influences, how may we expect clutter strengths to be affected by the spatial resolution of the
radar? Theoretically, the mean clutter strength from a spatial region such as a repeat sector is independent of
the spatial resolution of the measurement radar in situations involving many randomly phased clutter returns
per resolution cell. This matter is discussed at greater length in Section 5.3, including discussion of occasional
examples where resolution does affect mean clutter strength significantly. However, as shown in Section 4,
the theoretical expectation of little dependence of mean strength on resolution is largely borne out in the Phase
One results (i.e., on the average, less than 1-dB dependence of mean strength with resolution, see Figures 102
and 103). Little dependence of mean strength on resolution is also illustrated in the histograms of Figures 8(a)
and (b). Although spatial resolution does not usually affect mean clutter strength very much, because of the
heterogeneous nature of low-angle clutter (wherein cells providing strong returns are often separated by cells
providing weak or noise-level returns) the spatial resolution of the radar does play a fundamental role in the
amount of spread in clutter amplitude distributions from large spatial regions. Increasing resolution results in
less averaging within a cell, more variability from cell-to-cell, and hence, increased spread in the distributions
[again, see Figures 8(a) and (b)]. Thus, in Tables 17 and 18 and in Tables D-2 through D-6 in Appendix D,
ratios of standard deviation to mean for all of the repeat sectors may be observed to generally increase both
with decreasing pulse length at all Phase One frequencies and with decreasing azimuth beamwidth as Phase
One frequency increases.

Polarization has very little effect on clutter amplitude statistics. In Section 5.2, we shall see that the
distribution of differences of vertically polarized mean clutter strength minus horizontally polarized mean
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clutter strength across all of the multifrequency repeat sector clutter measurement data base results in a
median difference of only +1.48 dB (see Figures 100 and 101). However, occasional specific measure-
ments can show more significant variation with polarization. For example, measurements from both of
the steep mountainous sites, Plateau Mountain and Waterton, indicate that at VHF, vertically polarized
backscatter can be 7 to 8 dB stronger than horizontally polarized backscatter (see Figure 29 and Table D-2).

3.2 EXPECTED TRENDS WITH FREQUENCY

Within the context of the above mechanisms, frequency does not generally play as fundamental a
role as do depression angle and resolution. Averaged across all of our multifrequency measured data,
independent of terrain type, we shall see in Section 5.1 that mean clutter strength shows no significant
trend of variation with frequency (see Table 12). One reason for this behavior is that at low angles, clutter
sources tend to be vertical objects and edges of vertical features (e.g., tree lines), which are large with
respect to RF wavelength from VHF through X-band.

However, two strong trends with frequency occur in particular circumstances. One of these trends
is directly the result of the intrinsic backscattering coefficient itself, ¢°, having an inherent frequency-
dependent characteristic. Thus, at high illumination angles in forested terrain, we have shown through our
propagation measurements that forward reflections are minimal (e.g., F = 1), and in such terrain we shall
observe that 0° decreases strongly with increasing frequency (e.g., see Figure 39). This result is due to
the RF absorption characteristic of forest increasing with frequency, and hence, the diffusely radiative
characteristic of forest (including the backscatter direction) decreasing with frequency [4].

The other trend with frequency is the result of a general propagation effect entering clutter strength
0°F* through the propagation factor F. Thus, at low depression angles in level open terrain, strong
forward reflections cause multipath lobing on the free-space antenna pattern. At low frequencies such as
VHF, these lobes tend to be broad for typical antenna heights. As a result, at such low frequencies, returns
from most clutter sources are received well on the underside of the first multipath lobe, and effective
clutter strengths are much reduced. As frequency increases for a given antenna height, say from VHF to
UHF to L-band, the multipath lobes become narrower, and the first lobe is increasingly squeezed closer
and closer to the ground (see Figures B-4 and B-5). As a result, the effective gain on the underside of
this lobe at which backscatter from clutter sources is received increases, and hence, clutter strengths rise
with increasing frequency. Eventually, as frequency increases further to S- and X-band, the multipath
lobes become still narrower, and typical clutter sources such as buildings or trees tend to subtend multiple
lobes. The result is that at higher frequencies the overall multipath effect on illumination tends to average
out and have less dominating influence on the effective clutter strength. Thus, at low angles on level open
terrain, we shall observe a strongly increasing characteristic of mean clutter strength with frequency
introduced through the propagation factor (see Figure 72). Because this characteristic is caused by the
interference between the direct ray and the multipath ray, it depends on geometric factors such as antenna
mast height (54 to 59 ft in many of our measurements in open terrain, see Tables A-1 and A-5) and range
to the clutter patch. In inclined or rolling open terrain of increased relief, multipath is as likely to reinforce
as to cancel clutter returns even at low frequencies (see Figure 30).
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3.2.1 Blue Knob and Corinne

We now illustrate by measurement example the preceding remarks concerning frequency depen-
dence of ground clutter in steep forest and level farmland. We choose to emphasize forest data from Blue
Knob, Pennsylvania, and farmland data from Corinne, Saskatchewan. Photos looking into the repeat
sectors at these two sites from the top of the Phase One antenna tower are shown in Figure 16. Figure 3
shows another pair of forest and farmland sites. Distinguishing between different classes of forest and
farmland terrain is a major theme of this report.

Figures 17 and 18 show measured ground clutter from Blue Knob and Corinne at X-band and VHF,
respectively. The repeat sector patch at Blue Knob is from 16 to 21.9 km in range and is from 80 to 100 deg
in azimuth. That is, the Blue Knob repeat sector patch is the patch of black clutter at the extreme right
side of the PPI in Figures 17 and 18. The repeat sector patch at Corinne is from 1 to 8.9 km in range and
from 330 to 30 deg (CW) in azimuth in these two figures. First consider the X-band clutter in Figure 17.
Although the shapes of the forest and farmland histograms are quite different, the mean strengths in these
two histograms are nearly the same, namely, -24 dB in forest and -23 dB in farmland. We take into
account the differences in histogram shape in Figure 17 in our clutter model by means of the Weibull
spread (or shape) parameter, which may be directly related to the ratio of standard deviation to mean or
to the mean-to-median ratio in the histogram, which are both measures of spread (see Appendix C).
Reading the ratios of mean to median directly in the histograms of Figure 17, we see 8-dB mean-to-
median ratio at X-band in steep forest versus a very large value of 33-dB mean-to-median ratio at X-band
in level farmland; this latter large value reflects the extreme spread evident in the Corinne farmland
histogram of Figure 17.

Now consider the VHF clutter from the same two sites, Blue Knob and Corinne, as shown in
Figure 18. Note that, in the steep forest histogram from Blue Knob, mean clutter strength at VHF has
increased by 13 dB from its X-band value to -11 dB; whereas, in the level farmland histogram from
Corinne, mean clutter strength at VHF has decreased by 32 dB from its X-band value to -55 dB. In both
VHF histograms in Figure 18, the mean-to-median ratios indicating spread in the histograms have de-
creased considerably, from an X-band value of 8 dB to a VHF value of 4 dB in forest and from an X-band
value of 33 dB to a VHF value of 15 dB in farmland. This is the result of the decreased spatial resolution of
Phase One at VHF due to its increased azimuth beamwidth (i.e., 13 deg at VHF versus 1 deg at X-band, see
Table A-6).

Thus, there are many influences at work in these histograms of Figures 17 and 18 that must be
sorted out as our studies proceed in this report. These influences include effects of (1) landform (steep
versus level), (2) land cover (forest versus farmland), (3) depression angle (not overtly mentioned here
but contributing to the differences observed; depression angle at Blue Knob was 1.6 deg, at Corinne was
0.15 deg), (4) RF frequency, and (5) spatial resolution. Our clutter model takes all of these effects into
account. Looking ahead to Table 11 one sees how to sort through these influences as they affect mean
clutter strength in the 42 repeat sectors.

We now go on to show similar forest and farmland histograms as were shown in Figures 17 and
18 at VHF and X-band, but now in all five Phase One frequency bands. Such five-frequency histograms
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(b)

Figure 16. Phase One tower-top views into repeat sectors at Corinne and Blne Knob. (a) Looking north at Corinne
and (b) looking east at Blne Knob
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Figure 18. VHF ground clutter in steep forest and level farmland. Histograms show repeat sector data. In the PPI
clutter maps, cells containing clutter stronger than the indicated threshold are shown as black.
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Figure 19. Five frequency histograms of clutter strength from steep forest at Scranton, Pennsylvania, and level farmland
at Corinne, Saskatchewan. Repeat sector data; 15-m range resolution (36 m at VHF and UHF), vertical polarization
at Scranton; 150-m range resolution, horizontal polarization ar Corinne. Partially integrated data. See Table 6.
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are shown in Figure 19. Here, we remain with level farmland at Corinne but now switch to steep forest as
measured at Scranton* rather than at Blue Knob." Table 6 shows means and ratios of standard deviation to
mean for the histograms of Figure 19. It is clear from Table 6 that in steep forest, mean clutter strengths
decrease strongly with increasing frequency; whereas, in level farmland, mean clutter strengths increase
strongly with increasing frequency. We also observe in Table 6 that spreads (i.e., ratios of standard deviation
to mean) in clutter amplitude statistics are much greater in level farmland terrain than in steep forest terrain,
but that in both terrain types spreads decrease with decreasing spatial resolution as the azimuth beamwidth
increases from 1 deg at X-band to 13'deg at VHF. The physical mechanisms causing these observed effects
were previously discussed in Section 3.2. Thus, the data of Figure 19 and Table 6 provide examples from five-
frequency Phase One measurements for the general remarks of the preceding section.

TABLE 6
Clutter Strengths for Steep Forest at Scranton and Level Farmland at Corinne

Percent of
Samples Above
Mean (dB) SD/Mean (dB) Noise Floor
Upper Bound Lower Bound
SCRANTON
VHF -10.62 -10.62 1.2 99.8
UHF -12.25 -12.25 1.8 99.4
L-Band -16.74 -16.74 2.0 92.9
S-Band -18.46 -18.46 4.6 89.7
X-Band -17.88 -17.88 5.2 86.2
CORINNE
VHF -54.80 -54.82 8.1 89.3
UHF —45.75 —-45.75 11.0 60.8
L-Band -33.58 -33.58 104 52.8
S-Band -26.94 -26.94 12.5 446
X-Band -22.37 -22.37 13.9 80.9
Note: Repeat sector data; 15/36-m pulse length, vertical polarization at Scranton; 150-m pulse
length, horizontal polarization at Corinne. Partially integrated data. See Figure 19.

*  Scranton results in Figure 19 and Table 6 apply to a reduced repeat sector range interval from 10.5
to 12.9 km containing a steep forested ridge.

T Looking ahead to Figure 32, it may be seen that clutter statistics at Scranton and Blue Knob are very
similar, and the repeat sectors at these two sites are grouped in the same terrain category.
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The reason mean clutter strength rises with increasing frequency in level farmland is due to multipath
propagation loss entering clutter strength 6°F* through the propagation factor F. As pointed out previ-
ously in Section 3, the propagation factor is a function of geometric factors including antenna height and
range. At Corinne, the level farmland site, we made a full series of Phase One repeat sector measurements
at each of three different antenna heights to provide a data base with which we could investigate antenna
height effects on clutter in a multipath environment on very level terrain. Thus, we made measurements
with one, two, and three antenna tower sections raised, giving us nominal antenna tower heights of about
30, 44, and 57 ft, respectively (see Table A-5 for actual feed heights by frequency band). Sector displays
showing mean clutter strength versus range in the Corinne repeat sector at these three antenna tower
heights are shown in Figures 20(a), (b), and (c), respectively. Data at three frequencies, UHF, L-, and X-
band are shown. Only the UHF noise floor is shown; the noise floors in the other bands are in the same
neighborhood but are omitted to avoid complicating the figures. Data are reduced only over the first
20 deg of the 60-deg-wide Corinne repeat sector because of data limitations in processing (i.e., data
within the very wide Corinne azimuth interval had to be calibrated and reduced in three separate azimuth
subintervals). Over the 1- to 4-km range shown, variations of mean clutter strength are complex as
discrete sources drop in or out of range gates. We see the expected dependency with frequency band due
to the more extreme multipath effects at lower frequencies. If these three curves are overlaid and com-
pared range gate by range gate within bands (we leave it to the interested reader to do so), the higher
antenna usually but not invariably measures higher mean clutter strengths by several decibels or so. We
do not dwell further on these antenna height effects here. We have presented them to illustrate with
measured data the effects alluded to in the previous section. These three figures give some sense of what
lies behind mean clutter strength over geometrically visible regions of farmland terrain and how the
geometric factor of antenna height affects such results. Later in Section 4.1.4.3 we return to this discussion
of antenna height effects at Corinne and provide mean strengths at all bands and waveforms over the
complete Corinne repeat sector at each of the three antenna heights.

Before leaving Blue Knob and Corinne, we show in Figure 21 mean clutter strength versus fre-
quency for the repeat sectors at both sites, at all combinations of polarization and pulse length on one
common set of coordinate axes, for the purpose of comparison. The data of Figure 21 dramatically
illustrate that the frequency dependency of mean clutter strength at high angles in steep forest terrain is
very different from that at grazing incidence in level farmland terrain. In the following sections we do
include dramatic variations in mean clutter strength such as are shown in Figure 21, but within an overall
scheme involving finer variations with terrain type and depression angle so as to provide a continuous
matrix of information across all of the terrain types and measurement scenarios.

3.3 DEPRESSION ANGLE AND TERRAIN SLOPE

Illumination angle is of major importance in its effects on both strength and spread in low-angle
ground clutter spatial amplitude statistics. We use depression angle as our measure of the angle at which
terrain is illuminated. As is shown in Figure 15, depression angle is the angle below the horizontal at
which a clutter patch is observed at the radar. More specifically, we define depression angle to be the
complement of incidence angle at the backscattering terrain point under consideration. Incidence angle
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equals the angle between the outward projection of the earth’s radius at the terrain point and the direction
of illumination at that point,-assuming a 4/3 earth radius to account for nominal atmospheric refraction.
Thus, our rigorous definition of depression angle is in a reference frame centered at the terrain point, not
at the antenna. This definition of depression angle includes the effect of earth curvature on the angle of
illumination but does not include any effect of the local terrain slope. Grazing angle is the angle between
the tangent to the local terrain surface at the backscattering terrain point and the direction of illumination.
Thus, grazing angle does take into account the local terrain slope. At short enough ranges that earth
curvature is insignificant, depression angle simplifies to be the angle below the horizontal at which the
terrain point is viewed from the antenna.

We do not use grazing angle as our measure of the angle at which terrain is illuminated. That is,
we do not attempt to incorporate a quantitative measure of local terrain slope at the backscattering terrain
point in our definition of illumination angle. One reason for this is that slopes exist at many physical
scales in landscape, and it is difficult to formulate a useful definition of terrain slope using available
terrain elevation data that actually correlates significantly with clutter returns from terrain cells at the
scale of radar resolution.* Rather than attempting to assign a single numerical value of terrain slope to
each resolution cell, we describe the whole distribution of terrain slopes presented to the radar over each
large repeat sector of terrain as being bounded within limits defining terrain relief classes (see Table 4).
As with Phase Zero, in most terrains we capture much of the statistical significance in the dependency
of clutter strength on terrain slope in the Phase One results by using just two classes of relief, namely,
“high-relief” terrain (terrain slopes are greater than 2 deg) and “low-relief” terrain (terrain slopes are less
than 2 deg).

However, the Phase One results do require one important modification to this basic two-class terrain
relief descriptive scheme. In low-relief open agricultural terrain supportive of multipath, the general effect
of increasing effective clutter strength with increasing frequency requires the terrain to be very level, so
low-frequency clutter returns are always received on the underside of the first multipath lobe but with
increasing gain with increasing frequency. Even relatively low inclinations of terrain at between 1 and 2 deg
of terrain slope are enough to prevent this general illumination effect by directing the multipath lobes more
randomly with respect to the clutter sources in the repeat sector. That is, in such terrain, even at low
frequencies, clutter returns are received well up on the multipath lobing pattern, not just on the extreme
underside of the first lobe, at increased or decreased gain over free space depending on the particular
terrain involved.

Therefore, in low-relief agricultural terrain, we further classify terrain relief into two subcategories,
namely, “moderately low-relief” (terrain slopes lie between 1 and 2 deg), and “very low-relief” (terrain
slopes are less than 1 deg). This refinement in classification is sufficient to distinguish between terrain
that is level enough so that multipath results in generally increasing strength of illumination of clutter
sources with increasing frequency and terrain in which multipath effects on illumination are more specific.

* Ongoing research of our Phase One data at Defence Research Establishment Ottawa indicates that if

large discretes are first removed, we can begin to show correlation of clutter strength versus grazing angle
as defined by DTED.
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4. MEAN GROUND CLUTTER STRENGTH VERSUS FREQUENCY BY
TERRAIN TYPE

In this section we show how mean ground clutter strength varies with frequency as measured within
Phase One repeat sectors. These results depend on three different categories of descriptive parameter. First,
there are parameters descriptive of the radar, namely, frequency, resolution, and polarization. Our basic format
of data presentation is to show mean strength (ordinate) versus frequency (abscissa) across the five Phase One
frequency bands for each of four combinations of pulse length and polarization. Second, there are parameters
descriptive of the geometry of illumination. We use depression angle, a quantity relatively simple and unam-
biguous to determine, which depends on range and relative elevation difference (see Table 3) between the
radar antenna and the centroid of the repeat sector clutter patch. Third, there are parameters descriptive of the
terrain within the repeat sector clutter patch. We classify the terrain within each repeat sector both in terms
of its landform (i.e., its roughness or relief, see Table 4) and its land cover (e.g., forest, farmland, urban,
etc., see Table 5). These terrain classifications were obtained by overlaying and registering measured clutter
maps onto stereo aerial photos and topographic maps, originally at about 1:50,000 scale, but more recently
at 1:10,000 scale. We have previously introduced all of these parameters. Their effects in our Phase One
repeat sector ground clutter data base will now be illustrated.

Table 7 describes the repeat sectors at 38 different Phase One measurement sites in terms of range and
azimuth extent from the radar, depression angle, and terrain type by landform and land cover. When multiple
landform or land cover terrain classes are indicated in Table 7, they are in decreasing order by percent area
within the repeat sector clutter patch. In reviewing the specific information describing repeat sectors in
Table 7, it may be observed that every repeat sector is different. This illustrates the essentially infinite
variability of terrain. As a result of this variability, the set of 20 multifrequency mean clutter strengths
(i.e., five frequencies, two polarizations, two range resolutions) plotted for each site in Appendix E is different,
at least in detail, for every site. Our objective is to move beyond this abundance of detail to determine useful,
simple generalizations in the measurement results. Our approach for achieving this objective requires statis-
tically combining measurements that are reasonably similar within broad classes of terrain type and depression
angle, such that the results satisfactorily cluster within each class and significantly separate between different
classes.

The repeat sectors in Table 7 are grouped within the best broad classes that have been developed in the
repeat sector data base. Thus, based on the multifrequency characteristics of mean clutter strength that they
produce, five broadly different terrain classes are observed in Table 7, namely, urban, mountains, forest,
agricultural, and desert, marsh, or grassland. Observe that, except for mountains, these groups are basically
distinguished by major land cover type; mountains are distinguished more by landform. Within each of these
five broadly different terrain classes, when terrain relief can vary enough within class to require further
subclassification, two subcategories of terrain relief are usually enough, namely, low-relief with terrain slopes
< 2 deg and high-relief with terrain slopes >2 deg. An exception is agricultural terrain, which requires
additional subclassification of low-relief terrain into categories of moderately low-relief with terrain slopes
between 1 and 2 deg and very low-relief with terrain slopes < 1 deg. For each terrain type/relief category
(eight altogether), when depression angle can vary enough within class to be important, Table 7 indicates that
usually three categories of depression angle (low, intermediate, and high) are enough to separate effects.
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TABLE 7

Terrain Descriptions of 38 Repeat Sectors Within 12 Groups by

Terrain Type and Depression Angle

De
Anz Land- Land Range | Azimuth | Setup
(deg) form Cover (km) (deg) | Number
URBAN
Strathcona, Alta. 1.5 3-2 11-12-51 1-10 62-82 | 7
Lethbridge West, Alta. 0.3 3-8 11-12-21| 6-11.9 92-102 | 18
Altona Il, Man. 0.2 1 21-11-14| 2.5-84 | 262-272 | 31
Picture Butte Il, Alta. 0.1 3-8 11-12 22-27.9| 172-182 | 22
Headingley, Man. 0.04 1 11-12-41| 14-19.9 82-92 | 30
MOUNTAINS
Plateau Mountain, Alta. 1.2 8 42-7 11-16.7 | 255-265 | 21(b)
Waterton, Alta. -1.8 8-7 42-7-41 9-149 | 175-185 | 20
FOREST/HIGH-RELIEF
(Terrain Slopes > 2°)
High Depression Angle
Blue Knob, Pa. 1.6 4 21-43-11| 16-21.9 80-100 | 48
Scranton, Pa. 1.0 7-4-3| 43-12-11| 8-13.9 [ 300-320 | 47
Low Depression Angle
Cold Lake, Alta. 0.2 3-7 43-21 5-10.9 | 120-130 1
Woking, Alta. 0.2 2-7 43 4-9.9 118-136 | 27
Penhold Il, Alta. 0.1 4-2 21-41-11| 15-24 54-74 | 8
Peace River South Il, Alta. -0.1 2-7 21-41 12-17.9 | 348-358 | 26
FOREST/LOW-RELIEF
(Terrain Slopes < 2°)
High Depression Angle
Puskwaskau, Alta. 2.1 2 43 1-6.9 230-240 | 25
Brazeau, Alta. 1.2 3 42-62-41 4-9.9 170-180 17,24
Intermediate Depression Angle
Gull Lake West, Man. 1.0 1 61-52-43| 1-6.9 300-320 | 33,39
Wainwright, Alta. 0.6 5-3 41-32-31| 1-6.9 120-150 | 36
Turtle Mountain, Man. 0.5 5 41-52 2-79 102-122 | 41
Katahdin Hill, Mass. 0.4 5-4 43-21-52 1-6.9 220-250 49
Westlock, Alta. 0.4 3 43-21-62| 8-13.9 42-52 | 10




TABLE 7 (Continued)

Terrain Descriptions of 38 Repeat Sectors Within 12 Groups by

Terrain Type and Depression Angle

De
Ang Land- Land Range | Azimuth | Setup
(deg) form Cover (km) (deg) | Number
Low Depression Angle
Sandridge, Man. 0.3 1 41-62-22( 1-6.9 298-318 | 40
Dundurn, Sask. 0.2 5 32-41-31 1-6.9 295-325 | 37
AGRICULTURAL/HIGH-RELIEF
(Terrain Slopes >2°)
Plateau Mountain, Alta. 2.3 4 31-32-21| 20-40 40-50 | 21(a)
Polonia, Man. 2.0 7-2 21-41 1-10 107127 | 4
Neepawa, Man. -0.9 7-2 21-41 1-10 287-307 | 3
AGRICULTURAL/LOW-RELIEF
Moderately Low-Relief
(1° < Terrain Slopes < 2°)
Beulah, N.D. 1.2 2 21 1-6.9 50-70 | 42
Magrath, Alta. 0.7 3-2 21-33 5-109 | 125-135 | 19
Beiseker, Alta. 0.4 3-2 21-31 8-17 150-170 | 9,15
23,28
Very Low-Relief
(Terrain Slopes < 1°)
Orion, Alta. 1.2 3-1 21-31 1-10 186-196 | 14
Wolseley, Sask. 05 3-1 21 6-10 301-311 29
Rosetown Hill, Sask. 04 1 21 4-9 45-65 | 35
Pakowki Lake, Alta. 0.3 1-3 21-31 1-10 6-16 | 13
Shilo, Man. 0.2 1-3 21-31 1-10 228-258 | 2
Corinne, Sask. 0.15 1 21 1-8.9 330-30 | 38
DESERT, MARSH, OR
GRASSLAND (Few Discretes)
High Depression Angle
Booker Mountain, Nev. 1.8 3 7-33 12-17.9 | 125-145 | 44
Vananda East, Mont. 1.0 3-5 31-32 3.6-9.5 40-60 | 45
Low Depression Angle
Knolls, Utah 0.3 1 7-33 3.0-6.5 | 290-307 | 43
Big Grass Marsh, Man. 0.2 1 62-22 1-6.9 350-10 | 32
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In total we observe in Table 7 that separating the five broadly different terrain types into subclasses
by relief and depression angle leads to a manageable set of 12 categories. In following subsections, we
illustrate how measured mean clutter strength varies with frequency in each category. ’

As we discuss these Phase One results, we occasionally compare them at X-band with the earlier
Phase Zero results. These comparisons help to put the Phase One results in somewhat broader perspective
because the Phase Zero results, although at X-band only (and horizontal polarization and usually 75-m
pulse length), involve many more terrain samples (viz., 2177 clutter patches) than do the Phase One
results of this report (viz., 42 repeat sectors). Unless specified otherwise, when we compare Phase Zero
results with Phase One, we select the horizontal polarization, 150-m pulse length waveform in the Phase
One results as the closest radar parameter match to Phase Zero. In comparing Phase Zero and Phase One
results, note that Phase Zero made most of its measurements several years before Phase One, often with
minor variations in site location and elevation and not always with similar antenna mast heights. In
particular, the different X-band vertical beamwidths of Phase Zero and Phase One (3-dB elevation
beamwidths equal to 23 and 3 deg, respectively; see Table A-6) could cause large differences in F* even
if 0° was the same.

We carry range resolution and polarization as parameters in the Phase One results presented in the
following subsections. As discussed in Section 3, we expect that general effects of polarization and
resolution on mean clutter strength will be small. Thus, later in Section 4.3, we provide general results
for mean clutter strength versus frequency in each of the 12 terrain type/relief/depression angle catego-
ries, obtained as median averages within each category independent of polarization and resolution. These
general results are shown in Table 11. Discussions throughout Section 4, when citing numerical values
to quantify observed trends, often implicitly draw upon the medianized mean clutter strength data of
Table 11. We return to more extensive discussion of polarization and resolution effects in Section 5.

4.1 DETAILED DISCUSSION OF MEASUREMENTS IN URBAN, MOUNTAIN, FOREST,
FARMLAND, AND DESERT TERRAIN

In following subsections, multifrequency measurements of mean clutter strength within the 12 terrain
type/relief/depression angle categories of Table 7 are discussed. In addition to providing resultant general
trends, which is the main purpose of this report, each subsection also discusses the specific measurement
situation at each site. The reason for this is that every site is different; and to have a proper appreciation for
what is drawn out of these data as generalities and the extrapolation of these generalities to other sites and
scenes, it helps to be familiar with the terrain specifics involved in the measurements. Also included are
site-specific descriptions of the seasonal state of terrain and weather during the measurement period and
occasional remarks concemning problems and/or special activities of the Phase One equipment.

With 42 different Phase One sites to describe, we cannot take space in Section 4 to provide all the
descriptive information available on each site. We do provide terrain elevation profiles along the center
azimuth of many of the repeat sectors as a first indication of the terrain in the measurement zone. These terrain
profiles are generated from Defense Mapping Agency digital terrain elevation data (DTED) for which the
original source material was usually small scale 1:250,000 maps with, typically, 100-ft contour intervals,
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although occasionally greater. Thus, at the scale of the repeat sectors (e.g., a 10-km repeat sector covers
1-1/2 in on the original map), there is extensive interpolation in the DTED.* As a result, 10-m errors in
the terrain profiles shown are common, and much fine detail in terrain elevation is omitted. Therefore,
these DTED profiles should be regarded only as relatively rough approximations, sometimes even mis-
leading approximations in places, and where they differ in detail from other information provided in this
report, either verbal or quantitative, we need to quickly defer to the other information as more accurate.
Unlike the profiles shown earlier in Figure 10 for which the data were generated from 1:50,000 scale
maps with 25-ft contour intervals, the DTED profiles in Section 4 are neither adjusted to include earth
curvature (i.e., these DTED profiles merely show height above mean sea level) nor do these DTED
profiles show terrain masked to the Phase One antenna. Also, when considering these profiles we need
to remember that we are only showing elevations along the central radial through the repeat sector and
that significant variations can occur along other radials even within a 10-deg repeat sector.

In Appendix E, we provide considerably more information about each site, including terrain photos,
a PPI clutter map, a clutter amplitude histogram, and a plot of multifrequency mean clutter strengths.
Five-frequency sector displays showing clutter strength versus range are also provided in Appendix E for
a selected site from each terrain group. These site-specific packages of information in Appendix E are
arranged in the same site-by-site order as the discussions that follow in Section 4.1; thus, Appendix E
may be regarded as expansionary visual reference material accompanying the following discussions.

In the limited site-descriptive words provided here in Section 4.1, we only attempt to give the essence
of the site in a few thumbnail notes. We include what the terrain is like and our first impressions about
each site as to its importance, its uniqueness, how it compares and contrasts with other sites, and its
overall context within the group of 42 sites. These discussions of data from individual sites are also used
as opportunities to discourse on various topics concerning the Phase One measurement program (e.g.,
calibration, seasonal variation, tower height effects, and propagation), using examples of data as a spring-
board to provide increased depth of understanding of our program and its results. In these discussions, we
occasionally allude to individual site data presented in Appendix E without explicit reference.

4.1.1 Urban

A photograph of the city center of Calgary, which is located in the Strathcona repeat sector, is shown
in Figure 22. We took this photograph at the time of the Phase One measurements there (viz., September 1982).
Multifrequency measurements of mean ground clutter strength from the five urban repeat sector patches
are shown in Figure 23. DTED terrain elevation profiles through these urban repeat sectors are shown in
Figure 24. All five of the sites with urban repeat sectors are located on open low-relief terrain of the
Canadian prairies supportive of multipath. At X- and S-bands and even L-band, the angle to the first
maximum on the Phase One multipath lobing pattern is usually small enough (viz., 0.03, 0.07, and 0.20 deg)
that typical urban clutter sources such as buildings at typical repeat sector ranges usually reach well up

* The DTED values at about a 100-m sampling interval are interpolated values at a sampling interval
of about every 0.015 in on the source map.

67



on the lobing pattern even on very level terrain. As a result, multipath effects on illumination, although stll
acting to introduce considerable statistical fluctuation from measurement to measurement in these bands, do
not usually introduce any strong dependence of mean clutter strength with frequency. Thus, in these bands
we see very strong, relatively frequency independent mean clutter strength from the group of urban patches
as a whole at or near the -10-dB level in the data of Figure 23.

Altona 11 and Headingley. At VHF and UHF, multipath effects in the urban data of Figure 23 are more
complex. At these lower frequencies, multipath lobes are broader and can more significantly increase or
decrease the effective gain of the measurement over the whole repeat sector. Consider first Altona II and
Headingley. At both of these sites, mean clutter strengths decrease by more than 20 dB with decreasing
frequency, from maximum mean levels of greater than -10 dB at X- or S-band to minimum mean levels of
less than -30 dB at VHF. At both of these sites, the terrain is very level (i.e., landform class = 1, see Table 7).
Neither site has any terrain elevation advantage over surrounding terrain, so that the depression angles at
which the urban clutter patches are illuminated are low. Therefore, at both sites the effect of decreasing mean
clutter strength with decreasing frequency is due to strongly decreasing intensity of illumination caused by
multipath. That is, the VHF clutter returns are received deep in the first, relatively wide, horizon plane
multipath null (see Figure B-4). Otherwise, these two urban repeat sector clutter patches are physically quite
different. At Headingley, the repeat patch is centered on the downtown high-rise city center of Winnipeg
(population 300,000) at relatively long range. At Altona II, the repeat patch is centered on the tiny village of
Plum Coulee (population 510) at relatively short range. Furthermore, at Headingley we extended three antenna
tower sections for a nominal tower height of 60 ft; whereas, at Altona II we extended six antenna tower
sections for a nominal tower height of 100 ft (see Tables A-1 and A-5). Thus, there exist considerable differ-
ences in antenna tower height, range, and distribution of clutter source heights in these two propagation-
dominated urban clutter measurement situations. Of course, antenna height, range, and clutter source height
all strongly affect the amplitudes of received clutter returns in a multipath-dominated situation. As a result,
in detailed band-by-band comparison, we observe Headingley clutter significantly stronger than Altona I
clutter at X-band and UHF, Altona I stronger than Headingley at S-band and VHF, and rough equality at
L-band (see Figures E-17 and E-26). It would clearly require very detailed, terrain-specific information to
predict such complex variations. Nevertheless, the two sites taken together do appear to belong to the same
overall class and provide bounds on what we might expect for urban mean clutter strengths on level open
terrain.

Strathcona. Now consider Strathcona. In contrast to the level situations at Headingley and Altona II, the
Strathcona site is situated on a grassy hill on the outskirts of Calgary. The repeat sector clutter patch at
Strathcona is centered on the downtown high-rise city center of Calgary (population 600,000). The slope of
the hill at Strathcona, S deg, was so situated as to direct the peak of the second VHF multipath lobe at the
city center clutter patch. As a result, the urban mean clutter strengths measured at Strathcona are 10 to 12 dB
stronger at VHF than at UHF and L-band. This situation is illustrated in Figure 25. Thus, at Strathcona
multipath propagation augments rather than cancels VHF clutter.

Lethbridge West and Picture Butte I1. Finally, consider the urban clutter measurements at Lethbridge
West and Picture Butte II. At both sites, we measured urban clutter from the city of Lethbridge (population
55,000) as viewed from across the Oldman River valley. An aerial photo of Lethbridge is shown in Figure 26.
The secondary landform class of “moderately steep” (landform = 8) at both sites applies to the illuminated
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Figure 22. High-rise city center of Calgary. Urban clutter, Strathcona repeat sector. 13 September 1982.

steep banks on the far side of the river just before the urban clutter was encountered, which were included
in the repeat patch. These steep banks are visible at the bottom of Figure 26. From Lethbridge West, we
viewed the city from the west over relatively low-relief terrain. As a result, from Lethbridge West a VHF
multipath propagation loss of more than 20 dB occurred in the mean clutter strength measured from the
city. However, from Picture Butte 1, we viewed the city at longer range from the north over an initial
long gradual downslope in terrain elevation of about 0.5 deg. This initial incline rotated the multipath
lobing pattern downwards by about 0.5 deg with respect to the clutter sources distributed on the more
level terrain farther out (see Section B.2) and substantially reduced the VHF propagation loss to less than
10 dB (i.e., the angle to the peak of the first VHF multipath lobe was effectively reduced from 1.5 deg
to 1.0 deg). Thus, VHF mean clutter strength measured from the city of Lethbridge was 12 dB stronger
(i.e., higher on the underside of the first multipath lobe) measured from the north than from the west over
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Figure 25. Strong VHF clutter induced by multipath at Strathcona.

relatively similar agricultural terrain. Such specific propagation-induced variations occur in many of our
measurements in open terrain. Note that the city of Lethbridge measurements from the north (Picture
Butte II) and the west (Lethbridge West) are very similar in other bands (see Figures E-21 and E-11).

In the preceding paragraphs, we have indicated how the urban mean clutter strengths in Figure 23
begin to separate by angle of illumination, including effects of both depression angle and terrain slope.
In following subsections involving other terrain types, we will continue to see the importance of angle
of illumination, and as a result, will explicitly separate the data into different categories of depression
angle and relief.

Phase Zero. We now briefly compare the Phase One urban data of Figure 23 at X-band with earlier,
X-band only, Phase Zero results that included measurements of 122 urban clutter patches. Of these
patches, the single strongest Phase Zero mean clutter strength measured was -4.6 dB for the small town
of Rosetown, Saskatchewan. The strongest Phase One X-band urban mean clutter strength in Figure 23
is -4.8 dB for downtown Winnipeg (at 150-m pulse length and vertical polarization) measured from the
Headingley site, a comparable value. As another example, the Phase Zero measurement of mean clutter
strength in the Phase One repeat sector at Lethbridge West was -10.2 dB, which may be compared with
the Phase One value (at 150-m pulse length and horizontal polarization) of -11.9 dB. On the other hand,
the median value of mean clutter strength over all 122 Phase Zero urban clutter patches was -23.2 dB,
which is considerably less (viz., 12.4 dB) than the median of the Phase One X-band urban data in
Figure 23. This would suggest that the five Phase One urban patches in Figure 23, all of which are open
prairie results and thus multipath augmented at X-band, may be thought of as close to upper bound or
worst-case situations involving stronger than average urban clutter at X-band.
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Figure 26. Aerial photo of the city of Lethbridge showing the Picture Butte Il repeat sector. Scale = 1:50,000.
North is to the left.




The multifrequency data set of urban mean clutter strength shown in Figure 23 illustrates how many
specific effects in individual measurements statistically combine so that the group as a whole provides
useful bounds for urban clutter. This data set is representative of our approach of using measurements
from multiple sites to define low-angle clutter within broad terrain classes. In following subsections we
similarly show multisite data in other terrain classes.

4.1.2 Mountains

The steepest, roughest terrain from which we measured ground clutter was that of the Canadian
Rocky Mountains in southern Alberta. One of the sites, Plateau Mountain, was a flat-topped mountain
site high in the Rockies (8121 ft above sea level), which provided road access for our truck-borne clutter
measurement equipment. From Plateau Mountain, the view in repeat sector (b) to the west was of steep
barren rock faces from some of the highest peaks in the Rockies.* A photograph of Plateau Mountain
"and the view looking west into repeat sector (b) is given in Figure 27. The lower part of this photograph
shows how the terrain drops off precipitously on the east side of Plateau Mountain. The other Rocky
Mountain site was at Waterton, Alberta. At Waterton, we set up on the high prairie in southern Alberta
just a few kilometers from steep mountain terrain. The area around Waterton is characterized by an abrupt
transition from prairie to mountains without much of an intermediate forested foothills region, as is
generally the case farther north. Terrain elevation profiles for repeat sectors at Plateau Mountain (b) and
Waterton are given in Figure 28. From Waterton, the view in the repeat sector to the south beyond the
intervening rangeland (landform = 3, land cover = 33) also included some regions of steep exposed bed-
rock. At both Plateau Mountain and Waterton, the lower slopes of the mountains visible at near ranges
in the repeat sector patches were densely forested with the trees gradually thinning out at higher eleva-
tions. At far ranges in both repeat sectors, but particularly at Plateau Mountain, there were substantial
areas where the clutter originated only from rocky peaks. Nevertheless, on a percent-area basis over the
complete repeat sector patch at both sites, there was more steep forest (land cover = 42) than barren rock
(land cover = 7). At both sites, there were many patches of snow and ice at the upper elevations at the
time of the measurements in June 1983 (see Table 1).*

Multifrequency measurements of mean ground clutter strength from these two mountain sites are shown
in Figure 29. First, we observe that mean clutter strength decreases strongly with increasing frequency, VHF
to X-band, by about 14 dB. We attribute much of this observed effect (as much as 10 dB [4]) to the increasing
RF absorption by the forest vegetation within the repeat sector with increasing frequency.

Multipath. Second, we observe in Figure 29 that Waterton mean strengths are greater than Plateau
Mountain mean strengths in all bands and waveforms. We attribute this effect to multipath from the
intervening rangeland in the Waterton measurements. Let us consider this effect in more detail. At
Waterton, the highest peaks in the repeat sector subtend a positive elevation angle of 3.8 deg at the Phase

* Plateau Mountain had two repeat sectors: repeat sector (a) to the northeast, providing an airbornelike
view of the prairie below, see Section 4.1.4.1, and repeat sector (b) to the west, containing mountains.

T While Phase One was on Plateau Mountain, in June 1983, there occurred heavy snowfall, high winds,
and daytime temperature highs below freezing.
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One antenna. This angle is large enough to subtend multiple multipath lobes, certainly at the higher Phase One
frequencies. Even at VHF, depending on details in assumptions concerning terrain profiles and Fresnel zones,
at least between one and two lobes and probably between two and three lobes are subtended by 3.8 deg (see
Figure B-5). For the theoretical situation of interference between a direct ray and a multipath ray reflected
from a perfectly conducting infinite planar surface, the mean value of F* averaged over one or more complete
interference lobes is 7.8 dB. Thus, at Waterton we would expect mountain values of ¢° to be augmented by
multipath by as much as 7.8 dB in the measurements of 6°F*. At Plateau Mountain, on the other hand, the
terrain falls off from the site steeply enough to prevent any multipath. Thus, at Plateau Mountain we would
expect that we would be measuring essentially intrinsic values of 6° from mountain terrain under free-space
illumination (i.e., F=1). Indeed, measured values of mean clutter strength 6°F* at Waterton at VHF and
S-band are observed in Figure 29 to be 6 or 7 dB stronger than at Plateau Mountain (viz., in order of wide
pulse, horizontal and vertical polarization, then thin pulse, horizontal and vertical, at VHF the differences are
6.5, 6.9, 8.0, and 4.4 dB, and at S-band the differences are 6.6, 6.1, 5.8, and 5.7 dB, respectively). This
difference would appear to suggest similar values of intrinsic 6° from mountains at both sites at VHF and
S-band with multipath augmentation close to that theoretically expected from a flat plane with unity reflection
coefficient. In contrast, at UHF and L-band, mean clutter strengths at Waterton are observed in Figure 29 to
be only 2 or 3 dB stronger than at Plateau Mountain, although in every individual measurement by frequency
and waveform the Waterton value remains greater than the Plateau Mountain value. This effect could be the
result of differing values of intrinsic 6° at the two sites in these two bands or more complicated propagation
effects. Certainly, although both repeat sectors contain mountains, they are dramatically different in specific
physical detail. And, although the intervening terrain at Waterton is low-relief rangeland generally supportive
of multipath, it is far from a theoretical level reflecting surface. Rather, it is undulating and broken in places,
dissected by streams, and with many patches of brush, low trees, and shrub vegetation (see Figure E-31).

Polarization. Third, we observe in Figure 29 (and Figures E-30 and E-35) that at both mountain sites,
mean clutter strengths at VHF are usually 7 to 8 dB stronger at vertical polarization than at horizontal
polarization (viz., in order of wide pulse, then thin pulse, at Waterton the differences are 7.6 and 4.1 dB, and
at Plateau Mountain the differences are 7.2 and 7.7 dB). At UHF the polarization differences have dropped
to the 2- to 3-dB range, although vertical is still always stronger than horizontal, respectively, by pulse length
at both sites. In the higher bands, the polarization differences are still smaller, usually less than 1 dB, with
neither vertical nor horizontal predominating. Why VHF mountain clutter is 7 or 8 dB stronger at vertical
polarization than at horizontal polarization is not well understood but may be a general effect* based on its
existence in multiple measurements at two different mountain sites.

Bare Rock Faces. QOur first observation was that mountain clutter strength decreases with increasing
frequency due to vegetation absorption. We attempted to isolate the bare rock faces dominant in the far range
portions of the Plateau Mountain (b) repeat sector to determine whether “pure rock” clutter amplitudes are
frequency independent. Measurement data from Plateau Mountain were reduced at vertical polarization and
15/36-m pulse length over a pure rock region in repeat sector (b) from 14.7 to 16.7 km. Resultant mean clutter
strengths from these pure rocks at VHF, UHF, L-, and S-bands were -14.3, -19.6, -19.2, and -20.1dB,
respectively. (No X-band data were collected at Plateau Mountain because of a high-altitude transmitter failure.)

* We have subsequently observed this effect in many more mountain clutter patches in our Phase One
survey data at these two sites.
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Figure 27. Platean Mountain. Airborne view looking west into repeat sector (b). Level terrain in foreground is
top of Plateau Mountain.

These results indicate essential frequency invariance of mean clutter strength from pure rocks, UHF
through S-band, at about the -19- or -20-dB level; however, there is a 5-dB increase of mean strength
from this level at VHF.

Phase Zero. The Phase Zero measurements included measurements of 90 mountain clutter patches.
The strongest of these, a small Plateau Mountain patch containing near vertical rock faces at a mountain
summit, provided a mean clutter strength of -9.6 dB. However, the Phase Zero measurement of the
Phase One repeat sector at Waterton resulted in a mean strength of -20.9 dB, close to the Phase One wide
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Figure 29. Mean clutter strength versus frequency for mountain terrain. See Table 7.
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pulse, horizontal polarization value of -21.9 dB. The median value of mean clutter strength over all 90
Phase Zero mountain clutter patches was -22.9 dB, very close to the median of the Phase One X-band
Waterton mountain data in Figure 29 (Waterton data only; no X-band data at Plateau Mountain) of
-21.6 dB.

4.1.3 Forest

In following subsections we present multifrequency mean clutter strengths from forest in five
regimes of relief and depression angle, as shown in Table 7. Because forest is much less supportive of
multipath than is open terrain, particularly at high illumination angles, many of these forest measurements
are much more measurements of relatively pure intrinsic 6° and are much less contaminated by dispersive
propagation influences than are measurements in open terrain. To the extent that this is true, fewer
measurements can establish trends in forest terrain than in farmland terrain. However, VHF multipath
propagation loss may occasionally appear in these forest results at low angles of illumination.

4.1.3.1 Forest/High-Relief/High Depression Angle. There are two sites, Scranton and Blue Knob,
which fall into the category of forest/high-relief/high depression angle. A photograph of the Blue Knob
terrain along with a PPI clutter map is shown in Figure 30. Both sites are located in the steeply ridged,
generally forested terrain of the Appalachian Mountains in Pennsylvania. Terrain profiles of the repeat
sectors at these two sites are shown in Figure 31. Multifrequency mean clutter strengths measured over
the repeat sectors at these two sites are shown in Figure 32. The results from these two sites, for which
there is considerable commonality in classification by terrain type and depression angle (see Table 7), are
quite similar. Again, we observe in Figure 32 a trend of decreasing mean strength with increasing fre-
quency, extending from VHF to S-band; whereas, in the mountain data of Figure 29 a similar trend extended
from VHF to X-band. As in the mountain data, as much as 10 dB of this 12.8-dB effect in Figure 32 can
be attributed to increasing vegetative absorption of the RF energy by the forest with increasing frequency.
Later in this section we discuss further the high X-band values in Figure 32, many of which are 4 or S dB
higher than the respective measurements by polarization and pulse length at S-band.

Next, we observe in Figure 32 that mean strengths measured from the steeper terrain at Scranton
(i.e., landform = 7, moderately steep) are 3 or 4 dB stronger than those measured from the less steep
terrain at Blue Knob (i.e., landform = 4, rolling) in most bands and waveforms but less so at VHF. At
both sites, the four measurements at each combination of polarization and pulse length in each of the
lower three bands cluster remarkably tightly, which may be indicative of relatively little propagation
influence, and hence, relatively little statistical dispersion caused by specific propagation effects at these
sites. In the upper two bands, we observe that the vertical polarization result is usually several decibels
stronger than the horizontal at both sites, but more so at Blue Knob.

Scranton. There is much commonality in illumination angle, terrain type, and measurement results
at Scranton and Blue Knob. However, in detailed physical characteristics, these two sites are quite
different. At Scranton the site is located high on the east side of the Lackawanna River on Scrub Oak
Mountain fire tower lookout at 2070-ft elevation, and the view into the repeat sector is west across the
river valley and the city of Scranton at elevations in the range of 700 to 900 ft and up the steeply rising
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forested slopes of West Mountain to a peak elevation of 2160 ft on the far side of the river valley. Much
of the near-in terrain in this sector is masked to the radar. The repeat sector patch for which we provide
measurement results in Figure 32 is of geometrically visible terrain on the far side of the river valley at
8- to 14-km range. From 8 to 10 km, our repeat sector patch contains heavily settled urban terrain (commer-
cial, industrial, and residential) on the west side of the city of Scranton, although with a substantial
incidence of trees among the buildings. Beyond this, at ranges from 10 to 14 km, the terrain rises steeply
up the heavily forested side of West Mountain at slopes as great as 9.5 deg. Roads and power transmission
lines and other man-made clearings occur on the lower and middle slopes of this rising terrain, and this
area also contains revegetated spoil heaps from strip mine operations.

Blue Knob. Blue Knob is located in high-relief forested terrain in the Allegheny Range south of
Altoona. From Blue Knob, at an elevation of 3110 ft, the view into the repeat sector is east across an
intervening sharp forested ridge at 2000-ft elevation and 10-km range to a farmland valley beyond at
elevations of 1400 to 1500 ft. The repeat sector patch is of geometrically visible terrain within this distant
agricultural valley at ranges from 16 to 22 km and 1.6-deg depression angle. A photograph of this terrain
1s shown in Figure 33. The terrain on this valley floor is hilly (not picked up in the DTED of Figure 31).
Typical relief is in the range of 100 to 150 ft and occasionally greater. Typical terrain slopes presented to the
radar are 2.5 deg. The town of Martinsburg (population 1800) occupies the northeast corner of the patch. Most
of the terrain within the patch is agricultural. However, there are many trees scattered throughout the patch,
such as in woodlots and orchards, along roads and railway rights-of-way, between fields, and around
farmsteads. A 20-m tree throws a 716-m geometrical shadow at the Blue Knob depression angle of
1.6 deg. The percent of visual area occupied by trees in a plane normal to a 1.6-deg line-of-sight would
have to be determined by oblique aerial photography, which we have not done. However, the multifre-
quency clutter characteristic from this patch in Figure 32 shows the clear trend of decreasing strength with
increasing frequency that we obtain from forest at high angles of illumination. In contrast, clutter returns
from treeless farmland (e.g., Beulah) or rangeland [e.g., Plateau Mountain, sector (a)] at similar high
depression angles show a multifrequency characteristic that is essentially invariant with frequency at a
mean level of about -30 dB (e.g., see Figures E-113 and E-100, respectively). Hence, we believe that it
is the secondary component of trees (i.e., land cover = 43) in the rolling agricultural valley at Blue Knob
that dominates its clutter characteristics. Similar results were obtained at Cochrane (see Section 4.2) and,
at lower depression angle, at Penhold II. (Blue Knob and Penhold II are compared and contrasted in the
following section; note the similarity in Table 7 of landform, land cover, and even range and azimuth
extent for Blue Knob and Penhold II.) We have discussed elsewhere (and from another point of view,
namely, X-band clutter amplitude distributions versus percent tree cover) how small percent incidences
of trees on agricultural landscapes dominate low-angle terrain backscatter characteristics.

Phase Zero. The Phase Zero X-band measurements in the Phase One repeat sectors at Scranton and
Blue Knob were -17.9 and -24.4 dB, respectively, which in these multipath-free measurement situations
are close to the Phase One X-band values of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>