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MEASUREMENTS AT 11 AND 17 GHZ OF TERRESTRIAL MICROWAVE
FADING AND DEPOLARIZATION

by

R.S. Butler

ABSTRACT

This report presents the results of a microwave propagation
experiment which was conducted in the 11 GHz and 17 GHz
frequency ranges on two adjacent 16 km paths near Ottawa,
Canada. Direct and cross-polarized signal levels were measured for
six months in mid-1979, and significant attenuation and
depolarization were observed during periods of rainfall as well as
at certain times when the atmosphere was clear.

The probabilities of occurrence of attenuation and
depolarization, and the relations between them, comprise a major
part of the report. Statistics of the durations and of the
rates-of-change of attenuation are also presented. There is also a
discussion of the relation of depolarization during rainfall to the
canting angles of raindrops, and a procedure is developed by which
the statistics of the canting angles are obtained.

Throughout the report, reference is made to relevant CCIR
documents to test the appropriateness to Canadian conditions of
presently recommended predictions of various propagation
phenomena. Finally, the magnitudes of attenuation during rainfall
and attenuation in clear air, and of depolarization in both
circumstances, are compared and assessed for their effects on
microwave communication system design.

1. INTRODUCTION

The initial decision to include propagation experiments at 11 and 17
GHz in the research program of the Department of Communications was made in
1974. At that time it had become clear that knowledge of propagation
conditions in the frequency range above 10 GHz was inadequate considering the
user demands for spectrum space that were expected in the 1980s. 1In partic-



ular, there was little information on the differences which might exist
between vertical and horizontal linear polarization propagation effects or on
cross-polarization phenomena. This lack was particularly critical because of
the expectation that the use of dual polarizations might be a practicable
technique for frequency conservation.

Consequently, it was decided to emphasize the collection of propagation
data in dual linear polarizations. Because there were some indications that
terrain effects might be important, two adjacent paths were chosen, over quite
different types of landscape. This report presents an analysis of both the
co-polar and cross-polar propagation effects observed on these two paths in
1979, The following section of the report provides necessary information on
the properties of the experimental system.

Section 3 of the report contains the results of the experiment: these
are subdivided into four categories. In subsection 3.2 the results obtained
during periods of clear-air fading are presented, including duration of fade
and rate-of-change statistics. Subsection 3.3 contains the cross-polarization
results during clear-air periods, and relates them to the direct signal
statistics. Rainfall fading results are presented in subsection 3.4, includ-
ing data on fade durations and frequency scaling. Cross-polarization results
obtained during periods of rainfall are contained in subsection 3.5, as well
as a preliminary attempt to deduce the statistical properties of the rainfall
which causes the observed signal depolarization. A summary of the results,

with a comparison of the relative importance of clear-air and precipitation
fading, is contained in section 4.

2. EXPERIMENT DESCRIPTION

2.1 PATH PARAMETERS

The geographical arrangement of the experimental links is shown in
Figure 1. The receivers were situated at the Communications Research Centre,
and the transmitters were located at Corkery 16.3 km distant at azimuth 241°,
and at Kingsmere 15.7 km distant at azimuth 8°, The elevation angle from CRC
to Corkery is +0.2°, and from CRC to Kingsmere is +0,6°.

Path profiles along both links are shown in Figures 2 and 3, The
Corkery path is entirely over rolling farmland and lightly forested bushland,
with path clearance in the range 20 to 40 metres above ground almost every-
where, which is reduced by 10 metre trees over about one-third of the path.
The Kingsmere path crosses the Ottawa River which 1s 3 km wide at that point,
and has a clearance exceeding 40 metres almost everywhere and ranging up to
150 metres. This significant difference in the paths is of great importance
for the interpretation of the depolarization data later in this report.
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Figure 2. CRC — Corkery path profile
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17 GHz. Note that vertical scale is twice that of Figure 2.




2.2 LINK PARAMETERS

A block diagram of the experimental link arrangement is shown in Figure
4, with some basic data collected in Table 2,1, 1In this table the Margin is
the difference between the normal received day-time signal level and the lowest
usable signal level, approximately 7 dB above the theoretical receiver noise
floor, while the static XPI is the median cross-polar isolation of the antennas
under unfaded conditions.

TABLE 2.1
Basic Characteristics of Experimental Microwave Links
Site Frequency (GHz) Polarization Margin (dB) Static XP! (dB)
Corkery 10.80 Vertical 63 375
Corkery 11.08 Horizontal 60 33.0
Corkery . 16.53 Vertical 48 33.0
Corkery 16.81 Horizontal 46 42.0
Kingsmere 11.35 Horizontal 65 38.0
Kingsmere 17.71 Horizontal 50 34.0

All the antennas were paraboloids with dual-linearly-polarized focal-
point feeds. At 11 GHz the antenna diameters were 1.2 m, with beamwidths of
1.5°, while at 17 GHz the diameters were 0.6 m, with beamwidths of 2.0°. The
transmitting antennas at both Kingsmere and Corkery were mounted 18 m above
ground level, while the receiving antennas at CRC were located 40 m above
the ground. Each antenna was protected from direct precipitation by an
aluminum shelter which projected forward far enough to shield the entire feed
structure as well as the reflector surface,

The cross—-polarization patterns of the antennas in the vicinity of the
main beams were measured on a test range, with two examples being given in
Figures 5 and 6. There is a tendency for these patterns to have four peaks
disposed symmetrically within a couple of beamwidths of an on-axis minimum,
and diagonally oriented with respect to the polarization direction. However,
this tendency is complicated in some cases by asymmetries which are presumably
unique to the antenna structure and, in particular, the cross-polarized
relative minimum is not observed precisely on the axis of direct-polarized
maximum signal in all cases. In setting up the experiment, the antenna
alignments were optimized to give the greatest cross—polarization isolations
that could be attained simultaneously in both polarizations, and the resulting
median values are given in Table 2.1,

All the transmitters were crystal controlled phase-locked oscillators
with a power output of approximately +20 dBm. At Kingsmere the oscillators
at both frequencies were contained in a single thermally controlled box
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mounted at the antenna level. Power supplies and monitors were rack-mounted
in a hut at the base of the tower. At Corkery the X-band oscillators were
contained in one thermally controlled box, and the Ku-band oscillators in a
second one. Both were mounted at the antenna level, with power supplies and
monitors in a box at the tower base,

The receivers at CRC were contained in pairs in thermally controlled
boxes, attached to the antennas with less than 50 cm of waveguide. The video
output was detected and the level converted to a 1l2-bit binary number in a
multiplexing sequence which repeated twice per second. The serial digital
output was carried on an audio line approximately 300 meters to a computer

which controlled the digital tape recorder on which the data were stored for
later analysis.

Each receiver was calibrated at RF by direct insertion of a calibration
signal through a directional coupler at the receiver input. Readings were
made at 5 dB intervals over the dynamic range, typically 80 to 90 dB, from
saturation to the noise limit. Examples of calibration curves are given in
Figure 7, at both the Kingsmere frequencies. The approximate linearity over
most of the operating range and the limiting behaviour at both extremes of
the scale are typical. Over several sets of such measurements, the extreme
scatter of the digital readings at a given frequency and calibration level

are equivalent to less than 0.5 dB, which is of the order of the resettability
of the calibration oscillator.

2.3 DATA HANDLING

For each of the twelve operating receivers blocks of 120 measurements
of the signal level taken at 0.5 second intervals were recorded in digital
form. In the first phase of the analysis these data were averaged to produce
one-minute means and the means were plotted for each day on a graphics
terminal. A fairly representative example of such a 24-hour record is shown
in Figure 8. This processing was kept current throughout most of the year
1979 to facilitate comparison with recent weather, so that precipitation
fading could be identified, and to check equipment operation.

Whenever the preliminary assessment located significant fading the data
were reprocessed for that period, using five-second averaging (hence twelve
times the time resolution), and two-hour segments of these data were plotted.
Figure 9 shows an example of such a record from a period of active clear-air
fading. Finally, in all cases in which the five-second records indicated
rapid activity the raw data themselves were plotted for examination. Thus it
appeared that no loss of detail occurred during precipitation fading if five-
second averages were used, but for clear-air fading even the 0.5 second time
resolution may not be adequate to resolve all the time-varying details.
Figure 10 shows a twelve-minute segment of raw data during an active period.

After termination of the experiment all the data were critically
reviewed and baseline levels were established on an objective basis for the
entire data set. This was done by eliminating all periods of instability and
fading, and averaging the one-minute average data in each continuous segment
which was stable and reliable. These averages, which turned out to be
restricted to the daytime hours 0900 to 1600 EST, were then plotted to enable
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trends to be discovered, and for each time period established in this way for
which the averages were statistically stable, a weighted overall average was
calculated. It was found that between two and five such grand averages
sufficed for each receiver channel, and that the dates of discontinuity agreed
with times when some adjustment was made in the system. The resulting standard
deviation of each baseline segment was typically 0.2 dB, and no significant
improvement occurred for more elaborate baseline processing. Thus all fade
depths are referred to these baseline levels, which represent the mean daytime
undisturbed signal levels for each receiver channel.

3. RESULTS

3.1 DATA SET CHARACTERISTICS

The set of digitally recorded data obtained in 1979 was well-calibrated,
reliable, and continuous enough for statistical analysis. A set of analogue
records covering part of the year 1977 and most of the year 1978 also exists,
although not in a form suitable of reduction with a precision comparable to
the 1979 data. However, these earlier records confirm that severe clear-air
fading and almost all intense thunderstorm activity are confined to the five
months May to September. There does not appear to be a concentration of
either clear-air or precipitation fading in any month, so that worst—month
statistics do not emerge naturally from the present set of data.

The measurements to be described covered a period of 176 days, from 5
April to 27 September, during which the Kingsmere-CRC equipment operated with
only one short outage, so that this data sub-set is virtually complete for
both precipitation and clear-air fading statistics. There were a number of
outages of longer duration on the Corkery path, but the combination of
operating frequencies was such that the data are known to be complete during
times of clear-air fading. However, only the measurements from Corkery at
10.80 GHz include almost all the precipitation data. At 11.08 GHz several
major rainfall events were missed, while at the frequencies near 17 GHz a
small number of events are also known to have been missed.

In the analysis below, percentage time statistics are referred to a
six-month period, approximately 1.58 x 107 seconds. Because of the concentra-
tion of fading into five months, as mentioned above, this probably distorts
the true picture by about 20%, but the correction is easy to apply if needed,
and it seems more natural to deal with a half-year, or two consecutive
seasons, than with the more unusual period.

3.2 CLEAR-AIR PROPAGATION

The behaviour of the received signals at night-time, when all clear-air
fading occurred, was strikingly different on the two paths., On the Kingsmere
path the night-time levels were typically within one or two dB of the stable
day-time levels. On the Corkery path, however, signal levels increased during
the early evening, typically by 8 to 10 dB at maximum, and remained enhanced
until after sunrise on about one-half of the nights. Periods with fading
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deeper than 18 dB below day-time signal levels were observed on only two
occasions on the Kingsmere path, and no periods were observed with only
moderate fading, between 6 and 18 dB, On the Corkery path deep fading
occurred on eleven nights, always during times of strong enhancement, with
fading activity lasting typically for two to four hours. Moderate fading
was observed on this path on eight other nights, always during periods of
enhancement,

3.2.1 Clear-air Fading Statistics

The cumulative distributions of fade depth for the frequencies on the
Corkery path are shown in Figures 11 and 12, for vertical and horizontal
polarizations, respectively., There does not appear to be any significant
difference between the data sets in orthogonal linear polarizations. At both
frequencies near 17 GHz the data can be reasonably represented by a straight
line with a slope of three decades of time per 20 dB of fade depth. The 11
GHz data are more complex, showing evidence of possibly two components, one
of which dominates the statistics at fade depths smaller than about 18 dB,
the other at greater fade depths, in agreement with the phenomenological
remarks in the previous section.

The predicted curves for Rayleigh-distributed multipath fading for the
"average-month" for continental temperate regions of the United States (CCIR,
1982a) which might be expected to apply as well to this part of Canada, are
also indicated. These values, for fade depths greater than 15 dB, are derived
from the equation for the fading probability,

ppy = 2L x 1072 W o3

where: d is path length in kilometres,
f is frequency in GHz,
W and W, are faded and unfaded reference power levels, respectively,

S is the terrain roughness in metres, derived as the standard devia-
tion of terrain elevations at 1 kilometre intervals., For the
Corkery path S has the value 5.38 m while for the Kingsmere path
the value of S is 34.56 m.

The agreement between the observed and predicted probabilities for a given
fade depth is not very good at 11 GHz. The predicted probabilities are about
a factor of five to ten times greater than observed, when the difference
between "average worst-month'" and our time base is taken into accout. At 17
GHz the agreement is very poor indeed, and, in particular, the .observations
show less fading at 17 GHz than at 11 GHz, while the prediction is for more
fading at the higher frequency.

The equivalent cumulative distributions of fade depth for the frequen-—
cies on the Kingsmere path are shown in Figure 13. The statistical reliabil-
ity of these data is rather lower than for those from the Corkery path,
because here only two events were observed to give fade depths greater than
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6 dB., At 11 GHz the observed ratios of percentages of time that a given fade
depth is exceeded on the two paths are about 10 or 12, which agrees very well
with the prediction of 11.2 based on terrain roughness differences. However,
at 17 GHz the observed ratios are about 3 to 4, which suggests that other
factors have to be taken into account. Of these, the difference in the

slopes of the paths and the large difference in their clearances are likely

to be very important, but neither can be assessed quantitatively at present.

In spite of these differences between the paths, the agreement with predictions
is about equally poor, and worse at 17 GHz, on both paths.

The explanation of the discrepancy between the observations and predic-
tions is not obvious. Neither of the paths is "short" in the sense defined
by Ruthroff (1971), as is evidenced by the occurrence of deep multipath
fading. ©Nor is either path exceptional - with relatively little multipath
fading, in the sense discussed by Lin (1971) - notably because the 11 GHz
data agree fairly well with the Rayleigh slope of one decade of probability
per 10 dB of fade depth, and the slopes of 17 GHz data discussed above do not
agree with the '"exceptional" slope of one decade of probability per 5 dB of
fade depth. Both paths have adequate clearance - indeed, the Kingsmere path
clearance is excellent - and neither shows evidence of ground or water
reflections which generally cause additional ray interference and so greater
incidence of fading. 1In the absence of additional information, perhaps it is
legitimate to speculate that the prediction formula is inadequate at these
frequencies simply because little work has yet been done, the equation having
been established primarily using data gathered at frequencies below 11 GHz.

3.2.2 Number and Duration of Clear-air Fades

Since a fade is a reduction of the received signal level, the number of
fades which occur depends on the fade depth. As Figure 10 shows, during a
complex fading event this dependence need not be monotonic. For example, at
-55 dBm there are five distinct fades, at -60 dBm there is only one, and at
-65 dBm there are three. The duration of each individual fade to a given fade
level is simply the period during which the signal continuously remains below
that level. Thus in Figure 10, at the -60 dBm level the duration of the
single fade is about 25 seconds, while at -65 dBm each of the fades lasts for
only two or three seconds. All clear—air fading events were analysed at 1 dB
intervals of fade depth, starting at 3 dB, to find the number of fades at each
level and their durations, which have a quantization increment of 0.5 seconds.

The distributions of number of fades observed as a function of fade
depth are shown in Figures 14, 15, and 16, For the Kingsmere path at 11.35
GHz only a single fade occurred with a depth greater than 14 dB, but it
extended all the way to 49 dB. For the Corkery path the trends of the 11 GHz
number data are not simply linear. This may reflect the division referred to
earlier of the fading events into two classes with a dividing line around 18
dB. A similar behaviour is noted for the 17 GHz Kingsmere data, with a
division near 9 dB. At 17 GHz on the Corkery path the data trends are more
nearly linear, with slopes of about one decade per 10 dB of fade depth. This
disagrees with the slope of one decade per 20 dB of fade depth expected from the
work of Lin (1971), (see also CCIR (1982a)).
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In Figures 17, 18, and 19 the average durations of clear—air fades as a
function of fade depth are presented, together with a line having a slope of
one decade per 20 dB fade depth. It can be seen that this slope agrees
reasonably well on average with all the data, and considering the magnitude
of the fluctuations this confirms reasonably well the suggestion of Lin (1971)
that this slope is universally applicable to such data. The average fade
duration at the higher frequenciles is considerably smaller than at the lower:
o the Corkery path, for which the data are statistically more reliable, over
the fade depth range 15 to 30 dB the average of the duration ratios for both
polarizations is about 0.21. This is much smaller than the ratio of 0.81
predicted for United States conditions by CCIR (1982a), and implies that
average fade duration varies nearly as (frequency)“4, if indeed the difference
is a frequency effect.

The form of the distribution of the fade duration at a given fade depth
was found to be log-normal in every case for which adequate statistics were
available. An example of the quality of the fit is shown in Figure 20, for
three fade depths on the 16.53 GHz Corkery path. At fade depths much greater
than 15 dB, the data become too sparse to permit the form of the distribution
to be firmly established. Note that the average fade duration occurs at about
the 10% probability level as the distribution is very skewed. Because of this
skewness, the mean is not the most useful statistic for system designers who
need information on the extreme durations to be expected. Because of the
rarity of deep fades, reliable statistical information at some prescribed low
level of probability could not be obtained. As an alternative, Figures 21 and
22 show the longest event durations observed in 1 dB increments of fade depth.
For shallow fades this corresponds to about 0.17 conditional probability, and
at the 25-30 dB level to about 10% conditional probability. The trend of the
data in every case 1is reasonably linear in the given presentation.

3.2.3 Rate of Change of Fade Depth

For all periods when clear-—air fading occurred, the rate of change of
signal level, in dB/sec, was calculated for all consecutive pairs of measure-
ments separated by one-half second of time., Rates were calculated separately
for three intervals of fade depth: less than 3 dB, including all enhancements;
3 dB and greater; and 20 dB and greater, In all cases, positive and negative
rates of change were computed independently: no significant differences were
found between these two sets of results, so that they have been combined
regardless of sign in the analysis which follows.

All the rate-of-change data for times of shallow fading and enhancement
(fade depth less than 3 dB) are shown in Figure 23. The ''percentages of
active period" refer to the aggregate time of about 300 hours (nineteen
samples of 16 hours each, approximately) for which the analysis was done.
There were many evenings of moderate enhancement but no significant fading,
which were not included in the present sample. The qualitative effect of
their omission is to under-present the fraction of time for which small rates
of change occur. However, for the faster rates of change, say greater than 1
dB/sec, the present data are probably representative. Therefore, if it is
desired to convert these "percentages of active period" to percentages of the
six-month sample period, they may be multiplied by the factor 0.0617 for the
11.08 GHz data, and 0.0690 for all others. ©Note that in none of these cases
did the rate of change exceed 6 dB/sec, and that in every case at a given
percentage of time the rates of change at 17 GHz are about 50% greater than
at 11 GHz.
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All periods for which clear-air fading of 3 dB or greater occured have
been included in the present analysis, so that the percentages of time in the
cumulative distributions of rates of change in Figures 24, 25, and 26, are
properly referred to the whole sample period. Except at the extremes, the
cumulative distributions on the Corkery path are well represented by a power
law, so that the percentage of time for which a given fading rate is exceeded
is proportional to (fading rate y-2, 1In addition, at a given percentage of
time the fading rate exceeded at 17 GHz is approximately 50% to 607 greater
than at 11 GHz, which is consistent with the fading rate being directly
proportional to frequency. This agrees with the result noted above for the
case of enhancements and shallow fading. The greatest rate of change observed
is about 30 dB/sec. The data from the Kingsmere path in Figure 26 are
generally of the same form as the Corkery data, but at a given fading rate the
percentages of time are about a factor of four or five smaller, which probably
results from the smaller data sample available on the Kingsmere path.

The cumulative distributions of fading rate at fade depths of 20 dB and
greater, averaged for the pairs of frequencies near 11 GHz and 17 GHz on the
Corkery path, are shown in Figure 27, and are seen to be log-normal with the
same variance. Since there is a tendency for greater fading rates to occur at
greater depths, this allows estimates to be made of the {very small) proba-
bility of occurrence of very great fading rates. On the Kingsmere path the
sample sizes are too small to be statistically reliable. This is also true
on the Corkery path for data samples restricted to even greater fade depths
than 20 dB. The existence of two fading components, as discussed earlier,
probably accounts for the difference in the forms of distributions at greater
and shallower fading depths: this will be treated in more detail later.

3.3 CLEAR-AIR CROSS-POLARIZATION PHENOMENA
3.3.1 Cross-polarization Statistics

The cross-polarized signal level received at each frequency remained
relatively constant during day-time, and varied only moderately during most
night-time periods. For example, as shown in Figure 8, the onset of the
evening enhancement at about 1600 results in a slowly decreasing cross-
polarization discrimination (XPD) at 11.08 GHz (the separation between the
curves decreases), and in a slowly increasing XPD at 16.53 GHz (the separation
between the curves increases). However, during active periods of clear-air
direct-signal fading, the cross-polarized signal also becomes highly variable.
For example, in Figure 9, the interval from about 40 to 100 minutes has seven
minima in the cross—-polarized signal level which are not matched by strong
direct signal fading: at these times the XPD becomes very large. Conversely,
in Figure 9, at about 16 minutes and 113 minutes deep fades of the direct
signal occur which are not matched by strong cross-polarized signal minima:
at these times the XPD becomes quite small. As shown in Figure 10, the XPD
can become zero (or negative, in some cases) when the cross-polarized signal
level is essentially invariant at times of very strong fading of the direct
signal. Such changes in the cross-polarized signal level were found to be
almost totally uncorrelated at different frequencies on the same path. The
Kingsmere path differed from the Corkery one by about an order of magnitude
in the frequency of occurrence of these cross-polar variations, as it does
in the case of direct signal fading.
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The cumulative distributions of cross-polarization discrimination (XPD)
during clear air conditions are given in Figures 28, 29, and 30. The
distributions are approximately normal over the 5% to 95% range, but differ
significantly from normality at both extremes: the median values have been
given in Table 2.1. It is obvious in every case that the distributions are
composite, with a transition at about 0.01% of the time on the Corkery path,
and at about 0.001% of the time on the Kingsmere path, from a steeply
declining curve to a much more slowly falling one. This transition corres-
ponds to the onset of very active fading of the direct signal (as in Figure

10) which is attributed to multipath interference.

3.3.2 Relations Between Direct and Cross-polarized Signal Fading

Equiprobable values of fade depth and cross-polarization discrimination
have been plotted in Figure 31 for the frequencies on the Corkery path. A
reasonable fit in each case can be made using two straight line segments.
One of these, extending to large fade depths and small XPD, has a slope of -1
in each case. It corresponds to the regime in which the cross-polar signal
level is constant during deep fading of the direct signal. The other line
segment has a much smaller slope and corresponds to the regime of shallower,
longer-lasting fading. The intersection of the lines thus corresponds
roughly to a change in the type of fading, both in depth and duration. It
seems certain that the very deep fading is caused by multipath interference,
while the shallower type may result from variations in the angle of arrival
of the signal. On this assumption an estimate of the maximum value of the
angle of arrival can be made. The mean fading depth at the transition point
for the two 11 GHz frequencies is about 19.5 dB, which corresponds approxi-
mately to alignment of the -10 dB points on the 11 GHz antenna beams. At the
17 GHz frequencies the mean fading depth is about 12,5 dB, corresponding to
alignment of the -6 dB points of the 17 GHz antenna beams. These alignments
agree, and are consistent with an extreme angle of arrival of about 1.2° from
the receiving antenna axis, or about 1.4° from the horizontal. This agrees
very well with the direct measurements of angle of arrival made by Webster
and Lam (1980) in south-western Ontario in the 9 GHz frequency band.

When a similar plot is made from the data from the Kingsmere link the
results are not consistent with the argument given above. The XPD data at
large fade depths have a steeper slope than -1, the complete data set cannot
be well represented by only two straight line segments, and attempts to
perform such a fit lead to disagreement between the 11 GHz and 17 GHz
results. The poorer statistics of the small Kingsmere data set may be partly
responsible for this, but an absence of moderate, long-lasting fading is
qualitatively obvious, as mentioned earlier. Thus it appears reasonable to
conclude that significant beam deflections resulting in large angle-of-arrival

variations did not occur on this path.

Figure 31 allows a convenient comparison of the relative importance of
clear-air fading and depolarization on the availability of dual-polarized
frequency re-use communications systems for moderate path lengths. Thus,
for example, at 10.80 GHz when the fade depth is 30 dB, the XPD has deterio-
rated to 12 dB, and the results are similar at the other frequencies. It
appears that clear-air depolarization will be an important limiting factor,

therefore, in system design.
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In Figures 32, 33, 34 the equiprobability XPD data have been plotted
against fade depth, together with the root-mean-square (rms) and the median
XPD, each calculated at 5 dB increments of fade depth for intervals 5 dB
wide, except at 0 dB where the intervals were 1 dB wide in fade depth. The
mean XPD has been plotted as well in Figure 33a, at 11.08 GHz: at the other
frequencies it has been omitted to reduce crowding but its relation to the
other central measures is similar. The consistency in the trends of all
these measures for the Corkery data is striking, and confirms that for fade
depths (or co-polar attenuation, CPA) greater than about 15 dB the relation
XPD = -CPA + Constant, holds regardless of whether the mean, median, rms, or
equiprobable XPD is used. For the Kingsmere links it appears that the
equiprobable data do not agree well with the other measures, but this
conclusion may not be statistically significant,

The theory developed by Mottl (1977) was used to derive the curves
fitted to the rms data in Figures 32, 33, and 34. In this theory the cross-
polarization interference is assumed to be the sum of two components, one
proportional to the co-polar signal and the other having a random phase and
amplitude distribution, so that the cross-polar (XP) and "in-line" (IL) signal
amplitudes are related by:

Vep = [k V +e?

IL

If the conditional distributions of V are Rayleigh distributed, then V is
. . . . XP XP

Rice~-Nakagami distributed and

2 2 2 ¢
VXP (rms) = <k v IL te >
This equation can be used to deduce that

XPD = -10 log [kz + €2 lOCPA/lO]
rms rms

which for large values of CPA (or sufficiently small k values) reduces to the
earlier form

XPD = -CPA + Constant
as shown by Olsen (198la), where

Constant = -20 log ¢
rms

However, while the fit of the curves to the data is excellent, the
conditional distributions of the data are not Rayleigh in form, unlike the
Bell Laboratories data (Lin, 1977) to which the model was first applied. 1In
Figure 35 the conditional distributions of cross-polar signal level at a fade
depth of 10 dB are seen to be normal at the 11 GHz Corkery frequencies, so
that the signal amplitude distribution is log-normal: this behaviour is also
observed at the other fade depths for which the statistics are adequate.
However, in Figure 36, the conditional distributions at the 17 GHz Corkery
frequencies are not log-normal. This is probably a result of loss of data
because of the limited dynamic range of the cross—polarized receiver, which
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skews the distribution to higher signal levels, so that no firm conclusion
about the form of the distribution can be drawn at 17 GHz. The behaviour at
11 GHz, however, agrees with similar observations performed in France (Martin,
1977). Olsen (198la) has discussed this topic in detail, making use of the
results given here,

3.4 PROPAGATION THROUGH PRECIPITATION

Light to moderate rainfall is usually widespread, that is, typical
dimensions exceed the 16 km lengths of the present paths, so that both paths
tend to experience approximately the same propagation conditions at such
times, However, intense rainfall, particularly during thunderstorms, occurs
over areas with dimensions of only a few kilometers, so that in general large
attenuations are not experienced simultaneously on the two paths. In addition
there appear to be topographic influences in the Ottawa area which produce
differences in the precipitation patterns immediately over the river valley
and in the adjacent areas. Thus one does not expect to find identical results
during propagation through precipitation on the two paths, and this expecta-
tion is confirmed by the observations.

3.4.1 Rainfall Attenuation Statistics

The cumulative distributions of rainfall attenuation are presented in
Figure 37 for the frequencies on the Corkery path and in Figure 38 for those
on the Kingsmere path. As discussed earlier, the Kingsmere statistics are
essentially complete and those from Corkery at 10.80 GHz are almost complete:
they therefore give a reliable picture of the distribution. The effective
path length calculated by the formula given in CCIR (1982a) is about 9.3 km,
and the rainfall intensity exceeded for 0.01% of the time is about 37 mm/hr
(Segal, 1979). Using the specific attenuations recommended by CCIR (1982b),
the predicted attenuations exceeded for 0.01% of the time are thus 11.9 dB at
11,35 GHz and 29.4 dB at 17.71 GHz. These results are only about 15% smaller
than the observed values of 13.0 dB and 34.2 dB, respectively, at the 0.02%
level, which for our six month time base corresponds approximately to 0.01%
of the year.

All the 17.71 GHz data and the 11,35 GHz data at fade depths less than
about 30 dB are well fitted by a power law with the same exponent:

P(%) = 0.340 [A(dB)]~1:375 (11.35 GHz)
P(%) = 1.273 [A(dB)]~1-37° (17.71 GHz)

These functions are so close to the data points as to be hardly distinguish-
able on the scale of Figure 38, hence they have not been plotted. This power
law is equivalent to the functional form of equation (10) of CCIR (1982a),

A = %0.0

(p/0.01)~ 2
1
where P is percentage of time and A is attenuation. For the present data
a = 0.727, which is significantly larger than the values suggested by CCIR
(1982a), namely:
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0.33 for 0.001 < P < 0.01%

[N
1]

a 0.41 for 0.01 < P < 0.1%

ranges of P, The discrepancy at 11.35 GHz for A>30 dB largely results from a
loss of data part way through a single severe attenuation event, which has
proportionately reduced the cumulative time at large fade depths more than at
smaller ones. Similar, but much more extensive, losses of data may explain
why the Corkery observations are not well fitted by this power law,

There is no clear suggestion in the present data that a changes for different

3.4.2 Frequency and Polarization Scaling

For each separate precipitation event scatter plots were made of the
attenuations observed for various pairs of signals, differing either in
frequency or in polarization, and straight lines were fitted to these data,

In almost every case the quality of the linear fit was excellent, with scatter
commonly of the order of 1 dB over a 40 dB or greater dynamic range. A
typical example of such a plot is shown in Figure 39 for the pair of
frequencies 10.80/16.53 GHz. In every case the slope is equal to the average

ratio of the attenuations for those sets of data.
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Figure 39. Scatter plot of signal levels at 10.80 and 16.53 GHz, vertical polarization, Corkery path,
during the rain event of 26 July 1979.
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The pairs of frequencies 10.80/11.08 GHz and 16.53/16.81 GHz each have
orthogonal linear polarizations. The observed differential distributions of
the linear slopes, , for both pairs were found to be statistically
indistinguishable so that they have been combined: the result provides
information on the polarization dependence of rainfall attenuation in the 11
GHz to 17 GHz frequency range, Similarly, the parallel-polarized frequency
pairs 10.80/16.53 GHz and 11.08/16.81 GHz have statistically indistinguishable
differential distributions of linear slopes kyp, and these have been combined.
Together with the distribution for the parallel-polarized frequency pair
11.35/17.71 GHz on the Kingsmere path, this provides information on the
frequency dependence of rainfall attenuation. Histograms of those distribu-
tions are presented in Figure 40 for each data set and for the subsets of
events which produced at least 18 dB of attenuation at one of the frequencies,
This represents a simple attempt to isolate the thunderstorm-related attenua-
tions from those of the complete sample. The statistics are summarized in
Table 3.1.

TABLE 3.1

Attenuation Ratios and Standard Deviations for Various Signal Pairs Derived from Slope Statistics of
Scatter Plots '

Attenuation Ratio * s.d. No. of Cases
Frequency Pair
All Data Data A > 18 dB A > 18 dB
11.35/17.71 kg 0.430 0.425 13
+0.048 +0.039
10.80/16.53 0.453 0.442 19
11.08/16.81§ F +0.047 +0.039
10.80/11.08 } 0.781 0.787 19
16.53/16.81 § P +0.057 +0.038

It appears that during precipitation, attenuation in vertical polariza-
tion is only about 797 of that experienced in horizontal polarization, and
that this depends very little on the attenuation or the frequency in the
range 11 to 17 GHz, This result may be compared with the prediction derived
from the regression coefficients for specific attenuation calculations
provided by the CCIR (1982b). At 11 GHz these give a ratio

Av _ -0.020
o = 0.871 R

where R 1is the rainfall rate in mm/hr. At 17 GHz the ratio is

Av _ -0.025
Ap = 0.906 R

Thus the frequency dependence and attenuation (and therefore rain rate)
dependence are indeed small, For example at R = 50 mm/hr the ratios at
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11 GHz and 17 GHz are 0.805 and 0.822 respectively. This rainfall rate
occurs about 0,005% of the time (Segal, 1979), and although the weighting of
the linear fit is biased to larger attenuations it seems likely that this is
very much an upper limit to the overall average rainfall rate. Thus the CCIR
predictions may provide a slight overestimate of the ratio. The same is true
of the ratio derived from long-term observations in France [CCIR (1982a)],
which for this percentage of the time (equivalent to an attenuation of 30 dB)
predict a ratio of 0.822, with no mention of frequency dependence.

The frequency dependent ratios, kg, may be used to allow an estimate to

be made of the exponent C in the expression commonly used for frequency
scaling

A(E2) £, F

ACEL) (,f_;C:k
Combining the Kingsmere and Corkery data, the result is C = 1.93 * 0.15, which
is comparable to, but of greater statistical reliability than, the value C =
1.72 over approximately the same frequency range determined by Drufuca (1973)
for a region near Montreal, about 150 km distant from the present experiment
site. The present value agrees remarkably with the rain attenuation analysis
by Segal (1982), based on the synthetic-storm model applied to rainfall
statistics at Ottawa, in which a mean value C = 1.92 is applicable on a 40 km
path for probabilities of occurrence between 0.017% and 0.1% over the frequency
range 8 GHz to 25 GHz.

The exponent C = 1,93 derived from the scatter plots may be compared
with the value C = 2,16 derived from the cumulative distributions of Figure
38, for percentages of time ranging from 0.006 to 0.07. The discrepancy has
at least two sources. One is that the fitting of lines to individual events
averages the two-dimensional scatter of the measurements, while the cumulative
distribution method assigns all data to bins on the implicit assumption that
they have no scatter, thus handling the measurements at the two frequencies
differently, The other is that the cumulative distribution method is only
strictly applicable if the time series are identical at both frequencies,
while the event fitting method has no such limitation. Even with the
excellent time coverage at the Kingsmere frequencies this ideal of identical
time coverage is not quite met, and of course at the other frequencies it is
far from being met. The event fitting method should therefore be more
reliable in its estimate of frequency scaling parameters, and one should be
wary of results from the cumulative distribution method if they do not come
from data sets strictly matched in time.

3.4.3 Duration of Precipitation Fading

In Figure 41 the number of fades caused by precipitation is plotted as
a function of fade depth for each frequency of observation., It will be
remembered that the Kingsmere data sets are the most complete, so it is
slightly surprising to find more fades at each frequency on the Corkery path
for attenuations less than about 25 dB at 11 GHz and for almost the whole
attenuation range at 17 GHz. Scaling from one frequency to another should
probably be done at attenuations corresponding to equal percentages of time
as deduced from the cumulative distributions, and when this is done the agree-
ment in numbers is quite good. A small polarization-dependent variation is
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apparent, with rather larger attenuation for the same number of fades at
horizontal polarization as compared with vertical: this is expected from
the discussion in the previous section.

The mean rainfall fade durations at each frequency on the Corkery path
are shown in Figure 42 and for the Kingsmere path in Figure 43, Even if
allowance is made for statistical fluctuations (for example the large value
at about 27 dB for the 10,80 GHz data) there seems to be little coherence in
the data sets or among them. There is a general tendency at 11 GHz for the
mean durations to be shorter at larger fade depths, declining to a few seconds
from a few tens of seconds, Even this is not certainly seen in the 17 GHz
data, although one must remember the scaling factor in attenuation, with 50
dB at 17 GHz corresponding to only about 20 dB at 11 GHz: thus the data sets
are rather difficult to compare. Perhaps the strongest conclusion is that
mean fade durations are consistently less than 100 seconds.

The sparseness of the data rendered it impossible to establish the form
of the conditional distribution of fade duration at a given fade depth.
However, as for the multipath case the extreme values observed have been
plotted as a function of fade depth and are shown in Figure 44, in which each
small cross~hatched rectangle represents a two-dimensional bin containing the
extreme duration observed in each 1 dB range of fade depth. Comparison with
the mean values emphasizes that the distribution must be very skew in form.
It is also striking that the extreme durations are quite long, especially at
17 GHz, and do not decrease very much with increasing fade depth. Once again
scaling between frequencies based on equiprobable attenuations from the
cumulative distributions seems approximately correct.

3.5 RAINFALL DEPOLARIZATION

In Figure 45.the cumulative distributions of cross-polarization
discrimination (XPD) during rainfall fading are shown for the frequencies on
Kingsmere path. Results at the other frequencies are similar but of much
poorer quality because of the smaller sample sizes. The 11.35 GHz data are
very well represented by a straight line having a slope of two decades of
time for a 10 dB interval of XPD, and the 17.71 GHz data are consistent with
this although a rather smaller slope would be a better fit. During rain
events the cross-polar signals are attenuated at the same time as the co-polar
signals, so that the dynamic ranges of the systems limit the XPD for which
reliable statistics can be obtained to about 24 dB. The CCIR (1982a) formula
for scaling XPD between frequencies at the same percentage of time predicts
that the 17.71 GHz data lie 6.4 dB lower than those at 11.35 GHz, as compared
to the mean observed value of about 6 dB which is in good agreement over the
reliable data range.

Because a statistical relationship between rain depolarization and
attenuation was known from the work of Nowland, et al. (1977) and Olsen and
Nowland (1978), values of XPD were plotted against the equally probable
values of co-polar attenuation (CPA) on a logarithmic scale. The results
for the frequencies on the Kingsmere path are shown in Figure 46. The
system limit for each frequency is the envelope of XPD + CPA at which the
cross-polar signal decreases below the system noise limit, so that XPD
becomes undefined. It is apparent that sufficiently far from these limits
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the results are linear in this form of presentation. However, when compared

to the simple semi-empirical expression given py Olsen (1982b) and adopted by
the CCIR (1982c):

XPD (p%) = 12 + 30 log f -20 log CPA(pZ)

it is found that the observed slopes are -5.8 at 11.35 GHz and -8.8 at 17.71
GHz rather than -20, while the observed frequency dependence appears to be in
the opposite sense, with larger XPD at the smaller frequency for constant
CPA, as illustrated in Figure 46,

The expression above assumes that the effective angle of tilt with
respect to the horizontal of the equatorial plane of the raindrops along the
path has a fixed value of 7.3°. TFor other values of this effective canting
angle the value of the constant in the expression would change, moving the
semi-empirical lines parallel to those in Figure 46. Thus it appears that
the discrepancy might result from the use of a fixed value of the canting
angle when, in fact, this parameter is dependent on the rainfall rate and so
on the co-polar attenuation., If it is assumed that the basic theory of rain-
fall depolarization is a correct physical description at any instant - not
just statistically - this theory can then be applied to the individual
measurements of XPD and CPA in order to calculate momentary effective rain-
drop canting angles. If the assumption is correct then there should be
agreement of the calculations at different frequencies for the same instant
of time and the statistics of the canting angle distribution should predict
the form of the equiprobability results in Figure 46.

Begin with equation (5) of Olsen and Nowland (1978) which relates XPD
to CPA,

XPD = U - 20 log CPA - 20 (d-b) log R (1)

where R is point rainfall rate, and d and b are the exponents in the power
law relationships of differential attenuation and phase-shift and of co-polar
attenuation, respectively, to rainfall rate., The expression for U simplifies
in the terrestrial case (elevation angle = 0°) and for horizontal linear
polarization, to

C

U= - 20 log (m sin 2 [¢|) - 20 log - (2)

where ¢ is the effective canting angle, m is a canting angle distribution
factor, and c and a are constants in the power law relationships of which
d and b, above, are the exponents, This can be rewritten as

U = 0.0053 o°

- 20 log sin 2 |¢| + 30 log £ (3)
where o is the effective standard deviation of the (assumed Gaussian) canting
angle distribution. The frequency term is a convenient approximation to the

term in c¢/2a, which is adequate in the frequency range 10 GHz < f < 35 GHz
(Olsen 1982b).

With a single linear polarization one cannot disentangle the mixture
of o and ¢ terms which contribute to the depolarization. However, on the
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assumption of ¢ = 0, we can define the equivalent mean canting angle dbo.
Since the ¢ term is linear and the ¢ term logarithmic, this means that the
true ¢ value is related to ¢, by a multiplying factor. Typical ranges of the

relevant terms in the expression for U as listed in Table 3.2.

TABLE 3.2
Depolarization Factors Dependent on Canting Angle
o (Deg) 0.0053 02 (dB) ¢ (Deg) -20 log sin 2|¢| (dB)
10 0.53 0.6 33.58
20 2.12 1.0 29.14
25 3.31 2 23.13
30 4.77 3 19.62
35 6.49 4 ' 17.13
40 8.48 6 13.64
45 10.73 8 11.19

We now estimate the effect of the rainfall dependent term in equation
(1). From Olsen and Nowland (1978) the factor (d-b) is seen to be small over

the frequency range of interest to us, and the effect of this term is

consequently minor. In particular at 11.35 GHz, d-b = -0.015, so that 20
(d-b)11 = -0.3; at 17.71 GHz, d-b = 0.10 so that 20 (d-b)17 = 2.0. The
dependence of CPA on rainfall rate is taken from Olsen, Rogers and Hodge

(1978) to be, at 11.35 GHz

1.16
= * 4
CPA,; 0.0167 R 1 (4)

where 1 is path length in km and the numerical values correspond to the Laws

and Parsons LPy rainfall model at 0°C. A realistic median value for rain
cell sizes in the Ottawa area is 1 = 6 km (Strickland 1974), so we define

a mean 6 km rainfall rate at 11.35 GHz
_ CPAll 0.861
R = 10.0167 x 6 (5)

This produces the results for the rainfall-dependent correction factors in
Table 3.3
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TABLE 3.3
Rainfall-dependent Correction Factors
20 (d-b) Log R¢
CPA44 (dB) Rg (mm/hr) Log Rg
11 GHz 17 GHz
2 13 1.12 -0.33 2.2
4 24 1.38 -0.41 2.8
10 53 1.72 -0.52 3.4
25 116 2.07 -0.62 41
40 174 2.24 -0.67 4.5

Note that a factor of two change in path length, i.e., to 3 or 12 km, will
produce a change of 0.26 in log Rg and so a change of 0.08 in the correction
term at 11 GHz and 0.5 at 17 GHz, Thus over the range of interest a fixed
value of -0,5 at 11 GHz and +3.0 at 17 GHz will be adequate. Note that the
CPA values at 17 GHz corresponding to those tabulated at 11 GHz are about
three times larger at the same rainfall rate.

We now combine equations (3) and (1), rearrange and insert the numerical
correction estimate to obtain, at 11 GHz

XPD. . - 0.5
- log sin 2'4;0' = léo + log CPA,, - gled (6)
and at 17 GHz
XPD__ + 3.0
- log sin 2'(1;0' = l:"ZO + log CPA17 - fl'5 (7

Because of the finite cross~polarization discrimination of the microwave
antennas, the measured levels of XPD cannot be used directly in these
expressions. Unfortunately, we do not know the phase relationship between
the cross-polarized vector field produced by the scattering mechanism and the
cross—polarized vector arising from antenna imperfections, etc. However, we
can define lower .and upper limits by assuming that the vectors are in-phase
or out-of-phase, and comparing the signal amplitudes. For any measured XPD,
then, there are two possible corrected values corresponding to these limits,
and two values defining the possible range of ¢, at each frequency. This
argument is illustrated by Figure 47, which is a scatter plot of XPD versus
CPA for a single rainfall event. Each plotted point represents a 5-second
average measurement of XPD and CPA. The slightly curved line at the right
is the limit at which accuracy of measurement begins to decrease rapidly as
receiver noise levels are approached. For a mean equivalent canting angle
of 2° an observed point would lie within the three-cusped envelope shown.

The lowest curve indicates the limit at which the scattered and clear-air
fields are in-phase, and the other two curves show the out-of-phase limits,
all for an angle of 2°, Note that the in-phase and out—of-phase limits
approach each other for large values of CPA., For other canting angles these
curves move along the asymptotic horizontal line at the clear—air cross-—
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polarization isolation value with no change in shape, smaller angles to the
right and larger angles to the left. Thus one can find limits on the value
of ¢, for each observed point. If the original assumptions are correct, then
moment by moment the XPD/CPA relationship should be satisfied at all frequen-
cies. 1In practice, then, it is a strong test of the assumptions that the
limits on ¢, from the various independent frequency measurements shall always

be consistent and shall overlap.

XPD (dB)

20—

CCIR,=7.3°

10 T T T T T T T T 7T
10 100

CPA (dB)

Figure 47. Scatter plot of cross-polarization discrimination and fade depth (CPA) during a typical rain
event; 11.35 GHz. The dashed and dashed-dotted lines correspond to ¢ = 2°, as explained in the text.
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In Figure 48 are shown the results of a typical set of computations.,
The heavy continuous line shows the received signal at 11,08 GHz during a
moderate rain event which produced about 30 dB of fading at maximum. The
upper and lower limits on ¢,, computed every five seconds, are shown by a
dotted line and a dashed line, respectively. It is immediately clear that a
strong correlation exists between the canting angle and the fade depth, with
smaller canting angles corresponding to deeper fades. This 1s precisely the
sense of variation needed to explain the flat slope of the equiprobability
curves of Figure 46, which is perhaps not surprising since the same data have
been manipulated through the same theoretical apparatus. What is slightly
surprising is the consistency of the calculated canting angles; that is, the
variation of canting angle during the developing rain event is well-behaved,
not violently oscillating. This apparently indicates that over time scales
of minutes the collective behaviour of the rainfall and the associated wind
shear is slowly varying and consistent when integrated along path lengths
of a few kilometres. The values of ¢, calculated at all frequencies for this
event do agree, confirming the assumptions discussed above, Finally, the
upper and lower limits on the equivalent canting angle do approach one another
most closely at the times of greatest attenuation, which is fortunate since
our knowledge is most accurate where it is most important. This behaviour is
seen consistently in all the rainfall events studied.

In Figure 49 are shown the median values of the upper and lower limits
on the canting angle calculated at the 11 GHz frequencies on both paths. It
appears that there is a monotonic decrease of the canting angle as co-polar
attenuation increases to about 10 dB, and then a levelling-off, so that an
approximately constant value of about 2.5° is reached on the Corkery path,
and about 1.2° on the Kingsmere path., It also appears that the statistics
at the different frequencies on the Corkery path are in agreement, as
anticipated above. The linearity of -the curves at smaller co-polar attenua-
tions in this presentation is in agreement with the logarithmic dependence
on canting angle expected from equation (3). Unfortunately, quantitative
prediction of the results of Figure 46 is not possible from Figure 49, because
the two sets of data are not the same, However, as an example, at 11.35 GHz
use of the median upper limit on the canting angle predicts XPDs about 2 to
3 dB greater than those of the observed equiprobability data.

In Figure 50 the median values at the 11,08 GHz upper limit and the
11,35 GHz upper limit are presented again, together with the limiting curves
for the first and ninth deciles of the distributions. These latter exhibit
the same behaviour as the medians. The narrowness of the distribution at
11,35 GHz on the Kingsmere path is particularly striking, especially as the
percentage width remains relatively constant down to the smallest angles for
which the statistics are reliable. For the Corkery path at 11.08 GHz the
distribution broadens significantly at larger values of the co-polar
attenuation, In fact, the original data show that the distribution becomes
bimodal in this region, and this is confirmed by the lower limit results and
by those at 10.80 GHz, In part, the higher median values on the Corkery path
are the result of this split of the distribution, one portion of which
approximates that on the Kingsmere path and the other of which tends to a
limiting value near 4°,

The differences in behaviour of the mean equivalent canting angle on
the two paths find a ready explanation in the effect of height above ground
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on wind gradient, as discussed by Brussaard (1976). The reason why the mean
canting angle is not zero in general, is that the raindrops tend to fall with
their minor axes aligned with the direction of the local relative wind, and
this direction is not vertical because of the wind gradient which exists in
the lower few hundred meters of the atmosphere. Now, as shown in Figures 3
and 51, the Kingsmere path has everywhere a clearance exceeding 40 m, and
averaging about 80 m over the river valley which exerts some orographic
influence on storm movement. The Corkery path, in contrast and as shown in
Figures 2 and 51, nowhere has a clearance exceeding 40 m, and the average
value is about 30 m. This is just the sense of variation, and roughly the
magnitude, to produce the observed canting angle effect, although quantitative
comparison is impossible because wind data are lacking. In addition, over
the range 3 to 8 km from the receiving end at CRC, the Corkery path has its
effective clearance reduced by a wooded area from the nominal value of about
25 m above ground to perhaps only 10 to 15 m: over the rest of the path the
ground clearance is 30 to 35 m above farmland. Thus the Corkery path has
indeed two distinct sections differing by a factor of two or three in mean
path clearance, so that each portion of the bimodal distribution can be
associated with one of these, in excellent qualitative agreement with
expectations from Brussaard's work,

4, CONCLUSION

All the results of the present experiment have been presented and
discussed in the preceding section. In summary, we have obtained cumulative
distributions of fading and depolarization statistics at 11 and 17 GHz on two
adjacent 16 km paths, as well as information on fade durations and rates of
change. Throughout, comparison has been made with the most recent documenta-
tion of the CCIR, although in some areas the present results go beyond the
information on which that documentation was based. Perhaps the most striking
difference from currently adopted practice is the suggestion that raindrop
canting angles depend on rainfall rate. If confirmed by experiments designed
for the purpose, this should lead to significant changes in predictions of
rainfall depolarization, which now appear to be overly pessimistic.

Intercomparison of the data presented lead to the conclusion that at 17
GHz rainfall fading dominates clear-air fading, but that at 11 GHz they are
roughly comparable in importance. Also, at the 11 GHz frequencies clear~-air
depolarization may be an even more severe limitation on dual-polarized systems

than clear-air fading. Rainfall depolarization does not appear to be a
limitation at any frequency.

As with any simple experiment of limited duration, the present experi-
ment suggests questions that remain to be answered. Of these, the outstand-
ing one concerns the mechanism of clear-air depolarization, fundamental
understanding of which is still elusive. The continued investigation of this
subject appears well justified because of the limitations it may impose on
dual-polarized systems. The present experiment therefore justifies itself
by its own results and also by the suggestions for further work arising from
it, all directed to improving the predictability of microwave radio
propagation.
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