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SECTION I
SUMMARY

From October 1974 through August 1975 personnel from the Rome Air
Development Center (RADC) and The MITRE Corporation were jointly in-
volved in a field test program to measure the multipath characteristics of
troposcatter paths. The purpose of the measurement program was to
collect multipath profile statistics and other data in support of a program
to develop a family of digital troposcatter radio terminals for tactical

application.

The RADC test range in northwestern New York was the site of the
two paths over which the measurements were made. This range has been
in existence for more than 18 years; therefore, considerable equipment
and the resources of experienced personnel were available for the test
program. The majority of tests were conducted over an 86-statute-mile
path from Ontario Center to Verona using AN/TRC-97D radios at 4780 MHz
using standard 8-foot parabolic reflectors as well as 15-foot antennas. Site
personnel conducted a more limited number of tests at 4690 MHz over a
168-mile path from Youngstown to Verona using AN/TRC-132A radios and

their standard 28-foot parabolic reflectors.

The channel data attained from the tests includes measurements of
multipath power profiles, path loss, and fade rate for five combinations
of path length and antenna aperture. The USAF Environmentsl Technicsl
Applications Center made available to the project meterologicsl data,

including surface refractivity (N ), upper air refractivity profiles and wind
g 8

shear, based on observations made at normal reporting stations in the area.




The observed values of two-sided RMS multipath spread (A ) ranged
from a high of 0.37 us down to 0.05 ps. For the primary test configuration
(86-mile path with 8-foot reflectors), the values of A which were exceeded
1, 10, 50, 90 and 99% of the time were 0.37, 0.27, 0.18, 0.12 and 0. 08 us
respectively. These results are consistent with earlier measurements of
correlation bandwidth over similar paths and are considerably wider than
that predicted by application of the Bello channel model when standard
input parameter assumptions are made. When considered relative to a
required data rate of about 2 Mbps, the observed dispersion could result
in a significant intersymbol interference (ISI) penalty for wideband data
transmission systems such as binary FSK. The observations suggest that
specialized signal processing techniques be considered that can reduce or

eliminate ISI penalty and realize an implicit multipath diversity advantage.

By calculating normalized correlation coefficients, test personnel
looked at the observed data for possible correlations. In general, the
correlation between multipath spread A and other variables such as path
loss, surface refractivity and effective earth radius, was not significant
over long observation periods. For shorter observation periods, moderate
correlations (0.5 to -0.6 range) existed between A and received signal
level (RSL). It is possible that this correlation is due, in part, to a
correlation between multipath spread and aperture-to-medium coupling
loss. As expected, a high correlation (> 0.9) was observed between

surface refractivity Ng and path loss.

Seasonal and diurnal variations in path loss followed expected
patterns: path loss was much higher in winter than in summer; during
summer a diurnal trend was observed whereby the path loss decreased
from early morning through mid-day and then increased through the after-

noon; during the winter, diurnal variations did not have a significant pattern.
14




Seasonal variations in multipath spread were not significant. There was
an interesting diurnal trend over the short path with standard 8-foot
reflectors; observed values of A were wider during winter mornings than
during winter afternoons and, during the summer, the converse was

observed.

At present there exist a large volume of empirical data relative to
troposcatter path loss and reliable path loss prediction techniques are
available for a wide range of conditions. Such is not the case for multipath
spread and fade rate, both of which can significantly affect the design and
performance of high-speed digital troposcatter systems. During the next
ten years it is expected that most military troposcatter systems will change
over from analog to digital transmission, which suggests the need for
development of reliable techniques for predicting multipath spread and
fade rate. Such development would require a systematic collection and
analysis of channel and meteorological data on a large-scale basis. Because
of the prohibitive expense of such an undertaking, data collection efforts
will probably remain restricted to the rather specialized and limited test

programs such as the one reported herein.

15




SECTION II
TEST PROGRAM

2.1 BACKGROUND AND OBJECTIVES

The Air Force has engineering responsibility for a new generation of
all-digital troposcatter radio terminals for Tri-Service tactical application.
The family of radio terminals, designated as AN/TRC-170 ( ) (V), includes
a small radio terminal similar in size to the existing AN/TRC-97. The
small terminal is expected to operate in the frequency range of 4.4 - 5.0
GHz with antenna reflectors about the same size as the 8-foot TRC-97
antennas. These terminals are to provide a multi-channel trunking capability
of up to 64 channels at 32 Kbps per channel at ranges of up to 100 miles.

The large terminals in the family may have antenna reflectors up to 28 feet
and are to provide a 64-channel trunking capability at ranges up to 200 miles.
In any case, there is the usual desire to obtain reliable performance at
minimum cost, complexity, size, weight, set-up time, etc. The tactical
nature of the intended application will place even more severe constraints

on size, weight, set-up time and prime power. This, in turn, will restrict
transmitter power and antenna gain, thereby placing additional emphasis

on development of efficient signal processing techniques.

It has long been appreciated that short-to-medium range troposcatter
channels are mildly dispersive. Using twice the RMS multipath spread
(A = 20) as a measure of dispersion, expected values of A are in the order
of tens to hundreds of nanoseconds depending upon path geometry, antenna
beamwidth, etc. Dispersion is usually thought of on a relative basis.
Using one of the more recent channel models developed by Bello| 1], it was

expected that for TRC-97 links in the 80-100 mile range, A would be of

16




the order of 20 to 100 ns. If relatively low speed digital transmission
were considered, say 100 Kbps, then symbol intervals T might be in the
order of 10,000 ns or longer. In such a case, the relative pulse spreading
caused by the channel would be insignificant. One would consider the
channel to be non-dispersive or non-distorting. In the frequency domain,
the signal bandwidth would be narrow relative to the correlation bandwidth,
and fading would be flat (non-frequency selective). Conventional modem
techniques, say QPSK modulation with fixed matched filter demodulators,

could be used without any significant penalty.

As the ratio of multipath spread to symbol width ( A/T) becomes
larger, conventional matched filter signal processing will result in two
related types of penalty. First, the channel pulse spreading results in
intersymbol interference (ISI) which degrades performance and leads to
an irreducible error rate effect. As signal-to-noise ratio (SNR) is in-
creased, a point is reached where no further reduction in error rate is
achievable. For even modest values of A/T, say 0.1, a significant
performance degradation may be observed relative to flat fading perform-
ance. Secondly, the channel pulse spreading is due to propagation over
physically independent paths; hence, the signal components received at
different delays fade with near total independence. This effect serves to
offer an implicit multipath diversity which, given the necessary signal
processing, could be used profitably to improve performance relative to
flat fading performance. Failure to exploit this available signal energy
results in a penalty relative to what could be achieved. As the ratio of
A/T ranges from zero up to the range unity or greater, the total multipath-
related penalty expressed in dB SNR necessary to achieve a given error

rate increases. The penalty can range from 0 to tens of dB to, in some

17




cases, infinity. It is essential to know the expected range of A/T. The
ISI penalty could be too large for a conventional receiver; on the other
hand, a complex receiver could be employed when the potential advantage is

actually marginal or non-existent.

Within the context of the TRC-170 development, a nominal data rate
of about 2 Mbps is of interest. Making the reasonable assumption that
QPSK modulation would be employed, a symbol width would be of the order
of 1000 ns. If the expected dispersion were in the range of 20 ns, then
A/T would be only 0.02. A complex receiver would have only marginal
advantage over a conventional fixed matched filter. That this expectation
was common early in the TRC-170 development was not necessarily
unreasonable, for the Bello channel model had general acceptance as a
useful tool for predicting expected dispersion. The model and certain
empirical factors (see Section 5.3) within it had been verified on a longer

path at L Band (~ 900 MHz).

There did exist other empirical data which indicated that the dispersion
over such tactical links would be considerably wider than predicted by the
Bello model when the standard model empirical factors were employed.
The data were in the form of correlation bandwidth measurements made by
Martin-Marietta [2, 3] and Signatron [4]. These measurements were
indirect measurements of dispersion; however, the results were not, in
general, well known or integrated with direct multipath measurements or
channel models. The results, upon examination, indicated that TRC-97-
type paths in the 80-to-120 mile range may have an average ‘A of 120 ns
or more and that a wide variation can be expected over any given path.

The data indicated that A may be expected to range from about 50 to more
than 300 ns for such a path. If this were true, then A/T could be expected

to range from 0. 05 to more than 0.3 even for relatively short paths.
18




Conceptual formulations, and in some cases hardware prototypes of
ideal, or near-ideal receiver structures for fading dispersive channels
are not new [5,6,7,8]. It is only in the past few years, however, that
the available component and fabrication technology and government sponsor-
ship have led to practical physical realizations that might be appropriate for
field application. Several past and current projects sponsored by
USAF/RADC and ARMY/ECOM have led to at least four competing digital
modem techniques that are now in various stages of hardware development.
Each offers reduction of ISI penalty and realization of an implicit in-band
diversity. Some may offer these advantages at a level of complexity which

is only a modest increase over the conventional receiver.

At a time when specialized signal processing techniques were be-
coming practical, evidence became available that the expected dispersion
may be in the range for which these techniques could significantly improve
efficiency. Because of this fact and the availability of instrumentation and
experience resources at the RADC tropo test range, MITRE and RADC
undertook a joint effort to obtain channel measurement data and to evaluate

the performance of the various digital tropo modem techniques.
2: 2 TEST PATHS AND FACILITIES

2.2:1 Test Paths

The location of the test sites is shown in Figure 2-1. Also shown
as dashed lines are other test paths which have been used in earlier test
programs. While partial terrain profiles of the two test paths are presented
in Figure 2-2, it should be noted that they do not accurately define the radio

horizon on these links at 5 GHz.
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Comparison of measured path loss values with predicted values indicate
that the tree lines at both the Youngstown and Verona sites effectively
establish the radio horizon. The terrain east of the Youngstown site is
slightly elevated with a tree line 4,000 feet from the transmit site. The
approximate take-off angle for this site is one degree. The terrain west of
the Verona receive site is flat with a tree line 8, 000 feet west of the site.

The approximate take-off angle for this site is 0.5 degree. The profile
given for the vicinity of the Ontario Center transmit site does not accurately
reflect the topography along the path. Visual measurement of the horizon

yields a take-off angle of one-third degree.

Both paths are overland and are near, and parallel to, Lake Ontario.
The lake often influences the meterological conditions along these paths
and this influence may make the data gathered on these paths somewhat

atypical of inland troposcatter paths.

2.2.2 Radio Systems

The radio terminals employed in the test program were obtained and
set up specifically in support of the TRC-170 development program. The
TRC-97 radios used on the short path were provided by and set up by the
108th Air National Guard (ANG) TAC COMM Squadron located at Hancock
Field, New York. The TRC-132 A radios were provided by the US Army
and were set up by AFCS 3rd MOBILE COMM Group.

2.2:.2.1 TRC-97 D Radio Terminal

The TRC-97 can operate in the frequency range of 4.4 to 5.0 GHz on
any of 1200 frequencies spaced in 500 KHz increments. These tests were

run at 4780 MHz. The single power amplifier (PA) is a four-cavity
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air-cooled Kystron (Varian # VA-888E) rated at a nominal 1 KW output. Up to
about 1.4 KW may be realized with high efficiency tuning for narrow band-
width signals; broadband tuning may reduce output to about 0.9 KW. The
standard antenna group includes two 8-foot parabolic reflectors per terminal
for dual space diversity operation. For these tests, an additional 15-foot
reflector was set up at each radio terminal. The receivers use two-stage
tunnel diode amplifiers (TDA) for pre-RF amplification with an effective

receiver noise figure in the 5 to 6 dB range.

Because the radio/instrumentation interface was at 70 MHz IF,
all FDM/FM-related portions of the radio terminal were bypassed. The
only other changes made to the basic radio configuration were to broadband
tune the power amplifier and to replace the built-in frequency synthesizer
used to derive the up and down conversion local oscillators (LO) with an

external, highly stable unit.

2.2.2.2 TRC-132 A Radio Terminal

The TRC-132 radio terminal can operate in the 4.5 to 5.0 GHz range
in 100 KHz increments. Each terminal has dual 10 KW rated power
amplifiers for dual frequency diversity capability; however, channel
measurements were made on only one frequency, 4690 MHz. (The other
PA was operational at 4500 MHz and was used in other modem testing. ) The
PAs are four-cavity liquid-cooled Klystrons (Varion #VA-1908B). Broadband
tuning may reduce output to about 5 KW at the recommended drive power
level. The standard antenna group includes two 28-foot parabolic reflectors
per terminal for dual space diversity operation. The receivers use a
single-stage TDA pre-RF amplifier with an effective receiver noise figure

in the 7 to 8 dB range.
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All FDM/FM portions of the radio terminal were bypassed with the
instrumentation interface at 70 MHz IF. As with the TRC-97, the PA was
broadbanded and the built-in frequency synthesizer was replaced by a highly
stable unit. In addition, the entire LO chain was replaced with frequency
multiplier chains from TRC-97 terminals; the transmit pre-selection filter
was replaced with a wider band unit from TRC-97; and narrowband filters

in the receiver pre-IF amplifier were eliminated.

2.2,2.3 Test Path Parameters

A summary of the parameters for each test path configuration is
given in Table 2-1. Values of antenna gain and antenna beamwidth are
calculated using a standard antenna efficiency of 55 percent. Values of
aperture-to-medium coupling loss are calculated using the C. C. 1. R. approach
(see Section 5.4). The given antenna elevation angles were measured and

represent the values for which minimum path loss was observed.

2.3 TEST INSTRUMENTATION

Because the test configuration was the same for both test paths, only

the TRC-97 short path setup is described.

2.8.1 Basic Test Configuration

Figure 2-3 is an overall block diagram of the basic test setup. The
RAKE "multipath analyzer'" transmitter and receiver interface with the
radio system at 70 MHz IF. At each site all timing and frequency references
were derived from a 5 MHz GR-1115-B standard oscillator with a frequency
stability in the order of 1 part in 1010. This included all RAKE timing

signals and unmodulated 70 MHz carrier and the radio local oscillator (LO).
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Table 2-1

Path Parameters

Transmitter
Location Ontario Center Youngstown
Transmitter
Power (watts) 1,000 1,000 1,000 3,000
Antennas:
(Transmitter,
Receiver)
Size (ft) 8,8 8,15 (or 15,8)] 15,15 28,28
Gain (dB) 39.1,39.1 | 39.1,44.5 |44.5,44.5 | 49.8,49.8
3dB Beamwidth
(deg) 1.9,1.9 1.9,1.0 1.0,1.0 0.54,0.54
Elevation 4
Angle (deg) 3/4,3/4 3/4,3/4 3/4,3/4 1/2,0
Aperture -to~Medium
Coupling Loss (dB) 5.2 6.9 9.4 16.8
Distance (St. mi) 86 86 86 168
Frequency (MHz) 4,780 4,780 4,780 4,690
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The radio LO was derived by locking a HP frequency synthesizer to the

5 MHz reference and generating a 49.0625 MHz reference frequency, which
was then input to the TRC-97/X96 multiplier chain for the desired 4710 MHz
LO. The fine adjustment of the 5 MHz standard oscillator reduced the overall

frequency translation error to less than 1 Hz.

The Verona test lab, which was about 300 feet from the radio terminal,

contained all receiver-site instrumentation.

2.3.2 Multipath Measurements

These measurements were made with a '""multipath analyzer' [9]
built for RADC by Sylvania, Inc. Since the system uses a concept from the
original RAKE communication system [5] for fading dispersive channels,
the term RAKE is usually used in place of multipath analyzer. In the
original RAKE system, destructive multipath interference was eliminated
by isolating signal energy received at different delays and then realigning
and combining the signals. Only isolation of signal energy as a function of
delay is of interest for channel measurement. The RAKE channel measure-
ment technique [10] consists of using a maximal-length binary sequence as
a probe signal and, at the receiver, cross correlating locally generated
sequences with the received signal (Figure 2-4). The auto-correlation
function of such a sequence has a sharp peak at zero shift (relative delay)
and then drops to near zero until the shift is equal to the sequence length
(Figure 2-5). A cross-correlation at the receiver, using an identical
sequence, is then responsive to signal energy received in a specific delay
interval, the interval being the width of the sequence correlation peak. A
bank of such cross-correlators, each operating over different delay intervals,
can be used to estimate channel impulse response as a function of delay.
If the overall bandwidth of the radio system is sufficiently wide, the delayed

response will be primarily due to multipath propagation.
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For these measurements, the binary probe sequence was converted
to 70 MHz IF using binary PSK modulation at a 10 MHz rate. The RAKE
transmit data clock and 70 MHz carrier were derived from the stable
master oscillator. At the RAKE receiver, a second stable oscillator was
used to generate receiver timing and two 70 MHz reference carriers with
90° relative phase shift. The received IF signal is mixed with each of these
references to recover "inphase' and '"quadrature' baseband sequences. Even
though the modulation is binary PSK, the channel introduces random time
variable phase shift. The received signal, at a given delay, is a vector of
random phase and amplitude. In order to measure the channel response,
both components of the vector must be observed. This is consistent with
the concept that, for a bandpass process, the equivalent low pass (baseband)

impulse response is in general a complex function.

The two recovered sequences are then sampled with a narrow window
polarity sensor at the data rate, an approximation to impulse train sampling.
Impulse train sampling results in a rectangular auto-correlation peak the
width of one bit interval T (Figure 2-5b) as opposed to the usual triangular
peak of base width 2T (Figure 2-5a). The width of the sampling window,
which is about 10 ns wide, results in a trapezoidal shape peak as shown

in Figure 2-5c.

The remaining processing is all-digital and consists of cross-
correlating ten locally generated sequences with each of the two recovered
sequences and integrating over several thousand bits. The ten local
sequences differ from each other only in delay, each being delayed one bit
interval T from the previous. This is equivalent to a tapped delay line
receiver with cross-correlators at discrete delay values. At the end of
each integration period, an estimate is formed of the channel's equivalent

low pass complex impulse response at each of 10 discrete delays.
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Denoting the time variable impulse response by h (t, 7) where 7 is

the delay variable, an estimate is formed of

S - -~

h =
at times tj. These channel snapshots are then used to form the time

average estimate of the multipath power profile:

- ~2 2
Qr ) =<(x  + %>, k=12 .., 10 @-1)

This is proportional to the average power received from paths having delays
in the interval (T = T/2, Tt T/2) where T is the width of one bit
interval.

Assuming a complex Gaussian wide-sense stationary uncorrelated

scattering model (WSSUS), Bello [11] has defined the delay power spectrum
Q (§)as

Eih* ©)h(m)i=Q(f)d (n=-¢§) 2-2)

where Q (§)d ¢ is proporti_onal to power received in the delay interval

(¢, £ + d¢). The measured é ( 'rk) is used as a discrete time average
estimate of the continuous ensemble average Q ( £). In particular, twice
the standard deviation of é ('rk), A =20, is used here as an estimate of

the width of Q (£).
The specific RAKE parameters that were employed are:

(@) Data Rate - A 10 MHz rate was chosen from among choices of
10, 5, 2.5 and 1.25 MHz. This resulted in a (sin x/x)z shape
spectrum at IF with the distance between the first spectral
nulls being 20 MHz. The multipath resolution (delay between

adjacent taps) was 100 ns.
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(b)

()

2.3.3

Integration Period - A 10 ms (9. 792 ms) integration period was

chosen from among 1.25, 10 and 80 ms. The 10-ms mode
results in 100 complex samples per second which tracks channel
fade rates of up to 100 Hz for single-channel operation. Actual
operation consisted of dual channel probing using a coaxial
switch to alternate sampling between the two channels. This
resulted in 50 samples per second per channel or a capability

to track fade rates up to 50 Hz. Since all tests that included
aircraft reflection effects were eliminated or aborted, the

50 Hz capability was more than adequate to follow '"natural"

fading.

Observation Period - This is the length of time over which

the channel samples, or snapshots, are time averaged to
estimate a multipath power profile. The original data processing
software, and RAKE receiver, were configured for a fixed
number of integration periods per observation (experiment).
For the 10 ms integration period mode, 11,264 samples are
processed, which results in an observation period of 110.3
seconds. This time is long enough to provide a good profile
estimate at typical fade rates (1-5 Hz) and usually short enough
to avoid significant changes in channel fading statistics during
the course of an observation. Since the 110-sec period was
considered to be a good compromise, no attempt was made to

change this preset parameter.

RSL Measurements

The RSL detectors shown in Figure 2-3 are usually referred to as

log-linear envelope detectors. The particular units employed in these
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tests had a nominal 3 dB input bandwidth of 10 MHz centered at 70 MHz;
they perform a logarithmic compression of the input IF envelope which is
followed by a several-stage (progressive saturating) envelope detector.
Output is a dc voltage that is a linear function of log 10 (PIF), PIF = input

power, over an 80 dB dynamic range.

The RSL instrumentation was calibrated over the range -110 to -70
dBm at least once every 24 hours, normally at about 0830 hours. The
calibration was accomplished by injecting known signal levels into the
receiver front end at 4, 780 MHz using an HP-618 SHF signal generator;
this was done for each of nine signal levels over the -110 to -70 dBm range
in 5 dB increments. For each input signal level at RF, the output DC
voltage was '"saved' on a calibration console by adjusting reference DC
voltage levels to null a meter which measured the difference between the
sampled and reference voltages. The nine reference voltages were then

available for A/D conversion and input to the on-line computer.

The on-line computer software includes a calibration routine during
which the nine reference voltages are sampled and associated with the nine
respective received signal levels. A linear interpolation is then performed
between adjacent 5 dB reference levels, resulting in a calibration table in

1 dB increments over the -110 to -70 dBm range.

2.4 TESTING PROCEDURES AND DATA RECORDING

Standardized testing procedures were followed for most tests. Any

variations are noted in the discussion of appropriate test results.
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2.4.1 Standard Procedures

Most tests were conducted during normal working hours, 0800-1600
hours local time, five days a week. The normal early morning routine
consisted of calibrating the RSL instrumentation at the Verona receive site
and sweeping the transmitter frequency response and measurement of
transmitter output power. Transmitter sweep was accomplished at very
low drive power. The check consisted of observing the 1 dB bandwidth of
the transmitter and, if necessary, fine tuning the 4-cavity Klystron PA to
maintain a 1 dB bandwidth of at least 12 MHz centered at 70 MHz. This
bandwidth had been determined experimentally as the minimum bandwidth
for which bandlimiting constraints of the radio system would have negligible

effect on multipath measurements (see Section 2. 5).

Channel measurements were normally made once each hour,
on-the-hour whenever possible, that is, when the instrumentation and on-
line computer system were operational. This test schedule coincided with
normal meterological observations, and was usually altered only if aircraft
were present in the common volume. The scheduled test would be delayed
or aborted and restarted at a time when the aircraft effect was no longer
observable. Also, unscheduled tests were conducted when sudden changes
in path loss or multipath spread occurred or when an unusual condition
such as layering was observed. On a few occasions, the test schedule

extended to late evening and/or around-the-clock.

Each observation normally consisted of a 3-minute measurement of
RSL on each of two space-diversity receivers. Within this 3-minute interval,
a 110-second RAKE experiment was conducted to determine the multipath

power profile for each channel.
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From 1 October 1974 to 17 December 1974, all tests were done with
the AN/TRC-97 standard 8-foot reflectors. During the period 18 December
1974 through 22 April 1975, one TRC-97 receiver was connected to the
standard 8-foot reflector while the other was connected to a 15-foot
reflector. Most tests up to 24 February 1975 were conducted with the
standard 8-foot reflector at the Ontario center transmit site. Starting on
24 February and through 4 March, the transmit antenna was a 15-foot
reflector. From 5 March through 18 April, the transmit antenna was
alternated between the 8-foot and 15-foot reflectors with changeover at
1200 hours local time each day. All short path tests made subsequent to
22 April 1975 were made with the standard 8-foot reflectors at the transmit

and receive sites (both receivers).

During the period 28 April through 12 May 1975, tests were conducted
over the TRC-132A long path link using the standard 28-foot reflectors.
Starting in the afternoon of 12 May, a long period of over-the-air modem
testing was conducted on the TRC-97D short path that continued through
10 July and included normal RAKE testing, which was alternated with modem
error rate tests. In general, during this period, several RAKE tests were
made per hour; however, only the nominal one-per-hour, on-the-hour tests

have been selected for inclusion in the results presented herein.

The final segment of tests was conducted over the TRC-132A long
path during the period 17 July through 7 August 1975.
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2.4.2 On-Line Data Processing

A Super Nova computer was used for on-line processing of RSL and

RAKE data. *

2.4.2.1 RSL Data Processing

The voltage out of the log-linear RSL detectors was sampled and A/D
converted at a rate of 10 Hz for each of the two diversity channels. Thus,
a normal 3-minute test resulted in 1800 RSL samples per channel. Each
sample was compared with the stored calibration table and the accumulator
for the appropriate RSL level incremented. At the end of a test, the
Probability Density Function (PDF) and Cumulative Distribution Function
(CDF) are printed out. The PDF is simply the number of counts at each
RSL level and the CDF runs from zero to 100% (low RSL to high). The first
RSL increment for which the CDF 2 509 is declared the median RSL.

The number of one-way crossings of the median per minute is also
printed out and used as a measure of fade rate. This is a running calcula-
tion where the first- minute median is calculated and then, during the second
minute, crossings relative to the first-minute median are noted. Crossings
during the third minute are relative to the median for the first two minutes,

and so forth.

2.4.2.2 RAKE Data Processing

Each RAKE output sample is an estimate of the equivalent low pass

complex impulse response at time j;

-~

h(tj.‘fk)‘—‘x. + iy, k=12,...,10.

ik ik ’

>"Details of the software package for this processing are given by L. Suyemoto
in "Software for Channel Characterization Test of the Joint ESD/MITRE/
RADC Troposcatter Radio Test Program, ' MITRE Technical Report
MTR-3016, which has not been approved for public release.
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The nominal 50 samples per second per channel result in 5, 632 samples
over the 110-second observation period. The time average power for each

tap is calculated as

n
- 1 Z ~2 ~2
Q (Tk) - g (x]k + Y]-k) (2-3)
. j=1

where K is a normalization constant such that the resulting Q (Tk),
k=1,2, ..., 10 is of approximate unit area. The ten values of Q ('rk)
are then printed out as relative power values. In addition, the highest
tap power is assigned a zero dB reference and the ten Q (-rk) are also printed

out in dB relative to the reference.

The mean delay (;) and also twice the standard deviation ( A = 20)
are calculated and printed. They are based on the é (-rk) for all k from 1
through 10 even though signal energy may not be presented in all taps. This
may lead to errors in the calculation of A as all taps have a noise floor which

can contribute to the calculation of A.

Denoting Q (‘rk) by Qk’ T and A are calculated as

2o Q%

T

2.9,
and
1/2
2 -14
ka Qk — 1x 10

A =2 - ()" = ———— ,k=1,2,..., 10
ZQk 21 :

(2-4)
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The factor 1 x 10—14/21 is acarry-over from an original software package
developed by Sylvania and its exact purpose is not known. The intent may

have been to compensate for the finite noise floor of the RAKE receiver.

The original printed values of 7 and A were in all cases recalculated
selecting only those taps for which a recognizable signal was present, a
subjective judgement. The recalculated values are based on

2 k%

T = 2-5)

2%

and
1/2

2
2% %
2.8, -1

where k is the index for only those taps having recognizable signal energy.

-2
- (7) (2-6)

The choice involved both magnitude above the noise floor (in general 5 0.5dB)

and the shape of the power profile.

2.5 INTEGRATION TESTS

During August and September 1974 a series of back-to-back tests were

conducted to verify the measurement system and radio interfaces.

2.5.1 RAKE Back-to-Back

Initial checks were made with the RAKE in a digital loop-back test
where the locally generated sequence is delayed to coincide V;’ith Tap 5.
The results are presented in Table 2-2. There is no spreading of signal
energy into adjacent taps and the ratio of peak correlation to "off'" correla-

tion is 35.3 dB.
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Table 2-2
Results of RAKE Loop-Back Tests

RAKE Output Power Profiles in dB
Tap Digital IF Loop Initial Radio | Radio Loop Back With
No. Loop Back Back Loop Back 13 MHz 1 dB Bandwidth
1 -35.3 -31.4 -15.2 -23.3
2 -35.3 -24,7 0 0
3 -35.3 0 -18.9 -24
4 -35.3 -22.2 -26.2 -25,2
5 0 -30.2 -27.1 -25.6
6 -35.3 -30.9 -27.4 -25.6
7 -35.3 -31.1 -31.7 -28.7
8 -35.3 -31.1 -33.6 -30.1
9 -35.3 -31.6 -32.0 -29.9
10 -35.3 -31.4 -33.6 -29.9

Table 2-2 also shows the results of RAKE back-to-back testing at IF.
This test was conducted in the normal operate mode with the receiver
timing adjusted so as to center the correlation peak in RAKE Tap 3. The
signal-to-noise ratio (SNR) at the receiver was adjusted to -15 dB (in 10 MHz
bandwidth), a standard operating mode to linearize the digital cross-correlation
[12]. As can be seen in this table, adjacent taps are down by 24.7 and
22.2 dB. In theory, the correlation shape shown in Figure 2.-5 should
result in adjacent taps being down by 26 dB. That does not, however,
include the effect of the additive noise which leads to a reduction in the

peak value.

39




2.5.2 RAKE/Radio Tests

A series of back-to-back RAKE tests were conducted through the
TRC-97 radio. Two radios were used, one located in the laboratory
facility as a transmitter and the second the receiver terminal employed in
subsequent over-the-air tests. The test configuration is shown in
Figure 2-6. The objective of this series of tests was to tune the radio
filters and power amplifier so that the RAKE performance would essentially
be the same as observed during the RAKE back-to-back IF test. Table 2-2
shows one of the test runs conducted after an initial tuning of the radio.
Adjacent taps are down only 15.2 and 18.9 dB. Also shown are the results
after tuning the Klystron power amplifier for a 1 dB bandwidth of approxi-
mately 13 MHz. (This bandwidth actually included all filtering from IF
to IF.) Adjacent taps are down by 23.3 and 24 dB which is similar to the
RAKE back-to-back results; here, however, subsequent taps also appear

to reflect a slight spreading effect.

2.5.3 RAKE/Channel Simulator Tests

A troposcatter channel simulator [ 13] was used to verify the capa-
bility of the RAKE system to estimate multipath profiles as shown in
Figure 2-7. The simulator is a tapped delay line model with 0.1us tap
spacings. Multipath profiles are "programmed' by attenuators that
establish relative average power for each Rayleigh fading tap. Fade rate
(2 0 Doppler) is adjustable from 0.1 to 10 Hz and built-in additive white
noise sources allow adjustment of output SNR over a wide range. Table 2-3
presents typical results of these tests; for each test, the simulator
programmed profile is shown on the left and the RAKE estimate on the

right. Fade rate and equivalent RSL are also given. The RSL number is
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that short term median RSL for a TRC-97 receiver (N. F. = 5 dB) for which
the SNR would be the same as that set at the output of the channel simulator.
The results indicate that the RAKE system accurately estimates multipath
profiles over a range of SNR and fade rates. The noise floor of the RAKE
receiver precludes accurate estimates of multipath profile tails where the
fall off is in the order of 22 dB down from the dominant central portion.

This has only minor impact on the estimation of RMS multipath spread.
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Table 2-3

Results of RAKE/Channel Simulator Tests
] =90 dBm, ;2 Hz Fade Rate =95 dBm =105 dBm -115 dBm -125 dBm
Tap Simulator| RAKE Estimate 2 Hz 2 Hz 2 Hz 2 Hz
No. () -dB ®R) -dB S) ®) S) R) ®) (R) ©) R)
1 - -26.8 ~© -21.6 =3 -19 g =21 o -23.1
2 0 0 0 0 0 0 0 0 0 0
3 - -22.2 -3 ‘- 2.9 3 - 2.9 -3 -2.5 -a - 3.2
4 - -29.9 -7 - 7.2 -7 - 6.9 -7 - 6.9 -7 - 6.6
5 - -31.0 -12 -11.9 -12 -11.7 -12 -11.4 -12 -11.9
6 e, -31.3 -17 -16.7 -17 -16.6 -17 -16.1 -17 -16.1
7 - -31.5 =23 -21.9 =23 -21.3 =23 -21.0 =23 =20
8 ~% -31.9 -29 -25.3 -29 -24.6 ~-29 -24.9 -29 -22.4
9 - -31.8 -0 -28.9 =20 -28.2 -t -29.1 - ~24.2
10 b -31.3 - -28.8 —=%o -27.8 4 -28.9 - -24.2
=95 dBm -95 dBm =95 dBm =95 dBm -<115 dBm <95 dBm
Tap 0.2 Hz 2 Hz 0.5 Hz 2 Hz 2 Hz 2 Bz
No. ©) ®) ®) R) S) ®R) ) ®) ®) ®) ) ®)
1 -0 -19.8 Ead -24 Eed -27.6 -3 - 2.8 -3 - 2.8 - -20.2
2 0 0 0 0 0 0 0 0 0 [} 0 0
3 -3 T-2.1 -6 - 6.2 -6 - 5.2 -1 - 1.1 -1 - 1.1 Ed -21.1
4 -7 - 6.8 -14 -13.8 -14 ~-13 -3 - 2.8 -3 - 2.7 - -21.1
5 -12 -11.8 -23 -21.8 -23 -21.4 -5 - 4.9 -5 - 4.8 0 0
6 -17 -17.1 -34 -27.8 -34 ~26.5 -7 - 170 -7 - 6.8 -9 - 8.8
7 =23 -21.1 - -29.4 e -28.8 -10 -9.7 -10 -9.2 -16 -15.9
8 =29 -24.7 L -30.1 e -29.4 -12 -12.5 -12 -11.9 =0 -27.8
9 ~s0 -28.2 - -30.1 - -29.2 -15 -14.7 -15 -14.2 i -28.4
10 -0 -28.4 - -29.7 - -29.8 -18 -19.6 -18 -18.9 L -27.7
’ ’ [ N




SECTION III

TEST AND METEOROLOGICAL DATA, AND DATA
REDUCTION SOFTWARE

3.1 TROPO CHANNEL CHARACTERIZATION TEST DATA

All channel characterization test data collected on data tapes at the
Verona test site have been placed on a single master tape using a set of
computer routines. Data from 942 tests which were recorded on eleven
tapes at the test site have been transferred onto a master tape in chronologi-
cal order, the first test being November 11, 1974 and the last August 7,

1975. The master tape is formatted such that the data set for each test consists
of the header data (date, time, test identification number and length of test)

and the following specific test data: PDF and CDF of the received signal

level, path loss, fade rate, multipath profile, mean path delay, RMS

multipath delay spread, and the transmit and receive antenna sizes (usually

two receivers).

Figure 3-1 is a sample print-out that shows the data from a test
performed on December 20, 1974 in the master tape format. Data for
channel 0 on the data tapes correspond to test data from Receiver 1 and
data for channel 1 on the data tapes correspond to test data from
Receiver 2. This is true except for the first 79 tests on the master tape
(and corresponding tests on two of eleven original data tapes) where, for
the multipath power profile and values of the mean delay and RMS multipath
delay spread, the reverse is true; i.e., data for channel 0 correspond to
test data from Receiver 2 and data for channel 1 correspond to test data

from Receiver 1.
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9%

W8 DATA DATE

CHANNEL NO.

12

o]

MED= =93 P-L0OSS=

LEVEL

T =1}p

2 =109

2 <108

4 =107

5 =105

5 =105

7 =104

8 -103

9 102
10 -101
11 =100
12 ~99
13 -93
14 -97
S a J
16 -95
17 ~94
18 =y
1Y -92
2¢ =91
21 =99
22 -89
23 -88
24 =87
25 -86
25 -85
27 -84
28 =33
29 =32
30 =81
31 -80
32 =9
33 -78 -
34 =77
35 =76
3% =75
37 -74
38 =73
39 -72
49 -71
41 =70

PDF
10

201
211
178
193
213
195
145
111

&
W

e
C0000J000O0O00OO000Q0OO0220N

TAPE REC NO. 93

74 TEST LEN= 3 ID NO.=

F-RATE= 9 MED=

CUM

PPN = OO0

12065 TIME 12 40 REC#Y1= 15 REC#2= 8 XMIT=
CHANNEL NO. )}

-99 P-L0OSS= 232 F=-RATE= 16

LEVEL PDF cum

1 =110 210 17

2 =109 35 19

3 -108 65 22

4 -107 37 24

S =106 68 28

6 =105 50 31

7 =104 151 39

8 -103 133 47 LEGEND

9 -102 175 56 _
10 -101 123 53 TEST LEN(gth): Minutes
11 =100 139 71 ID NO. = xxyyy: xx = Month,
12 -99 208 83 yyy = Test Number
13 -98 154 91
14 -97 93 96 TIME: Hr., Min, Local
15 =96 46 99 Ty '
15 96 15 100 REC# = x: x = Antenna Size Ft.
17 -94 0 100 MED: Median RSL, dBm
18 -93 4 100 P-LOSS: Path Loss, dB
19 -92 (o] 100
20 -9 o 100 F-Rate: Fade Rate - Med. Crossings
21 -90 0 100 per min.
28 -89 n 100
22 -83 0 100 LEVEL: dBm
24 -87 n 100 POF: No. of Samples at Level
25 -8% 0 100 ' o
26 -85 o 100 CUM.FummmweDunmmmn
27 -34 a 100 in percent.
28 -a3 (¢} 100
29 =82 n 100
30 -81 o 100
31 -80 [¢] 100
32 =19 (o] 100
33 -78 0 100
24 =77 0 100
35 =76 n 100
38 -715 n 100
37 =74 0 100
38 =3 (M 100
39 -72 (4] 100
40 -7 (] 100
41 -70 1] 100

Figure 3-1. Sample of Test Data
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PROB.ERR. GAIN INT BW NO.SAMPLES o 6 5632 5632
To PO ROBO
0.9999997E-07 0.1166773E 04 -.2500374E 02
0.1999999E~06 0.1374227E 04 ~.2429301E 02
0.2999999E-06 0.2548109E 06 -.1611673E 01
0.3999999E-06 0.3693066E 06 0.0
0.4999998E-06 0.8022331E 05 -.6630795E 01
0.5999998E 06 0.5550383E 04 ~.1823044E 02
0.6999998E-06 0.1154068E 04 -.2505128E 02 =]
0.799999TE-06 0.1021341E 04 ~.2558189E 02 e b
0.8999997E-06 0.1130977E 04 -.2513905E 02 )
0.9999994E—-06 0.1035841E 04 -.2552066E 02 TO: Relative Path Delay,
Chahnel 0.
MEAN PATH DELAY=0.3790282E~06 RMS MULTIPATH SPREAD=0.1493819E-06 PO: Relative Power .
e P1 ROB1 Channel 0.
0.9939997E~07 0.1120886E 04 -+2215457E 02 RDBO: Relative Power in
0.1999999E-05 0.5396930E 04 ~.1532879€ 02 &, Chonnet 0,
0.2999999E-06 0.1676324E 06 -.4068395E 00 : :
0.3999999E~06 0.1840952E 06 0.0
0.499999 8E~-06 0.1304398E 05 -.1149620E 02
0.5999998E-06 0.1611909E 04 -.2057680E 02
0.6999998E-06 0.1112295E 04 -.2218799E ©2
0.7999997E-06 0.1058000E 04 -.2240532E 02
0.8999997E-06 0.1081068E 04 -.2231165¢ 02
0.9999994E~06 0.10546114E 04 -.2242131E 02
MEAN PATH DELAY=0.3612351E-06 RMS MULTIPATH SPREAD=0.1582226E-06
CORIECTED RMS MULTIPATH SPREAD,CH.0= 0.1349999E06 CORRECTED RMS MULTIPATH SPREAD,CH. 1= 0.1217999E-06

Figure 3-1. (Concluded)



At Verona, data from each test were recorded on a tape as a file. To
ease and facilitate the reading and processing of test data on MITRE's
IBM 370/155 computer facility, an intermediate tape was generated which
converted the data files from the original tapes to a series of records.
This intermediate tape is generated by a computer program which takes
a number, say N, of files (tests) from an original test data tape and creates
a tape with a single file having N records. The data in a record correspond
to data in a file on the test data tape. In addition, the program outputs a
message whenever a 'bad" (unreadable) file has been encounted, skips the
"bad" file and then continues processing the next file. These 'bad" files
are usually the result of tape drive or computer system malfunction at

the test site.

The header data plus median RSL and path loss values are read from
the intermediate data tape and printed by a ""Read Tape' routine. The out-
put from this '""Read Tape'" routine is then manually checked against a test
log kept by the operators at the test site. Corresponding header data for
each test are checked and errors are noted, e.g., date, time, length of test,
etc. Besides the median RSL and path loss values, the site test log also
contains corrected RMS multipath spread values and the sizes of the transmit
and receive antennas for each test. The corrected RMS multipath spread
values and the antenna sizes are not part of the data on the intermediate
data tape since they are not part of the data on the original test data
tapes from Verona. The operator corrected the RMS multipath delay
spread values at the test site by viewing the output of the multipath delay
profile at the completion of a particular test, determining the power value
at a particular tap to be the noise floor, and recalculating the RMS multipath
delay spread on a Hewlitt-Packard programmable desk calculator. The

uncorrected RMS multipath delay, i.e., RMS delay calculated by the test
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program software, includes power values from all taps even if many of these
tap values are only noise. Because of the maintenance of the test log during
the test program, all data on a ''bad" file are not lost; the information on the
test log for those files which could not be read are placed on the master

tape.

The corrections to the header data and the additional data (corrected
RMS multipath delay spread values and antenna sizes) are added to the
corresponding set of data for each test on the intermediate tape and a
computer routine transfers this new set of data to the master tape. The
entire procedure was performed on each of the eleven test data tapes to

generate a master tape.

From this master tape, a second '"mormalized' master tape was
created. Since transmit powers.ranged from 300 W to 1 KW during the
testing period, median RSL values and path loss values were '""normalized"
(for the TRC-97 paths) to reflect transmit power as being 1 KW. This
"normalized" master tape is the tape used to obtain results presented in
the next section. Thus, the test data gathered at Verona over the duration
of the test program, November 1974 through August 1975, are available

on three different sets of magnetic tapes:

e Eleven original data tapes (uncorrected),
e A master tape, and

e A 'mormalized" master data tape.

3.2 DATA REDUCTION SOFTWARE

The basic software to process the data on the master tape consists of

six different routines integrated into a single computer program package.
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Various data reduction and output options are selected by user inputs to the
program. (Inaddition to the basic software, a number of shorter programs
were written for processing test data with meteorological data as described

in the next section).
The six basic routines are:

a) A routine that reads the master tape and cbllates data according
to user designation of type of data, antenna sizes and time. The
time designation can be with respect to months (1 - 12), hours
of the day (interval of the day prescribed by minimum and
maximum values, 0 ~ 23), or by tape record numbers (since data
from each test were written on the master tape as a record in
chronological order). The tape read routine compensates for the
transition from EST to EDT made on February 24, 1975; all

times used were EST.
b) A routine which correlates two sets of data.

c) A graph routine that calls appropriate CALCOMP plotter
routines to generate a tape for the plotter; scatter

or probability plots.

d) A routine that generates data arrays of RMS multipath delay
and path loss data for input to the correlation routine or the

graph routine (scatter plot).

e) A routine to generate a data array of RMS multipath delay

spread values for input to the graph routine (probability plot).

f) A routine to generate a data array of median RSL values for

input to the graph routine (probability plot).
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Basically, Routines (d), (e), and (f) accomplish similar functions.
The data collated by the tape read routine are checked to determine whether
they fall within an interval determined by prescribed minimum and maximum
values of RMS multipath delay spread, path loss or median RSL. That
data falling within the prescribed interval are stored in data arrays com-
patible with the CALCOMP plotter routines. The axis lengths of the plots
can be from 10 to 20 inches. For the probability plots, the probability and
cumulative distributions of the data are computed. The probability axis
scale on the plot is determined from a table of cumulative normal distribu-

tion values for increments of 1/10 sigma (over a range of + 3 sigma).

3.3 METEOROLOGICAL DATA

The USAF Environmental Technical Applications Center (USAFETAC)
supplied three different types of meteorological data to the program: surface
data from Rochester, Buffalo, Utica and Syracuse; wind shear data from Albany
and Buffalo; and upper air data (rawinsonde data) from Albany and Buffalo.

A tape containing data for each type and for each of the following time
intervals was received: October - December 1974, January - February
1975, March, April, May, June, July, August and September 1975, for
a total of 27 tapes.

The surface data (hourly) from Buffalo, Utica, Syracuse and Rochester
consist of the station number, date, hour (Zulu time), sea level pressure,
temperature, dewpoint and surface refractive modulus. An example of
surface data from Syracuse for June 1, 2 and part of June 3, 1975 is shown |

in Figure 3-2.

The wind shear data (twice daily, 0 and 12Z) from Buffalo and Albany

consist of time, date, number of levels, station number, pressure level,
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Figure 3-2.

Meteorological Data: Surface
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height, wind direction, wind speed, wind direction change and speed shear.
An example of wind shear data from Buffalo for July 1, 1975 is shown in
Figure 3-3. Values of meteorological data that are shown as all 9's,

e.g., 999.9, denote missing data.

The upper air (rawinsonde) data (twice daily, 0 and 12Z) from Buffalo
and Albany consist of the station number, date, time, number of levels,
atmospheric pressure, height, wind direction, density, temperature,
dewpoint, relative humidity, refractive modulus in '""N'"' units, refractive
index gradient, modified refractive modulus in "M" units, equivalent
potential temperature, and stability (gradient of equivalent potential
temperature). An example of rawinsonde data from Buffalo for January 1,

1975 is shown in Figure 3-4.

Computer routines to read each of the three types of meteorological
data tapes have been written so that the data tapes could be used with
MITRE's IBM 370/155 computer. A computer program has been written
integrating the three different tape read routines and having routines to
collate various meteorological data, compute statistical parameters, and

compute the effective earth radius from radiosonde data.
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STATINN T25280 RUFFALO. NEW YORK "YEAR 1775 MONTH 1 nay 1 TIME (2 NO. DF LEVELS TN REPORT
PRES LVL  HEIGHT WIND DENSITY TEMP  DEwWPT REI HUM  REF MOND RFF "~RAD M UNITS  THFTAE  STABIIITY
(MB)  (METFRS) (DEG KTS) (GM/M3)  (C) ) (PFRCENT) (N UNTTS) (DN/V0OM) (k) NEG/1uIM)
992.0 226 90 6 1265,658 = =N,7 ~1.4 94 319.2 999.9 345,73 241.8 99.9
916.0 859 999 999 1179.191 _  -3.1 -3.1 99 2RR.0 -3.5 422.7 285.4 Joh
875.0 1222 999 999 1121.102 =1.9 _ -1.9 99 2177 =3.0 _ 468.9 29i.7 ol
850.0 1463 230 16 1093.211 -2.9 -7.9 39 269.7 -3.6 49%.5 29245 Jete
780.0 2125 999 999  1031.429 -2.5 -2.5 99 249.5 -2.9 5H2.7 3ui.Y R0
—700.0 2981 295 27 90%9.040 = =%.5 -5.5 99 224,90 =3.9 691.4 3i0.4 Dot
627.0 3862 999 999 823,029 ~H.3 -4.3 99 201.1 -2.7 80%.4 31357 S
500.0 5570 260 80  679.395 -17.1 -17.1 93 16346 =08 1033.9 318.1 )eto
424.0 6785 999 999  59T7.961  =26.3 -26.9 24 137.6 -1.9 1201.2 2de5 Uen
400.0 7210 .69 105 572,606 -79.9 -33.2 72 129. 9 -1.8 1260. 3 317.8 0.2
368.0 7798 399 999  537.946 -34.9 -40.9 53 120.9 -1.5 1343.5 317.9 Sl
349.0 8166 939 999  516.287 -37.7 -4R.7 319 115.5 -1.5 1395.7 318.4 re
300.0 9190 270 130  454.251 -43.1 999.9 $49 101.7 -1.3 1542.5 3769 Jeb
__250,0 10400 ;70 1640 _389.547 -49.6 999.9 $39 87.3 -1.2 17175 332.8 9k
—200,0 11850 999 999 312,617 = -50,3 999,9 S99 0.1 =1.2 1928.3 353.7 Lol
150.0 13730 999 999 238.529 -54.1 997.9 5499 53.6 -0.9 220642 377.48 1.3
100.0 16260 999 999 165,517 . -62,7 999.9 699 17.4 -0.6 2586.¢ 405.3 1.2
0 =6l.5 _ _ 999,.9 _.899_ . 26.2 _ . =0.5_ _ 2971.9 _ 455.7 __ _2,1_

Figure 3-4.

Meteorological Data: Upper Air
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SECTION IV

TEST RESULTS

Literature is available on the results of both theoretical and empirical
analyses of troposcatter radio link tests. These results are usually
presented as comparisons of collected radio data, probability graphs of
radio or meteorological data, comparisons of meteorological data with
radio data, or meteorological data or radio data grouped with respect
to time. Results of the reduction of test radio data from Verona and the
available meteorological data from locations around the test site are pre-
sented here in a similar manner; results are in most cases shown as graphs
or tables, and the number of data samples used to generate them is stated.
Also, because grouping or omission of data can lead to biased results, a
description is included of how data is grouped or averaged to obtain hourly,

daily or monthly statistical parameters.

As stated in Section 2.2, radio data were obtained over two different
path distances, a short path of 86 statute miles and a long path of 168
statute miles. Notations and symbols used in the various tables and graphs
denoting different test configurations are given in Table 4-1. The blanks
in the table denote that the particular combination of transmit and receive
antenna sizes were not used or the number of data samples gathered for

that particular combination were not sufficient enough to be reported.
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Test Configurations

Table 4-1

Transmit Receiver 1 Receiver 2 Path

Test Configu- Antenna Antenna Size Antenna Size Length
ration Number Size (ft) (ft) (ft) (St. mi)

I 8 8 8 Short (86)

II 8 - 15 Short

11 15 8 - Short

v 15 - 15 Short

\Y% 28 28 28 Long (168)

Time block designations used are those given in the National Bureau
of Standards Technical Note 101 (See Reference 14, p. III -45) in which
eight time blocks are denoted as TB1, TB2....,TB8. These and additional
notations TXX, TBO, and TB9, which define "all data'', all "winter' data,
and all "summer' data for the period of the RADC tests, are designated in
Table 4-2.

1974 to August 1975; TXX denotes the set of all test data for a particular

The test radio data were gathered at Verona from November
test configuration in Table 4.1 during this testing interval. Similarly,

TBO denotes the set of all test data for the '"winter' months, which are
November 1974 through April 1975, while TB9 denotes the set of all test
data for the "summer' months, May 1975 to August 1975. Of primary
interest for these tests are '"time of day'' designations TB1, TB2, TB4, and

TB5, which represent the intervals for which sufficient data were collected.
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Table 4-2

Time Block Notations

Notation Time Interval Time of Day Interval (EST)

TXX Nov. 1974-Aug. 1975 0000 - 2400
(Winter & Summer - all data)

TBO Nov. 1974-Apr. 1975 0000 - 2400
(Winter - all data)

TB1 Nov. - Apr. 0600 - 1300
(Winter morning)

TB2 Nov. - Apr. 1300 - 1800
(Winter afternoon)

TB3 Nov. - Apr. 1800 - 2400
(Winter evening)

TB4 May - Oct. 0600 - 1300
(Summer morning)

TB5 May - Oct. 1300 - 1800
(Summer afternoon)

TB6 May - Oct. 1800 - 2400
(Summer evening)

TBT7 May - Oct. 0000 - 0600
(Summer night)

TBS8 Nov. - Apr. 0000 - 0600
(Winter night)

TB9 May 1975 - Aug. 1975 0000 - 2400

(Summer - all data)
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4.1 SCATTER PLOTS: PATH LOSS VERSUS RMS MULTIPATH
DELAY SPREAD

In this subsectiop, scatter plots of path loss versus root-mean-
square (RMS) multipath delay spread (two sigma) for the various test con-
figurations and time blocks in Tables 4-1 and Table 4-2, respectively, are
shown. Nineteen scatter plots are presented in Figures 4-1 through 4-11
at the end of this section. For easier access to a particular plot, the
figure numbers that correspond to the various test configurations and time

blocks are given in Table 4-3.

Correlation values of the path loss and RMS multipath delay spread
test data used to generate the scatter plots are given in Table 4-4. It
should be noted that all test data available for test Configuration I (TXX,
TB9, TB4, and TB5) were not used to generate the corresponding scatter
plots or to compute the correlation values. From May 1975 until the end
of testing in August 1975, when modem tests were being conducted, up to
four or five test results within an hour were being obtained for test
Configuration I, whereas in the early months of testing the time intervals
between tests during the day were generally about an hour. Thus, for test
Configuration I, test results from May - August 1975 were arbitrarily

selected about an hour apart where necessary.
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Table 4-3
Scatter Plots

Figure Test Time Block Receiver
Number Configuration Notation Number
4-1a I TXX 1
4-1b I TXX 2
4-2a I TBO 1
4-2b I TBO 2
4-3a I TB9 i
4-3b I TB9 2
4-4a I TB1 1
4-4b I TB1 2
4-5a I TB2 1
4-5b I TB2 2
4-6a I TB4 1
4-6b I TB4 2
4-Ta I TB5 1
4-Tb I TB5 2
4-8a \% TXX 1
4-8b v TXX 2
4-9 II TXX 2
4-10 III TXX 1
4-11 v TXX 2
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8 Ft., RCVR 8 Ft., Winter Morning Data (RCVR 1)
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Figure 4-5(a). RMS Delay Spread VS Path Loss — XMIT
8 Ft., RCVR 8 Ft., Winter Afternoon Data (RCVR 1)
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Figure 4-5(®). RMS Delay Spread VS Path Loss — XMIT
8 Ft., RCVR 8 Ft., Winter Afternoon Data (RCVR 2)
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Figure 4-6(a). RMS Delay Spread VS Path Loss — XMIT
8 Ft., RCVR 8 Ft., Summer Morning Data (RCVR 1)
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Figure 4-6(b). RMS Delay Spread VS Path Loss — XMIT
8 Ft., RCVR 8 Ft., Summer Morning Data (RCVR 2)
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Figure 4-7(a). RMS Delay Spread VS Path Loss — XMIT
8 Ft., RCVR 8 Ft., Summer Afternoon (RCVR 1)

73

250




RMS MULTIPATH DELAY SPREAD, (20), us

0.40

173
™ .
s
P
®
- *
o
-
*
©
o
S .
.
*
- *
o~ : *
o . .
Y
- -
P
o/ * * -
o~ * . o
>
o L d -
L ; - : s *
* >
L L]
w *
- - -
o‘-n
'Y
. o *
* + *
-
* * *
* 4 + 4
o~
L b ['Y « *
- * $ *
°© $ 3% -
PS *
* .. -+
’S
©
(- * -
<
=
=)
S
8
c.é y - s T Y Y T
10 214 218 222 23 238 242 246

226 230
PATH LOSS dB

Figure 4-7(®). RMS Delay Spread VS Path Loss — XMIT
8 Ft., RCVR 8 Ft., Summer Afternoon (RCVR 2)
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Figure 4-8(a). RMS Delay Spread VS Path Loss — XMIT
28 Ft., RCVR 28 Ft., All Data (RCVR 1)
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Figure 4-8(b). RMS Delay Spread VS Path Loss — XMIT
28 Ft., RCVR 28 Ft., All Data (RCVR 2)
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Figure 4-10. RMS Delay Spread VS Path Loss — XMIT
15 Ft., RCVR 8 Ft., All Data (RCVR 1)
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Table 4-4
Correlation Values: RMS Delay Spread vs Path Loss

Receiver 1 Receiver 2
Time Block No. of Correlation No. of Correlation
Configuration or Interval Samples Values Samples Values
I TXX 454 271 284 . 149
TBO 261 .194 94 . 559
TB9 193 .236 190 .214
TB1 122 . 139 44 .508
TB2 126 .310 47 .586
TB4 89 .174 88 . 182
TB5 99 .283 98 .264
\"% TXX 69 . 198 68 . 405
(April -
May 1975)
I TXX - - 174 .328
(Dec. 1974
April 1975)
III TXX 74 . 248 - -
(Dec. 1974 -
May 1975)
v TXX - - 71 .292
(Feb. - Apr
1975)
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It can be readily seen from Table 4-4 that the correlation values of
the RMS multipath delay spread and path loss data for the various com-
binations of test configurations and time blocks are generally between .17
and .41. The exception to this is the correlation value for test Configura-
tion I, Receiver 2, TBO (TB1l, TB2). A possible explanation for these
higher correlation values is that the data samples for time block TBO for

Receiver 2, test Configuration I, were all obtained (except for one sample

in January) during the two-month period of November-December 1974. On
the other hand, the data samples for Receiver 1 were obtained over the
entire period denoted by TB0, and the number of data samples for
Receiver 2 is much less than that for Receiver 1. A second possible
explanation is that test instrumentation or test procedures associated with
Receiver 2 were causative factors; however, this is not indicated by look-

ing at the other correlation values obtained for data from Receiver 2.

It should be noted that care needs to be exercised in interpreting
experimental results obtained from a limited number of tests for a relatively
short period of time. For example, if the experimental program ran only
for the time period November - December 1974, and the test data obtained
were only for Receiver 2 over this period, then one might conclude that a
relatively strong correlation exists. However, from one such test result,
no conclusion can be drawn as to how frequent such a relatively high

correlation value can be expected.
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4.2 PROBABILITY PLOTS: RMS MULTIPATH DELAY SPREAD

Various combinations of test configurations and time blocks of RMS
multipath delay spread data plotted against a probability scale are shown
in Figures 4-12(a,b), 4-13(a-d), 4-14(a-d), and 4-15(a,b). The number

of data samples used to generate these 12 graphs was given in Table 4-4,

Figures 4-12(a) and 4-12(b) are comparison plots of all RMS delay
spread data (TXX), all "winter' data (TBO) and all "summer' data (TB9Y),
respectively, for Receivers 1 and 2. There exists a distinguishable,
almost uniform, difference between the winter and summer plots for
Receiver 1, whereas for Receiver 2 a distinguishable difference cannot be
said to exist. This lack of separation of the winter and summer plots in
Figure 4-12 (b) may have occurred because the winter test data for Con-
figuration I, Receiver 2, are available from two months only, November -

December 1974 (see.Section 4. 1).

Figures 4-13(a-d) are comparison probability plots of winter and
summer morning (0600-1300) and afternoon (1300-1800) RMS delay spread
data for test Configuration I, Receivers 1 and 2. From Figures 4-13(a),
and 4-13(b), distinguishable separation of the plots can be seen for the
morning and afternoon data. The RMS delay spread is greater in the winter
morning than winter afternoon (Figure 4-13a) while in the summer the
opposite occurs (Figure 4-13 b), This phenomenon occurs for summer
morning and afternoon hours for Receiver 2 (Figure 4-13d) but does not
occur for winter data (Figure 4-13c). However, for reasons stated
previously about winter test data available for test Configuration I, Receiver
2, the winter plot may be different if sufficient data from months other than
just November and December were available. A conjecture, which appears

reasonable,is that the RMS multipath spread is greater in winter morning
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hours than winter afternoon hours, while in the summer the converse is true.
This conjecture is reinforced somewhat by Figure 4-29 in Section 4.7 where
hourly averages of RMS delay spreads for two summer and two winter months
are plotted. Any statements on the statistical validity of such a conjecture

require further testing.

Figures 4-14(a-d) are comparison probability plots of winter and
summer morning and winter and summer afternoon RMS delay spread data
for test Configuration I, Receiver 1 and Receiver 2. A separation between
the winter morning and summer morning plots can be readily seen in Figure
4-14(a), whereas no separation of the plots basically exist for other com-

binations in Figures 4-14(b), (c), and (d).

Figures 4-15(a) and 4-15(b) are comparison probability plots of the
different test Configurations I-V (Table 4-1) of the RMS delay spread data
for the winter months (TB0). Except for test Configuration I, the test
samples available are basically within the time period of November
1974 - April 1975 (with additional test data for test configurations other
than Configuration I from the first 12 days in May).
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4.3 PROBABILITY PLOTS: MEDIAN RSL

The median received signal level (RSL) data plotted against a proba-
bility scale are shown in Figures 4-16(a) and 4-16(b), 4-17(a) and 4-17(b),
and 4-18(a) and 4-18(b) for different combinations of the test configurations
and time blocks. The number of data samples used to generate these

graphs is given in Table 4-4,

Figures 4-16(a) and 4-16(b) are comparison plots of all RSL data for
the testing period (TXX), all winter data (TBO0) and all summer data (TB9)

for test Configuration I, Receiver 1 and Receiver 2. These two graphs show

that the seasonal variation of received signal levels in a temperate climate
is what was expected; the signal levels are higher in the summer than in the

winter for both receivers, [15, 16].

Figures 4-17(a) and 4-17(b) are comparison plots of median RSL
data for test Configuration I, Receivers 1 and 2, for winter and summer,
mornings and afternoons. As one can readily see, there is basically
no separation between the summer morning and afternoon or winter morning
and afternoon plots for either receiver. Since there are insufficient median
RSL test data for the nighttime period, comparison of nighttime and daytime

signal levels could not be made.

Figures 4-18(a) and 4~18(b) are comparison plots for median RSL
data for the different test configurations (Table 4-2) for the winter months.
Other than for test Configuration I, the test data are generally within
the time period of November 1974 - April 1975 (with additional test

data for test configurations other than I from the first 12 days in May).
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4.4 SCATTER PLOT: MEDIAN RSL VERSUS FADE RATE

Reference 15 (p. 488) presents scatter plots of experimental RSL
data versus fade rate for January, April and July. Fade rate is defined
as the number of times the signal level exceeds a prescribed level during
a unit time interval. For the experimental data shown in the plots, it can
be seen that on a monthly basis, high fade rate corresponds to low signal
level. Although this is stated as not true for the year, it is true on a

monthly basis for data shown for the three months.

To determine whether such a phenomenon exists for the test data
from Verona, two scatter plots are shown in Figures 4-19(a) and 4-19(b),
which are scatter plots of the median RSL data versus fade rate from test
data obtained for January and June 1975, test Configuration I, Receiver 1.
Fade rate test data obtained at Verona are numbers of signal level crossing
per minute over '"running'' median levels computed after each minute of the
test interval. For a particular test run, say for the nominal 3-minute
test interval, fade rate value is not determined for the first minute of testing.
Using the median level obtained from signal level samples during the first
minute, the number of signal samples crossing this median value is counted
for the second minute of testing. After the second minute of testing, the
median signal level is determined for the first two minutes of test data, and
the number of signal levels crossing this new median level is counted for

the third minute of testing. *

The data points in the two scatter plots are hourly median RSL and fade
rate test data where, if data are available, all median RSL and fade rate test
data between the time interval x minus 29 minutes and x plus 30 minutes
(x being the hour) are averaged. The fade rate data are plotted on a logarith-
mic scale. Figures 4-19(a), and 4-19(b) do not indicate that high fade rates

correspond to low signal levels on a monthly basis for the Verona test data.

*
Details of this procedure are given in the Suyemoto report, MTR-3016.
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4.5 EFFECTIVE EARTH RADIUS COMPUTATICNS

Using radiosonde data obtained at Buffalo for the months November
1974 to August 1975, effective earth radius values are computed as pre-
scribed in Reference 17. The radiosonde data from Buffalo were collected
twice daily 0Z (1900 EST) and 12Z (0700 EST). The types of data on the
meteorological data tapes provided by USAFETAC have been described in

Section 3.

Correlation of the computed effective earth radius values or the
refractive index gradients from the Buffalo radiosonde data with the test
radio data was not expected. This lack of correlation is seen in results
presented in a subsequent subsection. However, the computed effective
earth radii are applicable on a long-term and regional basis, i.e., as
representative of long-term effective earth radius in the upper New York
region. These values are used in Section 4.6 as inputs to a program to
compute delay power spectra and these computed values are compared with
results in Reference 17, where effective earth radii were computed with

radiosonde data from Sola, Norway.

The effective earth radius a is computed from the relation

1
I x 10 (4-1)
a R dz

where R is the radius of the earth (R is taken as the mean radius, 6371
Km) and dN/dZ is the average refractivity gradient from the ground to

the common volume, N units per Km. The data values of dN/dZ on the
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meteorological data tapes are obtained by differencing successive computed

values of N at the different levels reported.

The refractivity N (where N = (n-1) 106, n being the refractive

index),is obtained from the relationship

N = 77.6 —— + 3.73 x 10° —&
T 2

(4-2)

where P is the total pressure in millibars, T the absolute temperature
and e the water vapor pressure in millibars. The value of N is available
as part of the data on the meteorological data tape for each of the levels

reported.

It is assumed in computing a that the refractivity gradient dN/dZ is
constant from the ground to the common volume and that the radio beam is
in a near-horizontal direction. The minimum pressure level used is 600
millibars (about 4.2 Km in height), and thus the value of dN/dZ used in
(4-1) is the average of dN/dZ values on the data tapes up to the 600-millibar
level. This level was chosen since it covers most height intervals used

for a troposcatter radio link.

The phenomenon of ducting, superrefraction or subrefraction occurs
at the levels in the atmosphere where the refractive index gradient has the

following values [18]:

d
Ducting: dg < =159. 6 N units/Km
. dN
Superrefraction: - 100 ¢ 37 < -159. 6
dN
Subrefraction: 7 2 0

107




The number of occurrences of ducting, superrefraction and subrefraction
determined from the Buffalo radiosonde data is shown in Figure 4-20.
Occurrences over the months November 1974 to August 1975 of ducts at

Buffalo from all radiosonde data available is 26 percent.

The number of sets of twice-daily radiosonde data reported per
month, the number of sets of the total for which ducting did not occur
and the monthly mean and median values of the radio a/R are given in

Table 4.5.

Figure 4-21(a) shows comparison probability plots for winter and
summer of the computed a/R ratios. Also shown are the probability plots
from Figure 1 in Reference 17 of the a/R ratios obtained from the radiosonde
data from Sola, Norway for winter and summer. It can be observed that
although the separation between winter and summer Buffalo data appears
to be the same in magnitude as that of the winter and summer data from
Sola, Norway, the slopes of the plots are obviously not; the Buffalo data
exhibit a much wider variance. Figure 4-21(b) presents comparison
probability plots of the a/R ratios computed from winter and summer
morning (12Z) and afternoon (0Z) Buffalo radiosonde data. The seasonal
variations in the values of a/R can be seen with the summer values being
greater than the winter values. A morning and afternoon variation for
winter is not observed, while there appears to be distinct variation for

summer.

From monthly mean and median values of a/R given in Table 4-5
and from probability plots in Figures 4-21(a) and 4-21(b), the use of the

standard 4/3 earth model for theoretical evaluation or prediction of radio
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Table 4-5

Monthly Mean and Median Values of 3/R

No. of 0Z
and 127 No. of Non-
Radiosonde ducting Sets Mean Median
Month Data of Data a/R a/R
1974
NOV. 56 49 1.32 1.31
DEC. 57 40 1.33 1.33
1975
JAN. 51 44 1.31 1.30
FEB. 55 50 1.29 1.28
MAR. 60 95 1.30 1 29
APR. 55 51 1.30 1.30
MAY 54 40 1.31 1.32
JUNE 57 35 1.36 1.34
JULY 57 20 1.32 1.39
AUG. 56 30 1.36 1.34
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parameters is appropriate for tropo radio links in the region near Buffalo

and as a long-term model.

An unsuccessful attempt was made to evaluate the exponent n in the
relation & (K) ~ K_n, where & (K) is the refractive index irregularity
spectrum [17] and K, the wavenumber, is a function of wavelength A and
scatter angle 6 . (This exponent n is equivalent to the scattering parameter
m in the Bello model, see Section 5.3.) Following the formulation given
in Reference 17, n is determined from temperature and temperature
gradient profile available from radiosonde observations and a linear equation
(Equation 6 in Reference 17). The values of the coefficient in the referenced
equation had been obtained from experimental data collected in Norway [19].

It appears that the coefficients are not applicable to the Buffalo radiosonde

data as their application resulted in unreasonable values of the exponent n .




4.6 THEORETICALLY COMPUTED VALUES OF THE MULTIPATH
DELAY SPREAD
A computer program obtained from CNR,Inc.,for the computation of the
delay power spectra was run to obtain values of multipath delay spread. This

program evaluates the delay power spectra from a double integral

(Equation 67 in Reference 20) in contrast to the evaluation of the delay power
spectra from a single integral (Equation 33 in Reference 1) which is usually

referred to as the Bello-Channel model.

The following relevant inputs required to exercise the computer
program were determined for the short Configuration I and long Configuration
V path troposcatter radio links. The distance between the transmit and
receive sites for the short path is 138.4 Km (86 miles), and the half power
beamwidth is 1. 88° for both the receive and transmit antennas. The dis-
tance between the transmit and receive sites for the long path is 270.8 Km
(168 miles) and the half power beamwidth is .54° for both the receive and

transmit antennas.

Three values of the effective earth radius were used: 9556.5 Km,
8282.3 Km and 7645.2 Km. These three values correspond approximately
to the a/R ratios of 1.50, 1.30 and 1.20. From Figure 4-21(a) these
values correspond approximately to the .05, .50 and . 95 points on the
probability plot when all a/R ratios computed from the Buffalo radiosonde
data are considered. Another input required for running the program
is the exponent value n in the relation & (K) ~ K_n, the slope of the re-
fractive index irregularity spectrum. From experimental data, values of
n reported in the literature [17] range from 2 to 6 with the median value
11/3. Four values of n used as inputs to the program are 5.0, 3. 6667,
3.0, and 2.50.
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Figure 4-22(a) shows the short path geometry where the centers of the
transmit and receive antenna beams are elevated 3/4 degree above horizontal
at the terminal sites. The intersection of the center rays determine the low
points of the common volume. It is assumed that antenna alignment for
maximum RSL corresponds to the antenna bore sight's being on the radio
horizon. This results in a shadow zone that corresponds to the lower half
of the beam pattern. Figure 4-22(b) shows the long path geometry where the
center of the transmit antenna beam is elevated 0.5 degree above horizontal
and the receive antenna is at zero degree elevation.

The basic computer model includes a standard antenna beamwidth
reduction factor of 0.6 (see Equation 35 in Reference 1). In addition to
using the standard factor, results have also been obtained using a factor

of 0.7.

Results from computer runs for the various combinations of values
for a/R, n and multiplicative factors are shown in Table 4-6(a) for the short
path and Table 4-6(b) for the long path. The delay spread values (in us)
tabulated are two-sigma values. From Figure 4-12(a), the two-sigma delay
spread values of the test data for the short path at the .05, .50 and .95
probability points are respectively about .28, .17 and . 10us, while for the
long path at the same points from Figure 4-15(a), the two-sigma spread
values are .20, .15 and .10us. The two-sigma median values of .17 us
for the short path and .15 us for the long path are larger than any of the
tabulated computed values; the difference between the median value and

computed values is much larger for the long path.
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Table 4-6(a)
Computed Delay Power Spread (20), us,

Short Path
Beamwidth Exponent =
Reduction
a/R Factor 5.00 3.6667 3.00 2.50
1.50 .6 . 0722 . 0864 .0944 .1010
o If . 0938 .1132 . 1244 . 1332
1.30 .6 .0784 . 0934 .1018 .1084
T .1014 .1216 .1328 . 1418
1.20 .6 . 0818 . 0968 . 1054 .1122
% .1054 .1256 .1370 . 1462
Table 4-6(b)
Computed Delay Power Spread (20), us,
Long Path
Beamwidth Exponent =
Reduction
a/R Factor 5.00 3.6667 3.00 2.50
1.50 .6 .0118 .0130 .0138 .0144
o1/ . 0202 . 0226 . 0240 . 0250
1.30 .6 . 0154 .0170 .0178 .0184
o . 0254 .0280 . 0296 . 0306
1.20 .6 . 0186 . 0204 .0214 . 0222
T .0300 . 0328 . 0344 . 0358
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4.7 COMPARISON OF TEST DATA WITH METEOROLOGICAL DATA

In this section, various comparisons are made of the test data with
meteorological data from Syracuse, Rochester and Buffalo. These compari-
sons are made for different time blocks--monthly, daily and hourly. Correla-
tion values are obtained and scatter plots drawn for various time blocks
of test data, surface refractivity data and the a/R ratios. Because
meteorological data are obtained from locations in the relative proximity
of the tropo radio test paths but not along the test paths (see Figure 2-1),
correlation values, except on a long-term basis (e.g., monthly) for various

time blocks, may not be representative of the true correlation.

4.7.1 Monthly Average

Monthly average path loss and RMS multipath delay data for test
Configuration I, Receiver 1, were computed for the eight months that testing
was performed for the configuration. Monthly average of the surface
refractivity, Ns’ data was also computed from surface meteorological data

obtained at Syracuse.

The monthly averages for the NS data in Figure 4-23(a) were computed
as follows. Since NS data are obtained hourly, a 1-to-1 correspondence
of the path loss data with the Ns data (local time) was made with the time
of the test data rounded to the closest hour, e.g., 1029 taken as 1000 local
time. With this 1-to=1 correspondence, monthly averages of the path loss
and NS data were computed; the scatter plot for eight points (monthly
averages) is shown in Figure 4-23(a). In Figure 4-23(b), the monthly averages
of the Ns data from Syracuse include all values of NS reported (usually 24

reports a day).
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A graph of the monthly averages (all data reported) of NS from
Buffalo, Syracuse and Rochester is presented in Figure 4-24, for the
months of November 1974 - August 1975. From this graph, it can be seen
that the monthly spread of Ns at these three locations is generally 3 N units,
maximum spread 6 N units. Thus, on a long-term basis (monthly average)
Ns reports from one station appear adequate for the entire region in upper

New York.

Although the correlation values of data in the scatter plots of Figure
4-23(a) and 4-23(b) are high, it should be noted that there are only eight
data points.

Figures 4-25 and 4-26 are scatter plots of the monthly averages of
path loss data and a/R ratios, and of the RMS delay data and a/R ratios.
Correlation values are shown on the figures. These values indicate slight
correlation for path loss and little correlation for RMS delay with a/R

ratios.

Correlation values between all path loss data and all RMS delay spread
data obtained in a month for each of eight months were computed for test
Configuration I, Receiver 1. These values along with the number of dgta
samples per month are tabulated in Table 4-7. Although this table does
not contain results of comparison of test data with meteorological data, it
is included here because of the grouping of the test data by months.
Comparison of values in this table with values in Table 4-4 indicates that
this grouping did not greatly change the extent of correlation. High correla-
tion value for April 1975 can be reasonably explained by the small number

of test data.
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Table 4-7

Monthly Correlation Values of Path Loss Versus RMS
Delay Spread (Test Configuration I, Receiver 1)

Correlation Values
No. of Path Loss VS.

Date Samples RMS Delay
1974

NOV. 28 . 326

DEC. 81 . 343
1975

JAN. 96 -.043

MAR.: 43 . 355

APR. 13 . 627

MAY 208 .311

JUNE 189 .359

JULY 37 .194

4.7.2 Daily Averages

Daily averages of test data for the various test configurations were
computed. Daily averages of Ns were computed from meteorological
(surface) data from Syracuse and Rochester. For daily averages of
path loss and RMS delay spread and corresponding daily average of Ns
from Syracuse, correlation values were computed for test Configurations
I-IV. Daily averaged test data and Ns data from Rochester for test
Configuration V were also computed. Correlation values of the daily
averaged test data for test Configuration I and V, Receiver 1, were com-
puted and the daily average of the a/R ratios computed from radiosonde data
from Buffalo. These correlation values along with the number of samples
(daily averages) used are tabulated in Table 4-8. The correlation value
for test Configuration I, Receiver 1, is relatively large in magnitude but
less than the correlation value for monthly averages (Figure 4-23b). Figure

4-27 is a scatter plot of this particular set of data.
123




vel

Table 4-8

Correlation Values of Averaged Daily Path Loss, RMS Delay Spread Data vs
Averaged Daily Ns’ a/R

Correlation: Surface

Correlation: a/R Ratio

Refractivity Versus Versus
Configuration Receiver No. of Path RMS No. of Path RMS
Number Number Samples Loss | Delay Samples | Loss Delay

90 -.680 81 -.296

! : 86 -.068 7 -. 067
19 -. 682 17 -.418

E 1 17 -.388 15 .188
35 . 022

1 2 33 037
19 -.233

1t i 19 . 040
18 -.008

= 2 17 -.191
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Figure 4-27. Daily Averaged Path Loss Data VS Daily Averaged Ns
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4.7.3 Hourly Averages

Hourly averages of test data for test Configuration I, Receiver 1,
and test Configuration V, Receiver 1, were computed. Path loss and RMS
multipath spread values in the interval x - 29 minutes, x + 30 minutes,
(where x is the hour) were averaged. Corresponding hourly reports (local
time) of NS from Syracuse, (test Configuration I) and from Rochester (test
Configuration V) were used. Correlation values for NS versus test data
along with the number of samples are tabulated in Table 4-9. For test
Configuration I, Receiver 1, a steady decrease in the magnitude of correla-
tion between path loss and Ns can be seen for the monthly, daily and hourly

averages.

Table 4-9

Correlation Values of Averaged Hourly Path Loss, RMS Delay Spread
vs Hourly Ns

No. of Correlation: N
s
Samples Versus
Configuration Receiver No. of Path RMS
No. No. Samples Loss Delay
394 -.562
! ! 379 .016
70 -.571
4 : 69 . 404
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Hourly averages of test data within a month for two winter months,
December 1974 and January 1975, and two summer months, May and June
1975, were computed. Comparison plots of the hourly averaged median
RSL data, hourly averaged RMS delay spread and the hourly averaged NS
data from Syracuse for these four months versus local time of day are

shown in Figures 4-28, 4-29 and 4-30.

From Figures 4-28 and 4-29, it can be seen that tests normally
were conducted between 0800 -1900 local time. In Figure 4-28, the two
end points 0800 and 1700 for the month of January reflect the fact that only
one test for each of the times was conducted during that month. Excluding
these two end points, the variations of median RSL values between testing
hours is less in the winter than in the summer months. This corresponds
with Figure 4-30 where the NS variations are less in the winter than in the
summer months. From Figure 4-29, it appears that for May and June,
the RMS delay spread is less in the morning than in the afternoon (for the
hours when tests were conducted, 0800-1900), whereas for December and
January the RMS delay spread is greater in the morning than in the afternoon.
From Figure 4-30, a pronounced diurnal fluctuation of Ns can be seen for
the summer months of May and June, while for the winter months of

December and January, the variation is not great and appears almost flat.
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4.8 OBSERVATIONS AND SUMMARY OF DATA

Although there are limitations on the test and meteorological data,
the set of data obtained from the site at Verona over the duration of the
test program is one of the most extensive currently available. It should
be noted that certain tests that were planned and scheduled were not
performed because of equipment breakdowns or breakdowns or malfunctions
of the data processing system. For example, plans for the round-the-clock,
24-hour testing at least one day a week were not carried out often enough
to obtain sufficient data. There is also some question of the sufficiency
of the number of test data gathered for different test configurations listed
in Table 4-1. Consideration of the path loss or received signal level on an
hourly (""'slow' variations of the level in contrast to ''fast' variations of the
level) basis would require 1000 hours of testing to reliably determine a

99 percent probability point [16].

As stated in Section 3.2, meteorological data were obtained from
various locations in the relative vicinity of the long and short test radio links
but not in the proximity of or in the common volumes of the test links. This
precludes any attempt to conjecture a meteorologically based explanation
of why particular test data values were obtained. Further, results obtained
from comparing the meteorological data with test data must be interpreted
with the consideration that meteorological data are taken from locations

near the test links.

In Table 4-10, high, low and the spread between high a.d low values of
the RMS delay spread and median RSL test data are tabulated for various test
configurations. The high and low test data values are obtained from Figures

4-15(a) and 4-15() and Figures 4-18(a) and 4-18(b). The spread between
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Table 4-10
RMS Delay and Median RSL Variations

Test Rec. RMS Delay us Median RSL dBm
Conf. No. High Low | Spread High Low Spread
I 1 .37 .08 .29 -81 =107 26

2 .28 .07 21 ~82 ~-107 25

IT 2 .37 . 05 .32 -79 =107 28
I 1 .30 .07 .23 ~-75 ~107 32
v 2 .26 . 06 .20 =78 =107 29
v 1 .23 .08 .16 -85 -110 25
2 .24 .08 .16 -85 =110 25

the high and low values for the RMS delay in general becomes less as the
size of the antenna increases. This pattern is not evident for the spreads
between the high and low values for the median RSL data. It should be
noted, however, that the low values for the median RSL data are instrument

cut-off values.

In Table 4-11, the .10, .50 and . 90 points on the probability plots in
Figures 4-15(a) and 4-15(b) and Figures 4-18(a) and 4-18(b) are tabulated.
A general decrease in the RMS delay values for each of the three probability
points is seen as antenna size increases for the short path. A similar
statement can be made for the median RSL data for the three probability
points; a general increase is seen in median RSL as antenna sizes increase
for the short path. Values in Tables 4-10 and 4-11 are for test data, pre-

moninantly from the winter months.
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Table 4-11

RMS Delay and Median RSL Values at
.10, .50 and .90 Probability Points

Test Rec. RMS Delay us Median RSL dBm

Conf. No. .10 .50 .90 .10 .50 .90
. 1 .27 .18 .32 -87 ~-96 -106
2 .22 .16 .12 -88 -97 -106

II 2 .19 .13 .09 ~-83 ~-91 -99
T 1 <17 g .09 -84 -91 ~-101
v 2 .15 o 5 .09 ~82 ~86 - 92
v 1 .20 .15 .11 -90 -95 -102
2 .21 .17 .11 -89 -93 =101

The procedure to calculate the effective earth radius to obtain the
ratio a/R was taken directly from a paper by Gjessing and McCormick [17],
in which prediction equations for a number of performance parameters of
a troposcatter radio link are given. The equations are based on the evalua-
tions of the effective earth radius and the '"scattering' exponent, respectively,
from the refractive index profile and temperature profile contained in the
radiosonde data. As stated in Section 4.5, an attempt using Buffalo radiosonde
data to calculate the "scattering'' exponent was not successful. In view of the
fact that the prediction equations provide values of performance parameters
prior to the establishment of a troposcatter radio link, further investigation

and study of the formulation cited in Reference 17 is recommended.
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Theoretically computed values of the delay spread tabulated in
Tables 4-6(a) and 4-6(b) show that they are less than delay spreads of test
data for both paths, with the difference between the computed and test data
values being much greater for the long path than the short path. Computed
values of the delay spread in Tables 4-6(a) and 4-6(b) are for the link
configuration and geometry given for the short and long paths. Direct
comparison of the delay spread of a particular combination of input values
in Table 4-6(a) or 4-6(b) with the RMS delay spread of test data is difficult.
Lacking knowledge of effective earth radius along the path and the ''scattering"
exponent in the common volume, it is not known what combination of input
values would most closely reflect the test conditions. Further effort and
investigation of the modeling of the troposcatter channel used in the computer

program is recommended.

A difference of opinion exists as to what radiometeorological
parameter, refractive index gradient, "mean'" gradient, surface refractivity
or other, is the pertinent parameter to use for comparison with radio data
(see References 16 and 18). In these references there is also a difference of
opinion as to whether the use of surface refractivity index parameter to
represent the effects of refraction is limited to only a few climatic regions,
namely the temperate region. There is also a question as to whether only
one radiometeorological parameter is adequate, i.e. whether the use of
refractive index plus some form of a stability parameter may be the radio-
meteorological parameters to use for comparison with radio data. The
ability to use multiple parameters is dependent, however, on understanding

the phenomenon of propagation [16].
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Monthly averaged surface refractivity data, Ng, for Buffalo, Syracuse
and Rochester for ten months are shown in Figure 4-24; the seasonal
variation of Ny is apparent. In addition, difference of the monthly average
of the data from the three locations are generally 3N units, maximum
6 N-units. On a long-term basis, averaged values of Ng, say from

Syracuse, would be representative of the values of Ng in the area of the

short path link. This being so, one would expect a high correlation between
path loss and Ng on a monthly average, which is seen in Figures 4-23(a)
and 4-23(b). Correlation between monthly averaged a/R values determined
from radiosonde data obtained from Buffalo and path loss/RMS delay spread
is slight (Figures 4-25 and 4-26). The monthly averaged test data in these

figures are for test Configuration I, Receiver 1.

For the daily averaged path loss and RMS delay test data, the number
of sample data available (Table 4-8), other than for test Configuration I,
is small. The correlation values other than for Ny versus path loss for
test Configurations I and V are small. The drop in correlation for monthly,
daily, and hourly (Table 4-9) averaged path loss data versus Ng for test
Configuration I, Receiver 1 is considerable. This would indicate that
prediction formula for path loss using Ng data, other than on a monthly

basis, would not be valid.

135




SECTION V
DISCUSSION OF TEST RESULTS

Though limited in nature, the test results reported in Section 4 have
application in the design and evaluation of digital modulation/detection
techniques. They may also serve as an additional source of data for those

attempting to model troposcatter propagation phenomena.
5. 1 DIGITAL MODEM PERFORMANCE

As indicated in Section 2.1, the dispersive characteristics of the
troposcatter channel can have significant impact on design and performance
of digital modem techniques. These test results are consistent with earlier
correlation bandwidth measurements in that the observed dispersion was
of significant magnitude and subject to wide variation. Observed values
of A (two-sided RMS multipath spread) ranged from 0. 05 ps up to 0.37 us.
Assuming, again, a nominal data rate of 2 Mbps and QPSK modulation,
ratios of multipath spread to symbol width (A/T) would range from 0. 05
to 0.37. Such a range strongly suggests the use of specialized modem
techniques which reduce intersymbol interference penalty and realize the
available multipath (implicit) diversity. Such techniques have been tested
and evaluated. Observed realizable performance has been employed as a
baseline for determining appropriate performance specifications for the
AN/TRC-170 family of digital troposcatter radio terminals. Performance
has been specified over a range of multipath profiles which encompasses the

range observed during these tests.

Of practical concern, then, is the basic question of whether or not

the test paths are representative of the range of possible operational
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conditions. The upper expected values of A are important in that any
modem technique, when reduced to hardware, will have some fixed maximum
value of dispersion that can be processed to advantage. While the actual
cutoff may be a design variable, in general, increased multipath protection
results in increased cost and complexity. Also, even if the range of A falls
within design constraints, performance will depend on the actual values of

A that are encountered. For users to predict link performance prior to
deployment, they will need to estimate the mean and variance of A just as
they must do with path loss. It appears that neither an adequate base of
empirical data nor adequate channel models exist from which reliable

estimates of A can be derived for a wide range of operational conditions.
5.2 COMPARISON WITH OTHER RESULTS

Most of the earlier test results for short-to-medium range paths at C
band have consisted of measurements of correlation bandwidth, an indirect
measurement of multipath. In order to make a comparison with this earlier
data, an approximate relation has been developed which relates correlation

bandwidth to multipath spread A.

On the assumption that, for short observation periods, a complex
Gaussian wide-sense stationary uncorrelated scattering model is appro-
priate ', Bello [11] has shown that the delay power spectrum Q( ) and the
complex envelope frequency correlation function R(2) form a Fourier

transform pair. The function R () is defined as

R(Q) = E {G*(w)G(wW) (5-1)

where G(w) is the equivalent low pass transfer function, E { 3 ; is the

expected value operator and * denotes complex conjugate. Unfortunately,

TResults of preliminary processing of magnetic tape recordings of% (1, t)
collected during this test program support the model assumption [21].
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the earlier measurements were not of R () which requires a cross-
correlation of the complex envelopes of received carriers of radian fre-
quency separation . Rather, the cross-correlation was of the magnitude
of the envelopes of the received carriers. The resulting normalized
correlation function, denoted as Peo (), is real as opposed to the complex
p &), which is the normalized R (). The magnitude of Po is related to
Po by an expression involving elliptic integrals and to a good

approximation [22]

2
ol & ()2, (5-2)

The measurements of pe can then be used to estimate , p I ; however,
inverse Fourier transform to obtain Q (¢) is not possible without the phase
information. One could assume p to be real but this would be equivalent

to assuming symmetry of Q (£ ) around some delay ¢ which is contrary to

actual observations.

For purposes of obtaining gross estimates of Q (¢ ) from the published
Pe data, it was assumed that Q (£) has a simple Gamma function shape:

b7

Q(T)i‘—'bz Te (5-3)

This shape is a reasonably good fit to the Q (£ ) predicted by the Bello model
and to the a (T) observed during this test program. The two-sided RMS

spread is simply

a- 22 (5-4)

b
and the magnitude squared of the Fourier transform, using Equation 5-2,

is an estimate of Py

1
(1 + 92/b2> 4
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This approximation is a reasonably good fit to the shape of the observed
Py’ however, the actual shapes are quite variable. Most published data

was in the form of the frequency separation f' in Hz for which P = 0.4.
Using Equations 5-4 and 5-5, A may be estimated as

o
A >~ 0.343/f". (5-6)

Other data are presented as values of Po for fixed frequency separations

from which estimates of A may be obtained in a similar manner.

One series of tests was conducted over a 100-statute-mile overland
path in Florida (Gainsville to Orlando) during the period 14 May through
15 June 1962 [23]. Tests were conducted at 4940 MHz using 12 -foot and
4-foot parabolic reflectors with antenna elevation angles of approximately
zero degrees. For 100 hours of testing with the 12-foot reflectors, the
median value of A is estimated as 0.24 uys. The lower and upper percentile
values of A are estimated as 0.14 us and 0.41 pus. During one day, tests
were alternated between the 12-foot and 4-foot reflectors with the result

that the observed correlation bandwidths were essentially the same.

During the period August 1969 through February 1970, a series of
correlation bandwidth tests [2, 3, 24] were conducted over 4 paths at the
RADC test range. The tests were conducted at 4600 MHz using 10-foot
parabolic reflectors. The path parameters and estimated values of A are
presented in Table 5-1, which shows the mean and variance of the estimated

A is consistent with the current test results (See Table 4-11).

Another observation was gained from simultaneous tests at 7600 MHz
(X band) using the same 10-foot reflectors, resulting in a 1.07° beamwidth

as opposed to the C-band beamwidth of 1.5°. On a test-by-test basis and

139




Table 5-1

Estimated Multipath Spreads From 1969-1970

Correlation Bandwidth Measurements

Path/Period Antenna Distance | Estimated 20 Spread us

Model City To: Elevation % , deg St. Mi. |(10% 50% 90%
Ontario Center 0.025; -0.124 86.9

Summer 0.17 0.12 0.065

October 0.17 0.098 0. 065

Winter 0.23 0.14 0.047

Average N.A 0.11 N.A
Whitford Field 0.049; 0.865 123.7

Summer 0.27 0.20 0.12

November 0.26 0.18 0.087

Average N.A. 0.19 N.A.
Point Petre? -0.034; -0.059 101.5

September 0.19 0.11 0.069

Winter 0.20 0.093 0.069

Average N.A 0.10 N.A
Port Byron 0.049; -0.010 119 0.25 0.14 0.076

February

*N.A. - Data Not Available
TOoverwater Path (Lake Ontario)
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on an average basis, the X-band correlation bandwidths were essentially the
same as those observed at C band. The correlation bandwidths were slightly
wider (A slightly narrower) for the narrower anfenna beamwidth, for shorter
path distances and for smaller scatter angles; however, there was a relative

insensitivity to these parameters.

A series of C-band (4800 MHz) tests were conducted between
Tobyhanna, Pennsylvania and Fort Monmouth, New Jersey from October
1966 through January 1967, and from February 1968 through July 1968 [25].
During the first testing segment, 15-foot parabolic reflectors were employed,
10-foot reflectors during the second period. More than 90 percent of the
tests were conducted with the 10-foot reflectors. The path distance is
given as 93 statute miles. Antenna elevation angles are not given; however,
the scatter angle (4/3 earth corrected) was calculated to be 0.67 degrees.
From Figure 17 of Reference 25, the 10%, 50% and 90% values of Aare
estimated as 0.12, 0.082 and 0.054 us respectively. These results are
based on all test data from both segments of the test program. The
observed correlation bandwidths were wider ( A narrower) than what was

observed on the Florida or New York paths.

For the very limited number of '"test' paths referenced above, it
appears that the range of multipath spread is consistent with the range
observed in the current test program. Test paths were in the 80-120 mile
range with antenna reflectors varying from 8 to 15 feet. The only exception
is the 168-mile path, 28-foot reflector combination employed in the current
tests. All paths, except for one, were overland and most were over relatively
smooth terrain. Not included in this limited data base are: data for longer
paths with antenna reflectors in the 8 to 15-foot range; shorter range paths

where diffraction effects predominate; paths with large scatter angles
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because of terrain obstacles; obstacle gain diffraction paths; and paths in
other climatic regions. That is to say that data from direct or indirect
measurement of multipath do not, for the most part, exist for the types of
conditions expected in an operational employment of tactical troposcatter

radios.

5.3 CHANNEL MODEL CONSIDERATIONS

Existing troposcatter channel models represent an attempt to predict
average dispersion based on path geometry, assumed refraction effects,
and, in some cases, assumptions relative to scattering efficiency as a
function of scatter angle and height. No attempt has been made, as part
of this current program, to analyze in detail the various models and their
underlying physical assumptions or to develop a new or modified model.

There are, however, some observations that are worth mentioning.

The Bello channel model [1] is based on the turbulent scattering
theory developed by Booker and Gordon [26]. The theory is based on an
assumed reasonably well-mixed atmosphere (no well-defined stratification)
where refractive index inhomogeneties occur in the process of turbulent
mixing. An average permittivity ¢ is assumed and A¢ is defined as the
departure from ¢ at a point P. The autocorrelation function of permittivity
as a function of distance r between any two points P and P' is then assumed
to have an exponential form:

R(r) «< e-—r/g

where the parameter ¢ is related to the distance over which refractive
index fluctuation are correlated. A uniform isotropic R(r) was assumed to
exist throughout the common volume. This results in a scattering cross

section ¢ which is a function of scatter angle 6 :
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o(0) L

6

The problem with this theory is that R(r) is not, in general, isotropic due
to stratification effects and is not, in general, independent of height because
of the height dependency of temperature, humidity and pressure. Bello
assumed an inverse height dependence in o to result in a scattering cross

section per differential volume of
dv
h 6

og(0)

The received power scattered from such a differential volume is then

assumed to be

GH dv

dp o
r? §? ho™

where G and H are the antenna gains at the differential volume location
and where R and S are the distances from dV to each of the antennas.
Estimation of the delay power spectrum Q (£) then involves integration
over all differential volumes for which the path delay is in the interval

(&, £+ d& ), ashell of a prolate spheroid having foci at the antenna sites.
Correction for refraction effects is included by assuming an effective

earth radius.

The shape of the Q (§)predicted by the Bello model (Figure 5-1) is a
good fit to the observed Q(Tk)’ that is, a sharp rise in relative power
starting at the minimum path delay followed by a rather sharp peak, then
a more gradual fall off. This supports the theory that the greatest scattering

cross section exists in the lower portion of the common volume, near the
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great circle path. This may be due to the dependence of ¢ on scatter
angle or height or more probably, both. This leads quite naturally to the
concept of "effective' scattering volume which is less than some ''potential
common volume defined in some way by intersection of antenna beam
patterns (a half power beamwidth may be too restrictive). The predicted
Q(%) is a function of the assumed value of m and effective earth radius
(see Table 4-6). These parameters, however, are quite dependent on local
meteorological conditions and, even for a given path, can be expected to
vary over a wide range. This would result in an "effective' common
volume of variable size and hence a variation in A. If average meteorological
conditions for a given area were used in the Bello model, then it may serve

as a useful tool in obtaining initial gross estimates of average dispersion.

The relatively narrow multipath profiles observed at times during
these tests suggest that the effective common volume may sometimes be
very small relative to the '"potential' size. In fact, ducting conditions may
result in values of A which approach zero. At the other extreme, the large
values of A may result from the effective common volume approaching the
potential common volume. Also, reflections from the foregrounds of the
antennas may tend to broaden their effective vertical patterns. This may
give rise to a '"potential’’ common volume larger than defined by the antenna

patterns, which may then give rise to values of A larger than predicted.

It is also possible that one or more elevated layers result in large
values of A; this was observed on two occasions during the current tests
when an inversion layer was present at an altitude of about 5, 000 feet. In
addition to the standard shape multipath power profile due to normal scattering,
a second peak of near-equal magnitude was observed about 0.6 us later in
delay. The second peak was observed in one case over a four-hour period

during which it varied in relative magnitude and delay. The possible
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existence of such high level "reflecting'" layers make a half~-power beamwidth
definition of "potential'' common volume restrictive, as the relatively high

scattering efficiency may compensate for fall-off in antenna gain.

A troposcatter multipath model proposed by Sunde [27] assumes a
rectangular-shaped multipath power profile of width 2 A'. Sunde defined
A' as the maximum departure from the mean path delay using geometric
ray tracing (corrected for refraction) and half-power beamwidths. An

approximate expression for A' for a symmetric path is

v L (BN, YEB
oot ()6 =)

where : d = path distance in Km
¢ = velocity of light
v = 1/2 of 3 dB antenna beamwidth in radians
B = antenna elevation angle in radians
6 = d/2RK
R = earth radius, 6373 Km
K = 4/3.

Using data for the Ontario center to Verona path with 8-foot parabolic
reflectors, 2 A' is calculated to be 0.36 us. The two sigma spread for
this rectangular profile would be 0.21 us, which is slightly wider than the
median value of 0.18 pus observed during these tests. Values of A as high
as 0.37 us and profiles which extended over 1 ps in significant width were
observed during these tests. This tends to suggest that the "potential"
common volume is of an extent somewhat larger than that defined by

half-power beamwidths. An approach similar to that used by Sunde may,
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however, have some value in estimating the extreme values of A, provided

that a somewhat more liberal value of antenna beamwidth is employed.

5.4 CORRELATION RESULTS

The observed correlations between path loss and multipath spread
(Tables 4-4 and 4-7) were generally weak. Over long periods of time, the
correlation coefficient was usually in the range of 0.2 to 0.4; however, for
shorter periods (several weeks), values in the 0.5 to 0.6 range were
observed. This, of course, may be due to the smaller number of samples
used to generate the statistic. The weak long-term correlation is consistent
with earlier results where path loss was correlated with correlation band-
width [24]. It is clear from comparing Figures 4-12(a) and 4-16(a) that
any long-term correlation should be weak. Essentially the same values of
multipath spread were observed during winter and summer, while path loss
was strongly influenced by season. The higher correlation over shorter
observation periods may not be due entirely to variations in path loss
because received signal level (RSL) was measured rather than direct

measurements of path loss. Path loss was computed as

L =P + - - -
p T GT GR LC RSL

where

P = XMIT Power in dBm

T GR = Antenna gains in dB

LC = Aperture - Medium Coupling loss in dB

RSL = Received Signal Level in dBm.
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The value of LC was assumed to be a constant and was calculated
using the C.C.I.R. formula:

LC = 0.07 exp [0.055 (GT+ GR)] o

The loss LC over free-space antenna gain is usually attributed to the
fact that the free-space gain assumes a point* source and a plane wave front
over the antenna aperture. For troposcatter propagation a very large
number of sources are dispersed over an effective common volume which
results in phase incoherence over the antenna aperture. As the aperture
size (and free-space gain) is increased, this effect is more pronounced
and LC is greater. In fact, it is this phase incoherence as a function of
spatial separation that allows the realization of conventional space diversity
operation with two or more antennas. For a given path geometry and antenna
apertures, LC is a variable rather than a fixed parameter where existing
formulas for estimation of LC attempt to predict average values. 1t is

suggested that the variation of L may be related to the variation in extent

C
of the effective common volume, of which multipath spread A is a measure.
If this is true, then the correlation between path loss, as measured here,

and A may actually reflect some degree of correlation between LC and A.

No apparent correlation was observed between RSL and fade rate;
however, as explained in Section 4.4, this may be due in part to the crude

measurement of fade rate.

Correlation of path loss with meteorological data resulted in the
expected high correlation between path loss and surface refractivity NS 5
No significant correlation was observed between Ns and A which is then
consistent with the weak correlation between path loss and A. The effective
earth radius is usually highly correlated with NS. This effects the amount
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of refraction and, hence, the mean scatter angle and mean path loss.
Multipath spread, however, is not dependent on absolute scattering effici-
ency but on the relative scattering efficiency as a function of height and
scatter angle, which does not appear to be strongly influenced by surface

refractivity.

5.5 PERFORMANCE PREDICTIONS

The quality of performance of a high-speed digital troposcatter circuit
currently can be satisfactorily assessed only after the circuit has been
operational. Predictions of its future performance can be made only after
channel data previously collected have been analyzed. The predictions so
obtained are basically relevant only to the operational radio circuit. The
ability to generalize parameters of performance of an operational circuit
to predict performance of a different circuit at a different geographic loca-
tion has not been reliably established. NBS Technical Note No. 101 [14]
provides reliable techniques for predicting path loss for a wide range of
configurations and for several climatic regions. It is based on a large
amount of empirical data collected over numerous paths around the world.
As digital troposcatter circuits begin to replace analog circuits, it may be
appropriate to supplement Technical Note No. 101 with prediction techniques
for multipath spread and fade rate. Such a supplement would require a

systematic collection and analysis of channel and meteorological data.

Many results have been published where statistical parameters were
obtained by comparing channel data with meteorological data and parameters
computed from meteorological data. Descriptions of some of these results
are in Reference 16 and 20; more recent results are in a series of papers —
References 17, 18, 28, 29, and 30. At present there is no common agree-
ment on which meteorological parameter(s) is the most relevant for a
troposcatter circuit or on which parameter(s) should be used for statistical

analysis with channel data. 149
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