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Abstract

Recr .ved signal level and multipati: delay spread measurements were made at 5 and 16
GHz on a 161 km tropospheric scatter path over moderately rough terrain from Prospect Hill in
Waltham Massachusetts to Mt Tug in Lebanon, New Hampshire. The measurement campaign
spanned the summer months of May through August, 1989. The signal level data were
processed to obtain hourly median values for the estimation of the cumulative distribution
function (cdf) of received signal level for use in troposcatter communication system design.
Multipath delay spread observations were made at the higher frequency. These data were also
processed to obtain the sample cdf of the hourly median values of the two sigma multipath
delay spread estimates.

The data were sorted by th~ dominant propagation mechanism for each hour of
observation. The propagation catasjories were clear weather conditions (forward scatter by
clear air turbulence in thin horizontal layers), rain scatter, and duct propagation in elevated
layers. The sumple cdfs were well approximated by lognormal distributions for received sigral
level and by romnal distributions for multipath delay spread. At 16 GHz (Ku band), the
highest level field strengths were recorded during periods with rain while, at C band (5 GHz),
the highest level fields were recorded during elevated ducting conditions.
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5/ 15 GHZ SCATTERING STUDY
1. Introduction ~
1.1 Prograni ubjectives

The objectiv: of this §/15 GHz Scu.=ming Study was to characterize the 16 GHz
troposcattcr cuannee for the Jesign of ¢igital taciical communication systems. Sitaultaneous
measurements of veceived signa! lovels w2.o n.ade at two frequencies, 5 and 16 GHz, together
with measuremenis of the Doppler frequency shuft of the received carrier signals and the
multipath delay spread of the higher frequency signal. The parameters needed to assess system
performance, the received signal level, delay spread and Doppler spread (fade rate), were
derived from the measurements. [actical roposcatter communication systems presently
operate at C band (5 GHz) and, therefore, the lower frequency observations were made to
provide a known reterence for comparison to the higher frequency (Ku band) measurements.

An earlier study had shown that adequate signal levels were present on the 161 km
Prospect Hill to Mt Tug troposcatter path when a large aperture antenna was used at the
ransmitter site [Crane, 1988). Questions were raised about the signal levels to be expected
when small aperture anteanas were emploved at both the transmit and receive sites. This study
also addressed the effect of antenna aperture size on received signal level statistics, delay
spread staustics and Doppler spread statistics.

1.2 Summary of results

The transmitter and receiver systems for the Prospect Hill to Mt Tug troposcatter path
were configured for continuous, unattended operation with small aperture, matched beamwidth
antennas at the receiver site for both frequencies and at both ends of the path for the higher
frequency. The digital data recording system collected measurements of the cammier received
power levels at 4.95 GHz (C band) and 15.73 GHz (Ku band), the average Doppler frequency
shift and the standard deviation of the Doppler shift at both camrier frequencies and, at the
higher frequency, the correlation detector received power levels at 15 consecutive lags (80
nanosecond time intervals) straddling the delay with the highest detected level. The receiver
system was calibrated automatically twice a day. The observations were processed to provide
hourly summaries that included the minimum, maximum and median values of two minute
averages of cach of the measured parameters. These sununarics were then stored wn a data
bank for subsequent analyses.

Data were collected from | May through 21 August 1989. Operation was nearly
contingous with the exception of a daily shutdown of ose (o two hours for maintenance and
calibration and a senes of afternoon measurements dunng July with the large aperture transmut
antenna at Ku band. Problems with one of the twe Ku band tran: nitters caused the toss of
seven days of data in May cight days in June and thirteen days in July. The problem was
fixed by the end of July hut operations termunated August 21 when all three transmitters failed
as the r2sult of a lighting stnke at the transiitter site. During the four moath penod up o e
hightning stnke. calibrated observations were obtained for 1232 hours o5 45% of the ume.

The observations revealed a strong diumal vanation in received signal level. The
ohserved average hourly median transmission loss values were 163 dB at Ku band and 148 dB
at C hand for ime penaods with no indication of rain on the path and no enhanced signal levels
due to propagation along elevated ducts. The commesponding Ku band signal level was within
12 dB of the predictions of several troposctter wodels. The Signatron madel [Pari. 1989
Matthews, 1959] predicted about R dB more signal than observed. The curment CCIR model
[CCIR. 19589] oredicted 12 dB more signal than observed while their carlicr modet. the NB3
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Tech Note 101 model [Rice et. al., 1965}, predicted 3 dB less signal than observed. Our most
recent model is within 3 dB of the average value for the summer months. At C band, the
model prediction errors were smaller.

The average and spread (standard deviation) of the Doppler shifts of the carrier
frequencies were monitored throughout the experiment. The average Doppler shift was used to
identify intervals with rain scattered signals. The Doppler spread may be used 10 estimate the
fade rate for the received signals. At Ku band, the observed Doppler spread averaged 8.6 He,
a value close to the predicted value of 8.1 Hz if the prevailing mind is 12 m/s across the path at
the height of the scattering volume. At C bard, the observed Doppler spread was 2.2 Hz
while, tor the same average wind conditions as st Ku band, the Doppler spread should have
been 1.0 Hz (comesponding to 90 fades per minute). The residual frequency variations in the
transmit and receive equipment were too large to make successful Doppler spread
measurements at C band and at all but the highest spread values at Ku band.

The average hourly median twe sigma delay spreaw was 138 nsec. This value is identici
to the predicted output from the RAKE correlation receiver system fora 12.5 Mbit/s bitrate &
typical receiver signal-to-noise ratios if the scattering is dominatad by a thin (100 m) scarteri:. ;
jayer at a 1 km height. For the small aperture antennas and a smooth, slowly varying profile ef
scattering from clear air turbulence (uniformly filled scattering volume), the expected Jelay
spread increases to 174 nsec. The observations were comparable to the 150 to 160 ns=c
median delay spread measurements made on a 138 km path with 8' antennas at C band using a
10 Mbit/s RAKE system [Sherwood and Suyemoto: 1976]. The theoretical calculations of
delay spread indicate that the actual spread values should be less than 307 of the measured
values (for a receiver with infinite bandwidth and no receiver noise).

Measurements were made using the large, 29’ aperture antenna at Ku band at the
transnutter site during twelve afternoons in July. The C band system was unchanged and was
cmployed to provide the reference for the performance comparnison between the large and small
aperture antennas. The large antenna had an estimated gain of 58 db at Ku band which is 16
dB higher than the estimated gain of the smail, 3’ antenna. Model calculatons predict a hourly
median transmission loss for the large aperture antenna that is only 2 dB lower than the
predicted hourly median transmisston loss for the smaller antenna for a uniformly filled
scattenng volume or 3.5 dB lower for a thin scattering layer. After normalization so the €
band measurcements had identical average hourly median transmission loss values for the
summer aftemoon time penod (equal to 145 ¢B), the average measured hourly mwedian
ransnusston loss was less than | dB lower than expected for a umiformly filled scattering
volume (at 156 dB) for the large antenna while the transnnssion toss was less than | dB higher
than expected for she small antenna (at 139 dB). The ohserved differences hetween
observation and prediction for etther thin layers of a umformly filled scattering volume were
well withun the measurement ervors of the C and Ku band transinission systems.

For the larger aperture antenna, the predicted Doppler spread and delay spread values are
smnaller than for the small antennra. For the summer 2{termoon data sets, the observed Doppler
spread at Ku band for the large antenna was half the value measured for the small antenna (3 8
v 7.7 Ha). As predicted, the average hourly median multipath defav speead was also smaller
for the large antenna (9K vx 128 nsec)

Work performed under this subcontract has also been reported in the master’s theses:
"Observations and analysis of troposphenc scatter propagairon dunng ram at 16 Galz aad §
GHz" by Bradley T Anderson [ 19%9] and “The Study of the Ku- Band Troposohertc Scatter
Chaanel Dunng Clear-arr Condittons via Data Coltected On the Link Bcn-\en Prmp&t Hull i
Waltham. MA and Mt Tug w Fnfield. NH™ by Mark A Hoppe [ 1959
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2. The experimental observations
2.1 Equipment configuration

The earlier measurement campaign [Crane, 1988] empioyed the large, 29' aperture
antenna at Prospect Hill in Waltham, Mazsachusetts for transmission at both frequencies. The
receiver site on Mt Tug in Lebanon, New Hampshire had both standard gain horns and
matched beamwidth parabolic reflector antennas that could be used for reception. The horns
were employed for calibration and antenna pointing checks; the matched beamwidth antennas
were utilized for data collection. As originally configured, the receiver system could use either
the C or Ku band carrier frequencies for the phase reference for coherent detection The
signals were mixed down to baseband in the receivers, low pass filtered and sampled (both in-
phase and quadrature components) for subsequent computer processing. The final low pass
filters had a 120 Hz bandwidth.

The receiver system was modified to use the cesium beam frequency standards (one at the
transmitter site and one at the receiver) as the phase reference for coherent measurements. The
absolute Doppler frequency shifts could then be observed instead of the relative Doopler shift
between the two carmer frequencies when one or the other carrier frequency was used to
provide the phase reference. The data processing software was upgraded to provide Doppler
shift and Doppler spread estimates based on the pulse-pair algorithm and the complex
correlations between consecutive samples of the in-phase and quadrature signals.

The multipath delay profile measurements were made using correlation detection on a
1023 bit pseudo-noise sequence generated by a maximum-length shift register code (PRN
code). Identical code sequences were produced at the transmitter and receiver. The transmitter
sequence was phase modulated on the 15.73 GHz carrier at a 12.5 Mbit/s bit rate. The code
sequence generated at the receiver was used to phase modulate one of the local oscillators.
Correlation detection was accomplished by mixing the modulated local oscillator with the down
converted received signal and averaging in the low pass filters (in-phase and quadrature).
Under computer control, the receiver code could be shifted forward or backward in time
relative to the transmitted sequence to change the time lag for correlation detection. The
computer program autematically selected the lag giving the greatest output and, for data
collection, shifted the scquence X 7 lags to straddle the peak. For each lag, 200 samples of the
the in-phase and quadrature channel output were simultaneously recorded at a 250 Hz rate tor
each channel.

The multipath delay spread algorithm was upgraded to obtain a continuous measurement
of receiver noise level and to subtract the estimated noise power froin the correlation detector
outputs at the different lags. Two sigma delay spread estimates were calculated from the noise
corrected power vs delay profile and averaged for two minutes prior to final recording.
Received power cstimates were calculated from the sum of the recorded powers for each
correlation detcctor output (each lag) and from the carrier channel output. The correlation
detector channel had an 18 dB higher signal-to-noise ratio than the carrier channel thus
providing superior performance at low signal levels.

The received power should be spread over only a limited number ot lags when turbulent
layer scatter is the dominant propagation mechanism. When rain scattering occurred on the
path, the delay spread was experted to increase dramatically. Initially, the position of the lag
window used for the delay spread measurements was adjusted from one 30 second
measurement cycle to the next. The anticipated slow drift of the cesium standards relative to
each other could then be corrected and unattended delay spread measurement would be
possible. Unfortunately, during rain the larger delay spreads caused the tracking system to
"lose lock™ and further delay measurement was generally not possible until lock was manually
reacquired. The correlation detector power estimaie was used to keep track of the operation of
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the tracking system but could not be relied upon for routine power measurement.  When it was
found that the cesium beam standards did not drift fast enough relative to each other to require
continuous tracking, the algorithm was changed to disable tracking after lock was initially
acquired. The system worked reasonably well after that with lock being lost only occasionally.
Deiay spread measurements were then possible in rain.

A new Ku band traveling wave tube (TWT) transmitter was installed at Prospect Hill for
use with the small, 3’ aperture antenna. The older klystron transmitter that was used with the
large, 29' antenna required continuous supervision while the new system could be run
unattended. The C band TWT transmitter was also used with the large aperture antenna but it
could also be run unattended. A possible drawback to the new Ku band system was its lower
transmit power. Model calculations predicted that the use of 3.5 dB less ransmit power -d
the expected 2 to 4 dB increase in transmission loss (decrease in signal level) caused by ..¢
change from the large to small aperture transmit antenna would not significantly affect the
measurements. The expected median signal-to-noise ratio was still better than 20 dB with the
new transmitter system and, for the correlation detection channel, the expected signal-to-noise
ratio was better than 38 dB.

The Prospect Hill to Mt Tug troposcatter path profile is displayed in Figure 1. The figure
presents a cross section view of the path in the great circle plane. The scattering volumes for
the several antenna configurations are displayed as shaded areas. The scattering volumes are
bounded by the 3 dB contours of the antenna patterns and the radio horizon rays from each
antenna. The antennas were pointed at their local honzons along the great circle path. The
receiver antenna beamwidths were matched but the transmitter antenna beamwidths varied with
aperture size and irequency. The resulting common volumes (scattering volumes common o
both antenna pi' = ns) were long, horizontally onented cylinders. At Ku band, the common
volume was 69 - lo-:g when the small aperture transmit antenna was used but was onlv i%
km long for the large aperture antenna. At C band, the length of the common volume was 36
km. The lower edges of the common volumes were 820 m above mean sea level and 400 m
above the terrain. The maximum vertical extents of the common volumes were 1060 m for the
small antenna at Ku band, 240 m for the large antenna at the same frequency and 520 m at C
band. The muximum cross-path honzontal extents were twice the vertical extents. Although
the common volumes were long and thin, scattenng was possible anywhere in the volume that
wis line-of-sight to the antennas at each end of the path. Rain scattering was important when
the rain cells occurred over etther antenna within the main lobe of one antenna and the far side
lobes of the other as well as when the cell appeared within the common volume.

The e main profile along the great circle path was relatively flat from the transmitter site to
about 70 km from that site. The remainder of the path was hilly with a height variation of 400
m. A succession of wooded tills broke up the path. At least 4 diffracting obstacle ndges
occurred on the path. The diffraction loss for this path significantly exceeded the maximum
expected ransmission foss for a turbulent volume scater path. The path was asymmetrical
with a higher honzon angle at the receiver than at the ransmitter. The centers of the scaitenng
volumes were thersfore closer to the receiver site.

2.2 Daily observations with the small aperture Ku band transmit antenna

The observations were recorded continuousty at the receiver site. For cach parameter,
200 samples were gathered in a 0.8 second interval for processing to estimate the average
value. The C band and Ku band camer channels were sampled simuitancously but, for the
different lags of the Ku band correlation detection channel, the samples were obtained
sequentially. A full cvele for detecting the signal levels and setang the attenuators to place the
signal 1n the center of the dynamic range tor each receiver channel, for sampling all the
~hannels, and for calculanng the parameter estimates and recording their values took 30
seconds. The hincar, coherent rzceivers had limited dynamue ranges and digually controlled
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attenuators were required to keep the widely varying signal within the dynamic range. The
calculations included computations of the received power levels (non coherent processing) and
of the mean and standard deviation of the Doppler frequency shifts (coherent processing).

Four consecutive observations were averaged for display and further analysis. Figures 2
through 4 present a full sequence of output for a single day of measurements with the small
apertute antenna at Ku band and the normal system at C band. The upper reht hand panel in
Figure 2 presents the received signal levels from the carrier channels. Each recorded two
minute average is displayed. The upper trace is for the C band signal level and the lower trace
is for Ku band. The signal levels have been adjusted (calibrated) to represent the output from
the receiver for a 30 watt (w) transmit power level. The actual Ku band carrier signal level at
the input to the ransmit antenna was 3.6 w; for C band the transmit power was 30 w. The
receiver sigral levels were referenced to the input port of the waveguide switch that selects the
receive antenna or calibration noise diode for connection to the receiver. Transmission loss 15
defined to be the measured power level difference (loss) be:ween the transmitter and receiver
waveguide reference points. The receiver noise levels (after adjustment to compensate for
difterences in ransmit power relative to the 30 w reference) are also displayed in the figure.

The upper teft hana panel in the figure displays the sample cumulative distribution
functions (cdfs) for the received signal levels at each frequency. The abscissa for the cdfs is
the reduced variate for a normal probability distribution. If the cdf follows a straight line in this
plot. it could be approximated by a lognormal distribution (the ordinate is in dB). Both cdfs
appear to follow straight lines for the fraction of the day with data.

The lower panels present the signal level fluctuation power spectra and the coherency
between the fluctuations at each carrier frequency. The power spectra were computed from the
time series of two minute averages. The spectra are averages of consecutive 32 sample spectry
tappreximately one hour duration). The two minute averaging was done to reduce any
variations due to Rayleigh fading on the troposcatter channel; spectral averaging was used to
reduce the statistical uncertainties of the spectral estimates. The resulting spectra represent the
slow variations in the parameters of the turbulent process that produced the fading. The semi-
empincal stzustical theory for turbulence in the clear amosphere predicts that the spectra should
obey a f° A (f = fluctuation wequency) power-law relationship. This relationship is displayed
as & dot-dashed line. The K band spectrum follows the expected relationship for fluctuation
frequencies below 0.001 Hz. The C band spectrum shows relatively more higher frequency
fluctuations than predicted. The coherency beiween the fluctuations at the two carrier
frequencies is essentially zero. The differences in spectral shape and lack of coherency suggesi
that the turbulent layers or patches are either thin enough or of small enough horizontal exient
to alfect one but not both scattering paths (with difierent common volume sizes).

Figure 3 presents the relative behavior of the scattering channels {upper panels) and the
two sigma multipath delay spread observations at Ku band. For the upper left hand panel, the
received signal level deviations from the predictions of our model for forward scattering by
clear ar turbulence are displayed for both carrier frequencies. If the intensity of scattering from
the turbulence was distributed in space in accordance with the model, the received signal traces
would lie along the honzontal, ) dB line (dot-dashed). If the turbulence had a uniform
intensity throughout both common volumes, the traces for both carier frequencies would lic on
top of each other. The observations show differences in the positions of the curves of as much
as 12dB. These differences are plotted in the upper right hand panel. Usually, for scattenng
by turbulence the deviations between the model normalized curves are less than 6 dB.

The two sigina multipath delay spread closely followed a normal distnibution (lower nght
hand panel) with a median spread value of 140 nsec. The predicted spread values vary
between 140 nsec for a thin, 100 m layer and 173 nsec for wrbulence filling the common
volume fafter correction for system bandwidth and receiver noise). For a point, intense
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scatterer (infinite signal-to-noise ratio, zero delay spread) the expected two sigma delay spread
values vary from O to 80 nsec depending on the delay of the scattered signal relative to the start
time for a lag bin. Averaging over a uniform distribution of possible relativc stan times, a
st.ong point scaierer would produce a 62 nsec two sigma multipath delay spread value The
cdf for delay spread shows that the scatterers produce more spread than a single point scaticrer
and generally less spread than expected for a uniformly filled scattering volume.

The left hand panels in Figure 4 summarize the Dopnler frequency shift measurements for
the day. The expected mean Doppler shift is zero. The turbulent scatterers move horizontally
and, for a scattering path that is symmetric about the great circle path, the mean Doppler shift
should be z2ro. A close examination of the local horizon at the receiver site shows that the
rointing direction to produce the smailest scattering angle is 0.2 degrees to the east of the great
circle direction. Because the scattered signal levels are a strong function of the scattering angle,
the paih is not symmetrical about the great circle plane and the mean Doppler shift should vary
with the horizontal wind at the height of the lower edge of the scattering volume. For the
prevailing air movement from the west, the result is a small negative average Doppler shift.
Because the lower edge of the scattering volume is shaped by the local horizen and not the
antenna beams, the magnitude of the observed Doppler shifts should vary in proportion to the
carrier frequency. For time periods when the model normalized received signal levels coincide
(0400 to 0800 h local time) the Doppler shifts were in the ratio of the carrier frequencies. At
other times, the mean Doppler shifts were not simply related. Several occurrences of large,
short period (single two minute sample) Doppler shifts are evident in the data. These are
attributed to s:attering by dircraft. The aircraft has to fly almost parallel to the scatter path fora
sufficient tin.- penod to produce an output that survives the 120 Hz narrow band filtering and
subsequent averaging over the 9.8 second sampling interval and the two minute (4 sample)
averaging interval. The commuter flights from Boston, Massachusetts to Lebanon, New
Hampshire have flight paths that can produce the observed scattering signatures.

The Doppler shift data were primarily used to identify periods with rain on the scatter
path. For rain i . the common velumne, the expected Doppler shifts are greater than +9 Hz at
Ku band and +3 Hz at C ban¢. Th# expected rain scatter signatures would be clearly evident in
the data in the figure.

The Doppler spread estimates are presented in the lower left hand panel of the figure.
The observations at Ku bhand show some meteorologicai variation but the C band
measurements do not. The Doppicer spread is produced by the horizontal motions of the
scatterers througticut the common volume. »“odel calculations show that the observed Ku
band spread values are consisteni with cross path winds of the order of 10 m/sec at a | km
height. The C band observations are more than twice the value expested for such winds, The
Doppler spread estimation algorithm is very scnsitive to the receiver signal-to-noise ratio and
esiimates wers rot made for very low signal-to-noise values. The spread estimates may also be
contaminated by low frequency phase mcdulation of the transmitied carrier or any of the
receiver local osciilators. The C band trav. mitter had a 60 Hz modulation (later found to
onginate from a ground loop) that contributed to the large vesidual Doppler spread valuzs. The
Ku band TWT also had reladvely strong 60. %) and 120 Hz modulation lines but he plase
shifts due to atmospheric motions were stll donunant.

The right hand pancls in Figure 4 display the performance of the correlation detection
channel reiative to tre camier channel. If all is working properly and the delay spread is small
cnaugh to keep the multipath delay profile within the lag window used for nrucessing, the Ku
carrier and Ku delay signal levels should Y¢ identical. The upper nght hand panel displays
both received signal level estimates and the estimated receiver nouse level (normalized to the
received signal for a modulated transmitted signal power of 30 w ie. 9 dB below the actual
received noisc power and 18 dB below the value reported for the camer signal level
observations in Figures 2 and 3). The cdf shows the median delay channel power estimate 15 2
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dB higher than the median carrier power estimate for all periods when both channels were
operating. The delay channel power leveis varied about the carrier channel values by as much
as 3 dB. The variations in the differences between the carrier and delay channel observations
are attributed to statistical sampling errors. For an (.8 second sample of a Rayleigh fading
process with a fade rate of 1.5 times the Doppler spread, approximately 10 independent
samples were used for the estimation of each received power level value (30 second samples).
The expected deviations between the two minute averages of the power level estimates for each
frequency should then exceed 3.8 dB for 10 percent of the samples. The varying differences
between the two curves are therefore consistent with the expected statistical uncertainties in the
power level estimates for each channel. For intervals with smaller Doppler spreads. the
statistical uncertainties of the measuremenss will be larger. The difference in the median values
is larger than expected by chance and indicates a calibration error in either of the receiver
channels or between the total power measurements at the transmitter and the expected residual
carrier leakage through the balanced modulator that is used for the carrier signal for detection.

2.3 Observations with the large aperture Ku band transmit antenna

Data from the time interval between 1000 to 1700 h is missing from Figures 2 through 4.
During this interval, the large aperture antenna was employed for transmission at both
frequencies . The observations with ti.e large aperture antenna are presented in Figures 5
through 7. In these figures, the C band measurements are as reported above. The Ku band
measurements were also processed as above but the calibration constants were for the small
aperture anienna and TWT transmitter and not for the large aperture antenna and klystron
transmitter. As a result, the reported Ku band observations are 8 dB higher than they should
be. The difference 1n calibration is due to the differences in transmitter power, klystron
bandwidth and the level of the residual carrier level leakage through the modulator.

The shapes of the cdis and power spectra curves arc nearly the same at the two
frequencies and the coherency between the signal level fluciuations is high at the lower
fluctuation frequencies. The C band data show a marked increase in signal level (~15 dB)
during the 1000 to 1200 h interval. The Ku band carrier signal followed the C band carner
signal vanations within the measurement {sampling) uncertainnes for each channel.

The power levels from the correlation detector channel track the carrier power ievels for
Ku delay channel output values below -105 dBm (as reported with the calibratuon constants for
the small aperture antenna transmitter). Above that level, the dynamic range of the receiver
system was excecded, the delay channel saturated, and the delay channel receiver noise level
increased in response to receiver saturation (Figure 7). Normally, the receivers are operated
with sufficient IF gain wo keep the aoise levels in the narrow band stages of the camier channel
high =nough to mask the slowly varying de biases produced in the final stage of mixing down
to baseband. The high intermediate IF gans did not provide a sufficient dynamic range (40 dB
above the expected levels in the carrier channel) to accommodate the higher level signals when
the large aperture transmitter was in use. Figure 8 displays the maximum carrier channel signal
level and delay channel signal level values for each hour with simultaneous data. The effect of
receiver saturation is clearly evident (the data for the lurge aperture antenna transmissions s
labeled July LA). By the end of july when the small aperture transmitter system was again on
the air, the receiver gains and automatic gain conwrol algonithm were adjusted to eliminate the
saturation problem (but not the dc bias problem).

The two sigma multipath delay spreads were nonmally distnibuted and perhaps smaller
than for the small aperture antenna. Figure 6 does not contain sufficient data to make a
comparison. The effect of receiver saturation should be small because the noise subtraction
step in the multipath delay spread estimation algorithm used the receiver noise estimates
calculated for cach measurement cyile. Saturation would reduce the received power values at
the lag having the highest signal but, for the large aperture antenna. saturation would affect
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only two lags at most with the result that the delay spreads estimates, which are already
seriously over estimated, would have only slightly more error.

The mean Doppler shift measurements appear to be a continuation of the small aperture
antenna observations but insufficient data are available in the figure for a comparison between
the observadons at different aperture sizes. The Doppler spread values are significantly smaller
than for the small aperture transmit antenna. Model calculations suggest that the observed
values are consistent with the same 12 m/s cross wind velocity invoked to explain the
observations with the small aperture antenna. Thc observations show smaller hour-to-hour
variaticns than expected or obscrved with the small aperture system. The problem may be that
the small aperture results contain both meteorological and equipment produced spread
components, the former time varying and the latter constarx in time. Wirh the expected smaller
contributions to the meteorologically varying component, the large aperture antenna results may
be dominated by equipment produced phase noise.

2.4 Observations in rain

Figures 9 through 11 illustrate the effects of rain on the troposcatter signal for a day of
observations using the small aperture antenna transmitter system. The set of three figures
provide the ;ame information as before. The carrier signals experienced more hour-to-hour
variations than for the clear air day (Figures 2 through 7). The shorter time scale variations
were reduced in magnitude and the coherency between the fluctuations was small. The daily
medians of the C band and Ku band received signal levels were about 10 dB higher than for the
clear air day. The cdf for the C band received signal levels was nearly lognormal bu*, for Ku
band, the signal levels show a 10 dB or more decrease below the lognormal distribution for the
smallest 5% o. the observations (1.6 standard deviation and higher).

The mean Doppler shift record (upper left hand panel in Figure 11) show marked
increases in the Doppler shift from 0500 h through the end of the day. This is the signature of
rain on the path. Scattering by rain dominates over scattering by clear air turbulence at Ku
band over a wide range of rain intensities while, at C band, it is dominant for only very high
rain rates. The result is a rain signature at Ku band but no evidence of rain at the lower carrier
frequency. The relative magnitudes of the Ku and C band signals show higher signals at Ku
than at C band relative to the turbulent model predictions during most of the intervals with large
Doppler shifts. An exception is evident between 2200 and 2300 h. During this short interval,
the Ku band signal fell to more than 20 dB below the level expected from the C band
measurerents for scattering by turbulence. The problem is attenuation by rain on the path.
The scattered signals are stronger than for clear air turbulence but attenuation by rain between
the antennas and the scattering volume can reduce the signal levels by more than they are
enhaaced by rala scatter.

During the rain attenuation event, the carrier signal is reduced to near the noise level
causing, in part, the increased Doppler spread observed duning the event. The multipath delay
spread increased to more than 400 nsec and exceeded the lag window used for Doppler spread
analysis. Although some of the power was spread outside the analysis window, sufficient
remained inside the window to show that the attenuation was not large enough to cause a loss
of signal. During the periods with rain on the path the delay spread valucs were consistently
larger than for tmes with clear air scatter.

2.5 Observauons with an clevated duct
The third propagation mechanism thought to be important on a troposcatter path across

moderately rough terrain (height vanations of the order of 400 m) is ducting or trapping in an
clevated layer (or duct). The temrain is too rough te support surface ducts and. therefore. that




mechanism can be ignored. Also, the path has too many diffraction ridges for high level fields
to occur due to diffraction during super refraction conditions.

The identifying features for coupling via atmospheric ducts are enhanced signal levels,
especially at the lower frequency, combined with a significant reduction in the fade rate (Crane,
1981]. Because the ducting process is caused by refractive bending and trapping within an
atmospheric waveguide, for a thick enough waveguide the phase variations observed on the
path are not produced by a Doppler shift upon scattering but by the much slower variations in
the integrated refractive index along che ray paths and in the physical lengths of the multiple ray
paths between the temporally and spatially varying top and bottom of the guide. As a result,
the average Doppler shifts should be reduced to near zero and show little variation during the
intervals with slow changes in signal strength.

Figures 12 through 14 show intervals of elevated layer ducting between 0000 and 0800 h
and again from 2200 h through the end of the day. The C band signal levels are more than 20
dB stronger than the Ku band levels and more than 10 dB larger than expected for scattering by
clear air turbulence at either frequency. The fading rate is slow enough to be evident in the time
series of two minute averages and the mean Doppler shift at C band is essentially zero. A short
period of enhanced signal levels was observed at Ku band from 0100 to 0200 h. During this
time interval, the Ku band Doppler shift was zero and the delay spread was twice reduced to a
value approaching the spread value expected for a point scatterer or a strong path with no
additional multpath components (such as for a line-of-sight path).




3 Data summaries
3.1 Hourly data -

The time series of two minute averages were partitioned into clock hour blocks (each
starting on the hour). For each full clock hour of observations, the maximum, minimum, and
median values were obtained and stored in a computer data base for further analysis. Each of
the important variables: carrier received signal levels, Doppler shifts, and Doppler spreads were
recorded as were the delay channel received signal level, two sigma multipath delay spread,
and receiver noise level.

The dominant propagation mechanism for eack: hour was established automatically. Five
propagation conditions were identified: clear air, rai, ¢!evated ducting, rain attenuation and
aircraft scatter. Most of the observations were designated as corresponding to clear air
conditions. Hours were identified as dominated by rain scatter if both the maximum and
median Ku band Doppler shifts were larger than preset thresholds (3 iz for the median and 6
Hz for the maximum). If only the maximum Doppler shift exceeded the threshold and the
median value was less than zero, the hour was identified as dominated by aircraft scatter.
Hourly intervals with median and maximum C band signal levels significantly larger than the
Ku band levels and with near zero Doppler shift at C band were identified as dominated by
ducting in elevated layers (the thresholds were 17 dB for the median difference and more than
20 for the maximum values). The fifth category was rain atienuation. In this case the hourly
median Ku band signal was more than 27 dB below the expected value for clear air turbulence
as calculated from the C band measurements (more than 12 dB net reduction in signal level)
and rain scattering was identfied in that or an an adjacent hour interval. A final manual chieck
was made of the identified propagation mechanisms to insure that the rare occurrences of
elevated duct propagation at Ku band would not cause the interval to be excluded from the
ducting category.

The hourly value time series for the month of June are presented in Figures 1S through
22. The received carrier levels at C band are displayed in Figure 15. Three curves are plotted,
the minimum and maximum hourly observations are the thin traces while the median value is
given by the thicker trace between the thin traces. The curves are continuous where
measurements were available for contiguous hours. The blanks indicate missing data. The
missing observations are generally for peniods when the Ku band transmitter failed. Aftemoon
observations on several of the days late in June were excluded because transmission was
switched between the large and small antenna systems at half hour intervals. Receiver and
transmitter system calibrations were then hard to maintain and the switched measurement
campaign was abandoned for the senes of afternoon observations with the large antenna that
was conducted in July.

The propagation mechanism coede is indicated by the positions of the diamond markers
across the top of the figure: at -78 dBm for rain, -76 dBm for rain attenuation and -80 dBm for
elevated ducting conditions. No markers are displayed for either clear air turbulence scatter
conditions or for aircraft scatter. Elevated ducting conditions occurred during the nighttime,
carly moming hours on the 20th through the 23rd of June.

Figures 16 and 17 present the Ku camer and delay channel received power levels
respectively. The penods of enhanced signal levels with clevated ducting is evident in the
carricr channel observations but not in the deiay channel output where receiver saturation has
taken its toll. The lowest Ku band signal levels observed during the summer were recorded
during 15 - 16 June. Most of these observations were not associated with a rainy penod. The
signal levels were relatively low at both C band and Ku band although the Ku band signals are
about 5 dB below the levels predicted from the C band measurements for scattering by clear air
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turbulence uniformly fil . g the common volumes. The signal levels were high enough to be
detected in the delay chai...el with about a 20 dB signal-to-noise ratio. The noise level is given
by the thick curve along the bottom of Figure 17. The receiver noise level variations are not an
indication of changes in receiver gain (and calibration) but are produced by the slowly varying
dc biases generated in the final stage of mixing down to baseband.

Figures 18 and 19 display the median and extreme hourly values of the average Doppler
shift for the Ku and C band carriers respectively. The periods with rain are clearly identified in
the Ku band data. These data also show the slow meteorological changes in the horizontal
wind in the scattering volume between rain events. The sharp, isolated positive and negative
Doppler deviations are indicative of aircraft scatter. During the extended interval with low
signal levels at Ku band, the average Ku band Doppler frequency dropped to -6 Hz. The
ransmitted carrier frequency is offset from the receiver local oscillator frequency by 6 Hz when
mixed down to baseband. Correction for the frequency offset is made in the calculation of
Doppler shift. The average frequency for noise is O Hz as is the frequency of the dc biases
produced in the firal mixing stage. After compensation, a zero frequency output from the
receiver is reported as a -6 Hz Doppler shift. During the low signal level interval, the Doppler
shift estimates were contaminated by the dc biases and receiver noise.

Figures 20 and 21 display the hourly Doppler spread values. At C band, the mean
Doppler shifts showed significantly smailer deviations from zero than for Ku band. The shifts
at the two frequencies were generally of the same sign indicating that both channels were
responding to the motions of the scatterers. Both the C band and Ku band Doppler spread
observations show isolated incidents of zero values. These arise in the spread estimation
algorithm when a rapid change in carrier frequency occurs such as can be produced by
scattering from aircraft.

Figure 22 presents the multipath delay spread observations for the month of June. In
general, large values of spread are associated with occurrences of rain, small values with the
elevated ducting occurrence and intermediate values for scattering by turbulence in the clear
atmosphere. The magnitudes of the delay spread values during periods of clear air conditions
indicate that the turbulence is confined to layers that are substantially thinner than the vertical
extent of the common volume.

3.2 Diumal vanations

The observations for June showed day-to-day and within-2-dey variations in signal
strength. The hourly median data for the entire summer were separated by propagation
mechanism, sorted by time of day, and averaged to display the diurnal variations and relative
magnitudes of the different propagation mechanisms. Hours dominated by aircraft scatter were
not included in the analysis because too few observations were available; the rain attenuation
cvents were included with the rain events. Only 7 of the 1232 hours of observation were
designated as dominated by rain attenuation (0.57% or 3.2% of the tme with rain)

Figures 23 and 24 depict the diurnal variations of the received signal levels at the two
carrier frequencies. The clear weather condition data show an average received signal level of
about -105 dBm at C band (corresponding to a transmission loss of 150 dB) during the
evening and carly moming hours. At about 1000 h, the signal levels increase, reach a peak
value of about -97 dBm (an increase of 8 dB) at about noon, then decline in magnitude for the
rest of the day. This cycle also occurs at Ku band with a nighttime level of about -120 dBm
(165 dB transmission loss) and the daytime peak at -113 dBm. Turbulence in the planetary
boundary layer increases in intensity in response to warming by the sun.  The thickness of the
boundary layer grows during the moming hours and by 1000 h the top of the layer crosses the
lower edze of the commen volumes.
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Rain can occur at anytime of the day or night. In contrast to the diurnal variations in the
intensity of scattering by turbulence, the observed changes in the average signal levels during
periods with rain show only a decrease in the late evening that may not be statistically
significant.

Coupling via an elevated duct occurs only at night. The signal levels at C band are at
their highest during the early morning hours. For the observations during the summer 1989
campaign, the signal levels were more than 10 dB higher than for scattering by clear air
turbulence.

The average Doppler shift values show diurnal changes in response to the changes in the
propagation mechanisms. In Figures 25 and 26, the average Dopple: shifts are smaller during
the daytime period when boundary layer turbulence occurs in the common volume and are
higher when the scattering comes from the stable region above the boundary layer. Under
ducting conditions, the the Doppler shifts are the smallest. During rain, the Doppler shifts are
largest in response to scattering by the falling raindrops. Under clear weather conditions, the
observed average Doppler shifts are proportional to carrier frequency. They are more than an
order of magnitude larger than expected for scatterir.g volumes that are symmetric about the
great circle path. The problem is the asymmetry forced by the variations in the elevation angles
to the radio horizon with azimuth from the great circle path at the receiver.

The Doppler spread values presented in Figure 27 were larger at night than during the
day. The spread values were about the same for periods with elevated ducting and for clear
weather conditions. This results from the relatively smail increase in Ku band signal level in
comparison to the change at C band when ducting occurs. At Ku band, rain scatter produced
higher Doppler spread observations.

The average delay spread values aiso increased during periods of rain as shown in Figure
28.

3.3 Sutistical distributions of hourly median values for clear weather conditions

The hourly observations were grouped by quarter d~y intervals for the preparation of
sample cumulative distributions. The following time intervals were selected for analysis:
nighttime, 2200 to 0400 h; morning, 0400 to 1000 h; afternoon, 1000 to 1600 h; evening,
1600 10 2200 h. Referring to Figure 23, the intervals were selected to group contiguous hours
with similar signal levels. For clear weather conditions, the nighttime period corresponds to the
lowest levels; the afternoon period corresponds to the highest levels. Table | presents the
averages and standard deviations for each measurement by quarter day interval and by
propagation mechanism.

The sample cumulative distribution functions (cdfs) for the observed median hourly
received carrer power levels are presented by quarter day intervals for clear weather conditions
in Figures 29 through 32. The thick curves are the sample cdfs. The scale for the reduced
vanate for a normal distribution is the number of standard deviations of that distribution. The
dot-dashed lines are the median expected cdfs for lognormal distnibutions (the ordinate has a
logarithmic scale) having an average value (lognommal m in Table 1) near the observed average
value at C band and a model predicted value at Ku band based oa the C band value. The model
was for forward scattering by clear air turbulence. The standard deviations for te lognormal
distributions (lognormal s in Table 1) were picked to match the slopes of the C band and Ku
band distributions. The dashed curves above and below cach lognomme nodel distnbution
bound the expected 5% to 95% range for sample cdfs obtained from the observed number of
samples (assunwd to be independent of each other) from the model probability distnbwtion. If
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the sample cdf was constructed from observations drawn from the mode! distribution, it would
lie between the dashed curves with probability 0.9.

The lognormal model provides an excellent approximation to the C band signal level
sample cdfs for all the quarter day intervals. The separation between the bounding curves
depends upon the standard deviation of the assumed lognormal distribution and the number of
independent samples used for the construction of the sample cdf: the fewer independent
samples, the wider the bounds. The bounds were calculated on the basis of the number of
hours of data listed in Table 1. The lognormal model was combined with the forward scatter
model for clear air turbulence to predict the parameters of the lognormal distribution at Ku
band. The forward scatter model provides two predictions depending upon the assumed
structure of the turbulent region within the common volumes, 15.2 dB lower signal strengths at
Ku band than at C band if the turbulence is entirely enclosed within a layer (or layers) that are
thin in comparison with the vertical extents of both common volumes and 13.5 dB lower
signal strengths at Ku band if the turbulence niformly fills both common volumes. In
practice, the ratio should lie between the two values. The value used for the calculation of the
Ku band lognormal m value is listed in Table 1 as the lognormal m value in the column labeled
"Ratio of Carrier Levels". The iognormal model for Ku band also provides an excellent fit to
the sample cdfs.

The scandard deviation values (lognormal s) varied little with time of day, from 5.5 dB
for the nighttime and moming periods, to 5.8 dB in the afternoon, and to 5.0 dB in the
evening. At Ku band, a larger variation but of smaller values was required to provide a good
match to the data, between 3.5 and 5.2 dB. The Ku band values were consistently smaller than
the C band values. This result is in agreement with the predictions of the empirical model
currently suggested for use by the CCIR [1989] for transhorizon propagation paths. The
CCIR mode! attributes the reduction in variance to the increase in carmier frequency. That
model cannot be correct because, for the large aperture antenna, the standard deviation value
needed to match the lognormal model to the sample cdf the standard deviation increases with
frequency not decreases. The physically based turbulent volume scattering model depends on
tr'quem.y through an expiicit model for the change in the bistatic scattering cross section per
uait valume vaih fraguency and an implicit model for the change in scattening volume with
amenns size and Seauer path geometry. The explicit model for frequency dependence affects
only the madian =ignal levels. The standard deviation values depend only on the relative sizes
of the scattering volumcs Qur observatinns show *he larger the scattering volume, the smaller
the variance. The expectation is that for scatieriag by turbulence, the vanances would be
identical if the scattering volumes were matched at the differcnt freque.cies.

The sample cdfs for observations with the large aperture antenna are presented in Jig.
33. The thick, solid curves are the sample cdfs, the thin dot-dashed curves are the expectcd
median distributions for the lognormal models with the parameters listed in table 1. The
dashed curves are the expected 5%, 95% bounds for the sample cdfs. As above, the average
value for the lognormal model at Ku band was calculated from the value at C band. Turbulent
scatter model calculations predict a 11.5 dB difference between the C band and Ku band camer
power levels when the scattening volume for the large antenna is filled at Ku band. The thin,
gray, solid curves are from the median lognormal model distributions for the small aperture
antenna measurements reported in Figure 31, The C band system was unchanged for the two
measurement sets and was recorded to provide a reference for the companson between the
large and small transmit antenna at Ku band. For the 12 days of observations with the large
Amumd the C band signal levels were higher on average than for the rest of the 4 month data

At the median level for the cdfs (0 reduced vaniate), the expected 5% to 95% ranges for the
Ldt\ overlap showing statical agreement between the afternoon obscrvations on the different
measurement days. The Ku band observations are consistently higher for the large antenna
than for the small antenna and overlap occu.: only at the low sigral level tail of the distribution.
The sample ¢df at Ku band is in excellent agreement with the lognonnal model predictions
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showing that the apparent differences between the sample cdfs for the large and small antennas
were expected. The standard deviation value needed to fit the tails of the distribution as well as
the central region 15 larger for the large antenna at Ku band than for C band (and for the small
antenna at Ku band).

The Doppler spread at Ku band provides information about the fade rate to be expected at
the higher carrier frequency. Comparison is not possible to the spread values at C band
because equipment noise was significantly larger than the  uriations due to propagation
conditions on the path. Equipment induced frequency variations were also itnportant at Ku
band. The results are shown in Figure 34. In this case, only the high Doppler spread tail of
the distribution shows any response to vanations caused by conditions on the path. The
observations could be used to set an upper limit to the spread values to be expected or: the path.
A better approach would be to estimate the cross path wind velocities in at the height of the
common volumes and calculate the Doppler spread using the scattering model. In that way,
more than the upper tail of the distribution would be used to estimate the parameters for the
distnbution.

The delay spread is another parameter that is needed for communication system design.
The sample cumulative distributions for each quarter day interval are displayed in Figure 35.
Because little vaniation was observed with time of day, the four sample cdfs were plotted on a
single graph. The sample cdfs are well approximited by normal distributions. A model
distribution for the number of samples in the afternoon time period was fit to the data. The
morning and evening observations are consistent with the model distribution. The model for
the nighttime data should have a higher average delay spread and a higher standard deviation
value. For the afternoon time period, the average and standard deviation values should be
lower. The ranges of the model parameters are small as illustrated in the column of Tabie 1
labeled "Ku band Delay Spread”.

3.4 Staustical distnibutions of hourly median values for rainy conditions

Sample cdfs were constructed for rainy conditions on the path for each of the quarter day
intervals. The received signal level distnbutions are displayed in Figures 36 through 39, The
model distributions plotted in eaca figure are for clear weather conditions (Figures 29 through
32) but with the model bounds calculated for the number of hours of observations used for the
construction of the sample cdfs. They are included for reference. in Figure 36, the C band
measurements lie within the expected bounds of the lognormal model fit to the clear weather C
band observations for the same time period. At Ku band the observations depart from the
bounds about the model fit to the clear weather data. Rain scattering nroduces a significant
increase in signal level relative to clear weather conditions for more than 60% of the time with
ran. The signal levels are smaller than expected dunng clear weather conditions for less than
15% of the time with rain. The smaller signal levels are presumably dus tn min ateznuatien, o
the path having more of an effect than the increase due to scattening.

For tne morning hours, Figure 37, the signal levels are higher in rain than ix: the clear at
both frequencies. At Ku band the enhancement in signal level is more pronounced than at C
band. For the afternoon time penod, the signal fevel cdfs differ little from the cdfs for clear
weather conditions and, at mght, rain scattenag ap«in preduces higher signal levels than for
clear weather conditions at Ku band while, at C band. the differenc =s between rainy periods
and clear weather conditions are not statistically significant..

Rain causes a shight increase in the Doppler spreads at Ku band as shown in Figure 40

In Figure 41, the sample cdfs for the two sigma multipath delay spread values are seen to be
significantly ligher than for clear weather conditions (the model curves).
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3.5 Suatistical distributions of hourly median values for ducting conditions

Figures 42 through 45 present the sample cdfs for times with occurrences of enhanced
signal levels at C band due to trapping in elevated ducts. Figures 42 and 43 present the carrier
power level cdfs for the nighttime and moming hours. Enhanced signal levels relative to the
expected clear weather, turbuent laye: scatter levels occur at both trequencies. The signal
leveis at C band are significan:ly higher as required by the conditions set to identify a time
interval as associated with ducting conditions. The additional requirement of a small average
Doppler shift (magnitude less than 0.5 Hz) limited the selection such that the signal level
distributions tor clear weather and ducting conditions overlapped in signal magnitude.

The Ku band delay and Doppler spread disaibutions do not deviate significantly from the
clear weather sample cdfs. Deviations from the Doppler spread model distribution are evident
for all the propagation models but this is caused by the equipment.




4. Analysis

The propagation mechanism for each clock hour of data trom the cummer 1989
measurement campaign was identfied on the basis of the signal level and average Doppler shift
observations.  With the separation irto the three basic categories used for analysis, clear
weather, rain and elevated ducting conditions, the sample cdts for received signal level tor cach
category could be modeled by lognomual probability distributions.  The san.ple ¢¢*s for
multipath delay spread could be modeled by normal probability distributions. The loga. rmal
hehavior for the received power level distnibutions was evident in the quarnter day data. The
differences between the median value parameters (lognormal m) from one quarter day interval
to the next were of the same magnitude as the standard deviation values for a ume interved The
single composite sample cdfs tor all the observations for a single propagation mechanism were
also lognormal. They are presented in Figure 46. This figure presents a summuary of the signal
level observations for the entire sununer.

The hourly median clzar weather received carrier power observations are consistent with
the lognormal modet for signal fevels at both C band and Ku band. The median values for the
summer months are -103.5 4Bm (148.3 dB transmission loss) at 4.95 GHz and -118.4 dBm
(1631 dB rransmission loss) at 15.73 GHz. The standard deviations are 6 dB at 4.95 GHz
and S dB at 15.73 GHz. The sample cdfs lie entirely within the expected 5% and 95% bounds
for lognormal cdfs with the median and standard deviation values listed above. They are
consistent with the hypothesis that cach hourly median value 15 an independent sample from a
lognomual process.

For rain, the cdf of the hourly mediun received carmier power levels at Ku band is
consistent with a lognormal model distnbution with a median value and standard deviation
larger than for clear weather conditions: - 115.1 dBm (1599 dB trunsmission loss) and 7.1 dB
respectively. At C band, the rainy condition abservations do not differ significantly from the
clear weather conditions except for the highest 2% of the observed values.

During penods with coupling via elevated ducts, the median and standard deviation
vitlues for the hourly median received camer power levels at C band are significantly higher
than for clear weather condinons: -91.3 dBm (1361 dB transmission loss) and 9.0 dB
respectively. The median level and standard deviation values at Ku baad are comparable to the
Ku band values for rmin. The sample cdf at C band 1s also consistent with the lognosmal
distnbution hypothesis.

The ratios of the recewved camer power fevels ar the twe freguencies are consistent with
the predictions of a thin tayer, turbulent volume torward scatter madel for both the farge and
stall aperture transmut antennas at Ku band and the large aperture wansmit antenna at ¢ band.
As predicted, the signal levels that result from the use of the small antenna at 16 (iHz were not
signtficantly lower than the signals obtained using the large aperture antenna. The ame mailel,
when used for scattering by ran, predicts sirular results refative to the magnitudes of the
scattered signals. Table | lists resuits for rawn scatter for the two aperture stzes at Ku band.
For the 8 hours of observations in rain with the large aperture antenna, the average of the
hourly median signal fevels 2t Ku band was 9 6B lower than for (C hand. For the 216 hours
of ohsenaations in rarn with the smatt aperture anteang, the Ky band signal was 127 4R tower
than the C hand signal The 3 1 dB difference that resulted from a change in aperture s within
the expevied measurement «voe of the 2 dB value predirted foe scatterers uniformly fiiling the
vommon velumes
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Table 1 Quarter Day Summares

Ratio of Ku band Cband Kuktand Kuband Cband Cband Kuband Kuband C band
CarniarCarnerCarr.er Doppler Doppler Dopplar Doppler Delay TransmissionTransmission
Levels Level Level Shift Spread Shift Spread Spread Loss Loss
(dB) ~ (cBm) (dBm) (Hz) (Hz) (H2) (Hz) (nsec) (dB) (dB)
Smali Apertura Antenna
Clear Weather
Night
Hours 238 238 238 233 238 238 238 188
Average 14 9-119.6-104.7 -2.¢ 92 -07 2.2 1447 164 .4 149.5
Standard Deviation 4.5 42 5.7 2.5 2.6 1.1 0.3 38.3
Lognormalm 14.8-1198-105¢C 164 6 149.8
Lognormal s 3.5 55
Morning
Hours 203 203 203 198 203 203 203 156
Average 15.7.120.5-1048 -2.2 9.2 -0.4 2.1 137.0 165.2 149.5
Standard Deviation 4.1 4.8 5.7 2.7 2.5 0.9 0.3 33.2
Lognormalm 15.2.120.2 -105.0 165.0 149.8
Lognormal s 4.5 55
Afternoon
Hours 169 169 169 189 169 169 169 138
Average 14.7-114.4 .998 -2.0 ¥.7 0.2 2.1 127.6 159.2 1446
Standard Dev:ation 3.8 55 6.0 2.5 2.1 1.0 0.3 30.8
Lognormalm 15.2-114.5 -99.3 8.5 138.0 1§9.3 144 .1
fognormal s 4.0 52 5.8 25 30.0
Evening
Hours 240 240 240 234 240 240 240 179
Average 14.1.118.1-1040 -2.1 81 -05 2.2 1381 162.9 148.8
Standard Deviation 3.9 42 5.2 2.2 2.3 1.0 0.3 30.0
Lognormalm 14.2-118.0-103.8 162.8 148.6
Lognormal s 40 5.0
Raln
N:ght
Hours 56 56 56 56 56 56 56 38
Average 128-1170.1043 54 10 (O 2.4 183 6 161.8 149.0
Standard Deviation 6.7 1.5 4.2 6.6 2.9 1.5 0.3 453
Morning
Hours 39 ag 39 38 39 39 39 34
Average 96-1122-102.6 9.2 9.2 1.0 23 173.0 156.9 147 .4
Standard Dewviahion 5.3 71 6.3 59 18 2.8 0.4 415
Alernoon
Hours 58 58 58 58 S8 58 50 45
Average 14 1.1145:.1003 76 109 15 2.4 196.0 159.2 1451
Standard Dewiation 63 70 7S 82 26 27 0.3 45.0
Everung
Mours 63 63 63 63 63 63 63 50
Average !'331-1158-1026% 79 98 11 23 18e.2 160.6 147 3

Standard Deviation S8 6 2 47 S0 26 23 0.4 2376




Table 1 Quarter Day Summaries

Ratio of Ku band C band Kuband Kuband Cband Cband Kuband Ku band C band
CarnerCarrierCarrier Doppler Doppler Doppler Doppler Delay TransmissionTransmission

Leveils Level Level Shift Spread Shift Spread Spread Loss Loss
(dB) - (dBm) (dBm) (Hz) (H2) (Hz) (Hz) (nsec) (dB) (dB)
Elevated Duct
Night
Hours 32 32 32 32 32 32 32 27
Average 23.9-115.6 -91.6 -1.4 9.7 -0.2 2.3 128.4 160.4 136.4
Standard Deviation 4.6 7.9 104 1.0 34 0.2 0.1 41.5
Morning
Hours 23 23 23 23 23 23 23 19
Average 23.9-115.8 -91.9 -1.2 3.2 .0.2 2.1 1434 160.6 136.6
Standard Deviation 2.6 5.7 6.4 1.5 33 0.1 0.0 32.2
Afternoon
Hours 2 2 2 2 2 2 2 2
Averagse
Standard Deviation
Evening
Hours 1 1 1 1 1 1 1 1
Average
Standard Deviation
Large Aperture Antauna
Clear Weather
Afternocon
Hours 50 50 50 50 50 46
Average 11.4-109.2 -97.8 -0.5 38 97.3 154.0 142.6
Standard Deviation 2.8 6.0 5.1 1.4 0.3 14.0
lognormal m  11.5-108.9 -97.4 153.7 142.2
lognormal s 6.0 5.0
Raln
Aftarngon
Hours 8 8 8 8 8 7
Average 9.6.106.3 -96.7 5.5 6.4 118.8 151.1 141.5
Standard Deviation 2.0 2.8 3.3 7.2 4.2 46.9

19




Height Above Chord Between MSL at
Transmitter and Receiver (km)

Figure 1:

2.6 T [\1 L SR S | T T

o '\ Half -
2.4 = 0.223° “@— Receive 4
. \ . /

o . Beamwidth
2.2 ™ .

R N\
2.or \\.

- \’
1.8 -

1.6 Hal f Transamit
- Beansidths
A 3' at 16 GHz

i, = ' .
‘T 29" at 5 he .~ -0.05° 7
C 29 at 16 GHz T
1.2 - -
'-U - 1
0-8 = -
= R
0.6 I” prsapect M7
" OHill Tug

0.4 l I
0-2 = -
- 1

0 i i
-20 0 20 60 100 140 140

Distance from Transmitter (km)

Troposcatter path profile for a /3 effective Earth radius. The scattering volumes
are displayed as filled arcas. The scattering volume for the 3’ antenna at 16 GHz
encioses the scattering volume for the 29" antenna at 5 GHa.

20




c .
| . ]
3712894 (0A7 RECEIYSD STGNAL MEDTANS. 1
Ky -BAND MOOUWLATION. 12.5 mB/5 CLCE Ku=3AND: =120.088
CEATHER COMDITIONS. CLEAR AIR C-3AND: -185.00 ‘
[ )
-8 Praspect Hiil te ML, Tuq T~opomcatter I Prgupsct Miil ta Mt T,p Tropescétter
1 9712094, 0A7 3 $71289A ,0AT 1
3 e} 3 -
- 3 H .
$ el \ S -tee IN
: L
RIS .13
: P . \ : .
e LRI Y
E el " \
— =13y} ‘ : -139
-*
g Y Y Ky=-ban z. ~® .0 . Ky=band
o -148 a =1
: Recelvur Nelge lLevelg : " Resoliver Nolae Levels.
¢ - ©
5 158 l — C-bend v ise —— C-hand
T B IO S S
-4 -3 ~2 -1 ] t 2 3 4 4 2 4 % 8 18 12 1 e 8@ 22 24
Standard Ueviations Lecal Tipe lHoursl
. Presgect MHill te At. Tug Tropomcatter e Proepect Hill tv At. Tug Treveecatter
7 = —rre— oy ver v—
£ .
1 ' . ]
- \ 71 20% ]
: . 7044 QAT L 8717994 04T
*
4
g ‘.‘ -
- ! o
& . : lr' 3 <4
v 2 >
3 e . s
& I ¢
-~ ‘ !
-
1
2
1@ ]
{ \ i |
Y 2 b Ak - gl PPV Y " Adiirh . "
e T r? 152 ra ' e 1t 1002 15? T ]
froquaacy SHe! Froguancy (Ha!
Figure 21 Day plots for the small aperture Ku band transmit antenna under clear weather

conditions on July

received power, received power time sen

12, 1989: sample cumulative distribution functions for

es, power spectra for received power

fluctuations and cohierency between the fluctuations at Ku and C band.




Prespect M1l te Mt. Tug Traposcatter Prospect Hill te Mt. Tug Tropescatter

5 T ~ 14 T —r————

a0 - J
2712894 0AT
b 87128
wt ] -
S
g F{ B3 « -
- N
- »
* 1 .
K] 2
[
b3 =
; —_— S . —— - —-
. w
-'o A3
3 ] i
9. 2
a - Xu-hend b 4-.3
1 3
~48 | Recotver Noise Levele: 4
C-band
". " Lo A ' A Jf . . A A e i F U S U N S S F Y
2 4 6 B8 18 12 16 15 18 20 22 24 2 4 o6 0 10 12 14 14 10 20 22
Loca! Ttme (Mours! Lecal Tree lHours!
Prespect M1l te M. Tug Trooomcatter Prospect Hill te At. Tug Tregescatter
P ———————————— — 00 v v—r——y I - v v
2712094 .0AT ] 1714 | e7126%4.087
b
4
'
p 1S l 4
» M
i ; l
_‘ b Py a > | <
- .
-
3 ] 3wt [ ]
N
3 it
w : 13
5 . |”:. P
[} N
-1 o
AL _ 2% P
el —y
e sl | b
[ P N — b at A — I . . N
2 ¢ o 9 0 '2 s s 0 @ 22 16 -4 L ] -2 -t [ ] ' q 3 ¢
Leesl Tion lhgure! Reduend Yeriate

Figure 3:  Day plots for the small aperture Ku band transmit antenna under clear weather
conditions on July 12, 1989: time senies of received power deviations from
turbulent forward scatter model predictions, time series of the differences
between received power deviations from turbulent forward scatter model
predictions at Ku and C band. time series and sample cumulative distnbution
function for Ku band two sigma multipath delay spread.

9
(%4




RECEIVED SIGNAL MEDIANS.
Ku-Carrtor: =126 368

Ky-Oetay .+ -118.90
‘e Proepact Hill to My, Tyg Tropoecétier Prospect Hill te Mt, Tug Tremsscattsr
1 L §712694 . 0AT
1 el
3 |
b hd
> -138
<
: 13
T -
: i PEAL
e -
% e -120
a -
3 S 1
3 .\ 3—13.- p
5 .‘\ hd 4
Ky R $ -te0} 4
(] p £
‘I. Py e W M
.It ) % -158 | A p
- . 1
gl " N I S SN LS " ATy PN N S A P N
4 6 8 18 12 14 16 18 28 22 1 0 2 4 5 0 1812 6 A 18N 24
Laca!l Tiss [Koural Lecal Time lHeure!
1 Prospect Mill te Mt. Tug Trosvecaiter Prospect HIll te Nt. Tug Trensscatler
—— ey sy -89 v oy v v
s ] 0712094 Car
[ -
PR eraea0ar ] = -} 1
S 2% < L ) f )
3 - )
- -11@p -+
§zo ] 1
-~
o . : -128) L
ias 2 ] ]
N \ % . -3} 1
s el \n 2 H
3 : h b
s ‘ R:"... J G-t “0. 0. Cared |
5 . - b Ku-band “editne. 1
! E i 138b [ ——— Delay Sersads
- M 3 '
I G PP PO PV S PP ...“[_Lh. NN PN N
8 2 4 o 0 19 12 W e 00N N2 W -4 -3 -2 -1 L] t ] 3 .
Lecal Tign lHsure) Stendard Qeviattons

Figure 4:  Day plots for the small aperture Ku band transmit antenna under clear weather
conditinns on July 12, 1989: time series of mean Doppler frequency shift and
Doppler frequency spread, time series and sample cumulative distribution
function for carrier channel and delay channel measurements of Ku band
received power levels..

[
‘b




P

2712098 .CAT
Ku-BAND MOOULATICN. 12 5 MB/S C20E
wEATHER CONCITIGNS, CLZAR AR

RECEIYED SIGNAL #EDQTANS.
Ky-BAND. -134 .00
C-BAND. -142.09

Prospect 41 | te Mt. Tug Troposcatter

-6 — - v -
K] 3 2712698, 3AT
2 s} - b
. t
S -1} 4
s by
z-nef e 1
L] | \‘~
LNPIIE 4
~
>
<
- =130} 4
-
c L -® .8 . Ky~-band 1
3
A -4
© o Recelver Netae Levelp.
g ! C-band
R ) | ;
.
i} :
® -168 i . A L —_ -
-4 -3 -2 -1 ? 1 2 3 4
Standard Qeviations
Prospect HIil te Mt Tug Tropoecatter
L ~ —r ﬁi
»\ 1
ry . \ !
> PPN ariess oar ‘
: l'r"
: .
3110
K .
N
M \
. 1 N
'R L \
H ¥ .
P \
a ? k .
t
: N
P \ \
T AR - " aa .
e il ral gl T A v

£ ~equency !Mg!

dBal

Recetvad Signal for 38 watt Lrans.

Cehorency

Proscect Mill te My, Tug Treposcitter
-88 et e
L 97126898 . 0AT
-t 4
]
.
-1095 g
~1105 <
~1304 4
4
-130} -
<0 -8 . Ky-band
RYTIS .‘
Recetver Nolse Levels:
r 4
———— C-band
-t158L 4
L
_‘oa A A L A A ) L (" 1 A A
9 2 4 &6 8 19 12 14 1o '8 20 22 24
Local Time [Hours!
Prosoect Hill te Mt. Tug Troeoescetter
L ey ———r S v
>
3
!
0712099 (AT
>
Y ARN 4
9
L
orzL arh " ashiah o J
'3 vgrd ' o2 ! v

Froquency Mgl

Day plots for the large aperture Ku band transmit antenna under clear weather

conditions on July 12, 1989: sample cumulative distribution functions for
received power, received power time series, power spectra for received power

fluctuations and coherency between the fluctuations at Ku and C band.




Prospect Hill ta Ht, Tug Trepescdtier
" Prospect Hill te M.vf‘u: Y:-ooo'-e:tl:u-r 20— - souct Mill to Wb Tup Tressectrter
S AR A S o e B ] [ {
@ 8712898, 0AT 1 18} ]
]
- >
4
3 ] gl ]
\‘“'\ . ] )
@ 28 ¢ - b4 ¢
: HALY 1
- 19 H [
3 z *
£ NP S
3 by ‘
o it L
: -
< - ] § [T]e 4
3 ] oot
e -8 Ky-band
5 b ¢ " 8k 1
-3 E 2 | ]
38
~48 | Recotver Neins Lovelis. E }
c.b‘nd ) S Y 1 P
FRTET N X NN R RO L
e i e R Local Ttme tHoursl
Local Time (Houre!
R T ecottor
Prospect Hill te Mt. Tug Tropescatter o Prospect Hill te Mt 1’u|r reps
‘"E ~— Y ] » v - _],
t , 6712699 .0AT
1] b $712894.0A7 i el l
b 1
ne ~ 3..:- '
- 3 .
J
H - 13
¢ ] : 4
< 0 e ’ l
v
3 - 2 1
: W : el |
0§ w ry * ]
» 199 4 : 1989 I
2 A\ l P R .
S 00 !“E- // —— =]
- — et o aEm ¢ S b Gt ¢ e, S E— W+ S o
o . s —— —. — — : |
SCE‘ 4 S.E- !
NN SN -
. ;4! IS S U WY Y VI W Y § Aedemdiradand b, A 2. . " :,*.la_L ‘, ' ' 43 , ‘
o 2 4 6 @ 10 12 14 ¢ 10 ¥ 2 Moduced ar tate
Lest! Ttes tHeurel
Figure 6

Day plots for the large aperture Ku band transmit antenna under clear weather
conditions on July 12, 1989: time series of received power deviations from
turbulent forward scatter model predictions, time series of the differences

between received power deviations from turbulent forward scatter mode}
and sample cumulative distribution

predictions at Ku and C band, time series
function for Ku band two sigma multipath delay spread,




RECEIYED SIGNAL MEDIANS.
Ku-Carrter: -134.90
Ku-Delay + -136 08

Prospect Hitl to Mt, Tug Troposcatter Prospect Hill te My, Tug Troposcatter
13 vt v Y —rom —r— R v T YTy T T g
3 9712898.0AT
LB h - -l 4
g [
sl S 1 1
> d = '1..v- ~
o .
< 4 [ 4
: §
g 2t q & -8} -4
- b : "
H ¢} < : -1304
re r » b E
a gL J ]
] o -1k <
r a
§ -4 4 ~ 3
s 3 $ -tas} .
-6 b 4 H ! ]
3 4 o
- ~158} g
8l ) < H
b . b 4
.]g‘u%yl U V P P WP N h-‘o. P TR 1 U N WU U U S W o I S SO |
¢ 2 4 o 8 18 12 4 16 ‘0 28 2 1 . 2 4 3 @& 10 12 14 16 18 29 22 2
Local Time (Hours} Lecal Tiae (HKoure!
Prospect Hitl te Mt. Tug Tropascatter - Prospect Kill te Bt. Tug Trepescatter
3% v—r r—— v -y N——r—v—r - v——r——y- v — v v
4 FE '
E b é . 0712890.04
9 - Srew 4
Swi anaess.oar | = P -
* b .
& ¢
s $ -0} \ 4
s} s | I\
- ¢ E-no,. = .
8 20 : 4 A4 b N
- b -
e 4 ~ 120 4
§ist i b
ot 1 ~
s - -w} 1
- 3 <
» > <
e 18k J -
Q a -ieb o0, Carrigr o
- s
s H b Xy-bend Madiers:
3 ir m ERLT ]S —— Oalay Sreadd
L4
- P +
s b 3
PR o PR NV ‘.uj_;A_‘_L.Al.A i -
[ ] 2 < 6 8 '§ 2 14 e 0 28 22 8 -4 -3 -3 -1 [ ] U 3 ] 4
Lecal Tioa tNaves!} Stardard Deviattons

Figure 7.  Day plots for the large aperture Ku band transmit antenna under clear weather
conditions on July 12, 1989: time series of mean Doppier frequency shift and
Doppler frequency spread, timc series and sampie cumulative distribution
function for carrier channel and delay channel measurements of Ku band
received power levels.




| R -
ISNbny
vl Ainp
Ainp o
aunp

feyy m

*S19A3]
19mod PoAISdaI pueq NY JO SUOTIBAIISQO [duuBYD AB[3p PUE [dUUBYD JILLIEd

A[INOY wnuIixew Y1 JO SUONBAIISGE snodurynuits SuLreduwiod uonungLOSIp 32uedS :§ om81g
(wgp) 19aa jeublis (auuey) J81BD ANOH WNWIXERN
S8- 06- S6- 004- SOL- Obs- Sit- 0ct- SCh- ott-
_ T T T T Y T L T VN“

ocEt-
Sel-
021t-
(wep)
St jenen &
[eutis
0ti- jsuuey)
Aejaqg
ApnoH
S0L° wnuep
001-
G6-

06-




3795894 DAT
Xy-BAND HOOULATION. 12.5 MB/S COOE
VEATHER CONOITIONS: RAIN

RECEIYE's SIGNAL MEDLANS.
Ku-8AND. =111 .09
C-BANO. -97.%4

Lo~

Prospect HItl te Mt. Tyg Troposcatter

-84 — —r—r— r——
:5 L A705894 .0AT
3 st 4
- L
5 -198 % o
h -~®
2 -HIL
-
»
B2
.
3 L
_ -13dp N, R
a '3 e -8 Kw-b“.
n -4
: ' Ascelver Netes Luvelp: |
* 3 . +
2 isel l C-band )
.
P : «
- N RN
-4 .3 -2 -1 ] \ 2 3 ]
Standard Oevigtions
Prospect Mi1ll te Mt. Tug Trepsecatter
1 r —
ry 1
> e78M%A AT
.
§ g 1
«
s
-
. ‘
ol N
\]
! \ 1
E .
: \
-'—' Py Y b, POV
ral v ra o T '
Frequency Mgl
Figure 9:  Day plots for the small

1dBa)

Raceived Signal tor M watl lrane.

Caherancy

Prospect Hill te MY, Tug Trepoecatter

-08 ——rr—r—r—r——r———r——ry——r———————
0793894 OAT '_]
-
-8}
-H'h
~120}
[
~138}
S «8 .0 . Ku-band
-tast
Recelver Molaw Levais: 1
C-b
-1S8 ) and
-168 i A A A P d o b " i
0 2 4 & 6 18 12 14 16 10 20 2 24
Local Tisa tHeurs)

3

T
"

P
e d PO

v

Prospect Hill te At

Tug Tresescatier

-

§7958%4 . 0AT

N ——

2l ¥ o v vgr? ! T J

Froquenty tHg!

aperture Ku band transmit antenna under rainy conditions

on July 5, 1989: sample cumulative distribution functions for reccived power,

received power time senes,

power spectra for received power fluctuations and

coherency  between the fluctuations at Ku and C band.

By

-t




s Praspect M1l to Mt Tug “raposcatter Prossect Hi1l 20 Nt Tug Trapeecetiter

1

k S — L P S A . S .
1
[T 4

4795398 QAT
39

i

Lignel-to-Made! (481
-

g
"
®u - £ band S/M tevele 148)

-u,[ e
! §

-2.L Lt e Huohengd ! 4

-4 4

4§ | Receiver Natae Lavels: 9 -

C-band
-59 A, NS P " A Y i A A -9 ry A " A A Py Y A A
® 2 4 6 8 18 12 e 16 19 N R M 8 2 4 & 0 19 12 14 % 10 0 N 24
Lacel Tiae (Naurs) Lecai Tins tMeure!

- v°rt:n:_<: Hrll te 'ﬂv. '\:Q fruo:un-rﬁ - Progpect HiIll te l}; "u:lrnuuno:'

e e l e car
_ »e :
M 3

:
i {7 ‘
}
-
‘e , 1‘ 120 :
B Y 3
: 158 : 199 4
3 i
108 ° i ] [ P
C e e . . ma ¢ = e e et e s E_......._.__....... — —y — —
“p “f l 3
§ 4 :
0 atoia et e et te s i ] ot LN e, i e
0 2 4 ¢ 6 10 12 M4 8 8B 22 2 -a ] -2 ot L] t 3 3 L
Loet!l Tiea iSayre! Modysad Forstate

Figure 10:  Day plots for the small aperture Ku band transmit antenna under rainy conditions
on July 5, 1989: time senes of received power deviations from turbulent forward
scaticr modei predictions, time senies of the differences between received power
deviations from turbulent forward scatter model predictions at Ku and C band,
time series and sample cumulative distnibution function for Ku band two sigma

multipath delay spread.
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Figure 11 Day plots for the small apertune Ku band transimut antenna under rainy conditions
on July S, 1989: ume senies of mean Doppler frequency shift and Doppler
freguency spread, ume senes and sample cumulative distnibution function for
carrier channel and delay chaanrel measurements of Ku band received power
levels.
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Fizure 12: Day plots for the small aperture Ku band transmit antenna under clevated ducting
conditions on August 1, 1989: sample cumulative distribution functions for
received power, received power time series, power spectra for received power
fluctuations and coherency between the fluctuations at Ku and € band.

31




Prospect H1ll ta ¥t. Tyg Tropoacdatter Prospect H1') to My. Tug Trocescatter

59 ~———r VT ———r— 15 rr—r—r—r—r——r———r

T T v

PO

"E 2841994 DAY #8918°A 0fT

1.
i

Signat-te-Nodetl (4B
L ]
Ku - C bend S/N levels 1d48)

-48 Raceiver Netas Lavele.

—— Cepand

P

A - A — .'7 o A e i i A A ) S 1 A A
6 2 4 o 8 18 12 14 16 18 28 22 24 0 2 4 &6 8 10 12 14 6 19 2 22 4
Locel Tisw (Hours) Local Trme [Mours!
Prespact Hili te Nt. Tug Trososcetter Prospect Kill te MY. Tug Treposcaiter
v e ey ey —1 “ ————— - v
SAS1R%% DAY i by | 6801894 DAT
]
s ]
v L
L LY
H K >
v ]
3 ;' .
” Ll
: ' 3% 3
3 n
T i
e 1. 4
e+ - —t —— w—— S — — . - o — — — — — — -
p
10 I }
. RN IS SRS BN
4« o .0 10 12 Y4 6 '8 W 2 29 -4 -3 -3 -1 [} 1 2 b ] ¢

Leedl Tige (Meyrel Redused tariate

Figure 13:  Day plots for the small aperture Ku bar.d transmit antenna under clevated ducung
conditions on August 1, 1989: time series of reccived power deviations from
turbulent forward scatter model predictions, time series of the differences between
received power deviations from turbulent forward scatter model predictions at Ku
and C band, time series and sample cumulative distribution function for Ku band
two sigma multipath delay spread.
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MISSION

OF
ROME LABORATORY

Rome Laboratory plans and executes an interdisciplinary program in re-
search, development, test, and technology transition in support of Air
Force Command, Control, Communications and Intelligence (C3I) activities
for all Air Force platforms. It also executes selected acquisition programs
in several areas of expertise. Technical and engineering support within
areas of competence is provided to ESD Program Offices (POs) and other
ESD elements to perform effective acquisition of C3I systems. In addition,
Rome Laboratory's technology supports other AFSC Product Divisions, the
Alr Force user community, and other DOD and non-DOD agencies. Rome
Laboratory maintains technical competence and research programs in areas
includng, but not limited to, communications, command and control, battle
management, (ntelligence information processing, computaiional sciences
and sof tware producibility, wide area surveillance/sensors, signal proces-

sing, solid state sciences, photonics, electromagnetic technology, super-

conductivity, and electronic reliability/maintainability and testability.




