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PREFACE

s
This document presents a collection of papers from the Special

Session on Earth-Satellite Propagation Above 10 GHz, presented at
The 1972 Spring Meeting of the United States National Committee,
International Union of Radio Science (USNC-URSI), April 1972,
Washington, D.C.

,'_..

	

	 This Special Session was devoted to propagation measurements
associated with the Applications Technology Satellite (ATS-5), which
provided the first operational earth-space links at frequencies above
15 GHz. The papers present a comprehensive summary of the major
results of the ATS-5 experiment measurements and related radio-
metric, radar and meteorological studies.

The papers for the Session were organized around seven selected
areas of interest, with the results of the various investigators com-
bined into a single paper presented by a Principal Author for that area.
This format was adopted to provide a comprehensive report on the re-
sults of the ATS-5 satellite to earth transmissions and to avoid re-
dundancy in the presentations.

A complete list of published reports and presentations related to
the ATS-5 Millimeter Wave Experiment is included at the end of this
document.

Archie W. Straiton
The University of Texas

Austin, Texas
(Session Chairman)

Louis J. Ippolito
NASA Goddard Spaceflight Center

Greenbelt, Maryland
(Principal Investigator, ATS-5 Experiment)
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SEC TION 1

ATS-5 MILLIMETER WAVE EXPERIMENT

FLIGHT HARDWARE HISTORY

J. L. King
NASA Goddard Space Flight Center

Greenbelt, Maryland

ABSTRACT

The fifth Applications Technology Satellite (ATS-5) was launched August 12,
1969 marking the start of the first NASA Goddard Space Flight Center milli-
meter wave experiment. The experiment was designed to determine both short-
and long-term propagation characteristics for operational millimeter wavelength
earth-space links as a function of defined meteorological conditions. Data were
collected at sites scattered throughout North America (U.S. and Canada) utilizing
15.3-GHz spacecraft transmitters with an earth-coverage antenna pattern. The
experiment also included a 31.65-GHz spacecraft receiver to make on-board
attenuation measurements of the signal from a 1-kw transmitter located at
Rosman, N.C. This paper will emphasize the hardware implementation and
operational constraints that have confronted this experiment. The satellite was
planned to be 3-axis gravity-gradient-stabilized. However, control problems
during the transfer orbit injection caused the satellite to become spin-stabilized,
rotating at approximately 75 rpm. This condition caused the experiment antenna
pattern to sweep across the earth yielding a pulsed signal resulting in reduced
measurement dynamic range. The spinning also resulted in loss of the short-
term data (< 2 Hz) and meaningful phase measurements. The spin-stabilized
ATS-5 was placed in a geosynchronous orbit located at 1040W longitude. How-

-	 ever, this orbit had a 2 0 inclination with the equator which resulted in a 2.5 dB
diurnal signal variation. This variation depends on the site's latitude, and in
order to maintain the desired 1-dB measurement accuracy, this variation had
to be removed from the attenuation data during processing. The orbit and spin
conditions were aggravated by spacecraft hardware problems. The primary
15.3-GHz transmitter suffered a 6-dB, and then an additional 3 dB, loss of power
early in the program which limited the dynamic measurement range. The second
15.3-GHz backup transmitter had thermal problems which limited its operating
time to about 2.5 hours per day. Near the end of the experiment in the summer
of 1971, the primary transmitter failed completely which also resulted in the
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loss of the local oscillator for the 31-GHz receiver. Even with these problems
the various sites had adequate measurement ranges to acquire a significant data
base on the long-term propagation characteristics at 15.3 and 31.65 GHz. The
satellite data were supplemented by radiometric and rain-gauge data to fill in
voids when the satellite was not available.

INTRODUCTION

Radio comirlmications over the past few decades have been characterized
by a continued extension to higher and higher frequencies to support the in-
creased demands on available spectrum. To date, the common carrier bands
in the microwave region below ;0 GHz have supported the bulk of the high band-
width requirements for :video and data transmissions. However, these bands
are rapidly approaching saturation because of the sharing required between
many satellites and terrestrial links on a global basis. To sktisfy the increasing
demands for communications bandwidth, the communications system designers
are planning to utilize the frequencies above 10 GHz more extensively within the
next decade as evidenced by the recent frequency assignments in the 10-100 GHz
band by the WARC.

The ATS-5 Millimeter Wave Experiment was designed in 1965 to investigate
propagation in the earth space path at 15.3 GHz and 31.65 GHz. The primary
objective included measuring carrier attenuation at these frequencies to stwiis-
tically determine fade margins required for various outage times at se,^eral
locations in the U.S. and Canada. The secondary experiment objectives also in-
cluded measuring channel coherence over a 100 MHz maximum bandwidth and
conducting a narrowband (40 MHz bandwidth) communications transponder test
using the 31.65 GHz uplink and the ATS-5 L-band downlink. Unfortunately the
ATS-5 spin condition and primary transmitter power degradations which will be
discussed in later sections resulted in the loss of the data which could have been
used to meet the secondary objectives.

The experiment system consisted of two 15.3 GHz transmitters and a
31.65 GHz receiver on the satellite. This configuration (see Figure 1-1) allowed
many ground receiving stations located in various parts of North America to
measure 15.3 GHz downlink data simultaneously. The more limited 31.65 GHz
uplink receiver was selected as part of the system because of the limited avail-
ability of high efficiency 31 GHz satellite transmitters in 1966 and because of
the power and weight limitations placed on the satellite experiment package.
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THE ATS-5 LAUNCH

The ATS-5 was launched in August 1969, but stabilization problems caused
by fluid moving in the spacecraft heat pipe thermal control system caused the
satellite to tumble about the wrong axis at the conclusion of the transfer orbit.
The separation of the apogee motor from the satellite was delayed at that point
because of the possibility of damaging the ATS-5. (Figure 1-2 shows the ATS-5
with apogee motor attached.) As it turned out, there was a collision of the
apogee motor and satellite when the separation occurred, but this resulted in
only minor damage to a few strings of solar cells, the major impact was that
the satellite began to spin in the wrong direction after separation. The tumble
was corrected, but the unfortunate clockwise rotation would not allow the satel-
lite despin mechanism to reduce the spin rate so that the gravity gradient system
could be deployed. Consequently, the ATS-5 became a spin stabilized satellite
instead of a gravity gradient three axis stabilized spacecraft as originally
planned.

The satellite was able to be positioned with spin axis nearly parallel to the
North South axis of the earth and the spin rate was approximately 76 rpm. In
this orientation, the 17 0 beamwidth millimeter wave antennas swept across the
earth once every 789 milliseconds producing a pulsed signal. The pulsed signal
produced by the 170 antenna pattern has a duration of about 40 milliseconds (3 db
points) followed by about 740 milliseconds period without a signal (see Figure
1-3). This represents a 5% duty cycle which reduces the average received
power by 14 db. This resulted in a loss of dynamic measurement range which
will be discussed in detail in the section on the ground receivers.

The orbit also had a 2° inclination at launch which resulted in a diurnal
(24 hour) variation of the signal levels. Figure 1-4 shows the results of a 35
hour test in which five stations participated. The attenuation in db below a
reference versus GMT in hours for July 6 and 7, 1970 is plotted for each station.
Also shown at the bottom on this figure is a plot of the A-A angle versus GMT
for the same period. This A-A angle is the angle between the line of sight from
Rosman to the ATS-5 and the ATS-5 angular momentum vector. This geometry
is shown in Figure 1-5. The A-A angle varies from 92 to 99 degrees, the maxi-
mum angle occurring some 2 hours and 40 minutes before the minimum elevation
angle. When the A-A angle is maximum, the satellite beam will intersect Ros-
man at 9 degrees from the beam center. This corresponds approximately to the
3 db point on the spacecraft transmitter pattern, and at this point in the space-
craft orbit, Rosman will receive the minimum signal. The maximum signal will
occur when the A-A angle is 920 . At this angle the antenna beam is within 2 de-
grees of Rosman on the pattern which is within one db of maximum signal. The
angle between the spacecraft geometric axis and the spin axis is less than

1-4
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one degree, so that little error results in assuming the two axis are coincident.
The inclination and ellipticity of the orbit resulted in an elliptical pattern being
traced in the sky with a 24 hour period and this required the ground stations to
track the satellite with their antennas.

SPACECRAFT HARDWARE

The millimeter wave experiment spacecraft package consisted of 15.3 GHz
solid state transmitter and a 31.65 GHz phase lock receiver. This primary
spacecraft experiment package weighed about 40 lbs. The backup transmitter
which was a separate package with its own antenna weighed about 10 lbs. The
primary transmitter and receiver required about 40 watts of DC power and the
backup 15.3 GHz transmitter used 24 watts.

The 15.3 GHz transmitter was designed to provide the local oscillator for
the 31 GHz phase lock receiver as can be seen in Figure 1-7. The 15.3 and
30.6 GHz multiplier chains were separated at the common L-band output coupler
to eliminate some of the series components which lower the inherent reliability
of the transmitter. This separation proved to be an important factor during the
experiment when the primary transmitter lost 9 db of the 250 milliwatt 15.3 GHz
output without affecting the 30.6 GFIz local oscillator power. Eventually, the
30.6 GHz local oscillator did fail due to a loss in the L-band stages, but 1 1/2
years of additional Ku data were possible because of this design.

The history of the 15.3 GHz primary transmitter performance is not a very
bright picture. The full 250 milliwatt 15.3 GHz output lasted only three months
and then two abrupt losses of power in November and December 1969 reduced
the power to about 30 milliwatts. This 30 milliwatt level remained stable for
about a year until February 1971 at which time further losses of power rendered
this transmitter useless. The 30.6 GHz output was not affected until July 1971
when problems in the multiplier or amplifier stages below 1.7 GHz caused the
local oscillator to fall below a useable level. Until this failure of the local oscil-
lator, the 31 GHz receiver was used along with the 15.3 GHz backup transmitter
to take useful simultaneous 15.3 and 31.65 GHz .measurements.

The 15.3 GHz backup transmitter which was used a great deal in the second
year of the experiment was identical to the primary transmitter except it could
not be modulated. It suffered from temporary power losses during the second
and third month after launch. These losses were traced to a thermal condition
related to an inadequate heat sink surface. To compensate for this, the opera-
tional time of this transmitter was limited to three 45 minute on periods, sepa-
rated by 1-5 minute off periods. This cycle was permitted to be repeated after
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i
3 hours off. This procedure resulted in a numbe of conflicts when several parts
of the country were experiencing rainy weather the same day, but a decision was
made to limit the power roll off to one db or less before shut down. This con-
servative procedure has resulted in the 15.3 GHz backup transmitter being able
to maintain the same 250 milliwatt performance over the past two years.

The 15 .3 GHz solid state transmitter used a 5.1 GHz phase modulator to
produce three approximately equal 60 milliw wa .tt signals spaced at either .1, 1.0,
10.0, or 50 MHz from the carrier. Some coherence bandwidth data was taken
using the modulated sidebands, but after the power losses in the primary trans-
mitter and the unfortunate spin conditions, a CW mode was required to provide
adequate attenuation measurement range.

The 31.65 GHz spacecraft receiver is the second major experiment subsystem
included as part of the ATS-5 spacecraft hardware. The receiver utilizes a
balanced mixer front end with a 17 db maximum noise figure and a 1 .05 GH.^ first
intermediate frequency. The receiver is designed to phase 7-)ck onto a :31.65 GHz
carrier and measure the received power in the carrier and also the power in
either 1, 10, or 50 MHz sidebands if the carrier is modulated. (See Figure 1-8.)
The receiver can also measure differential phase between t.'ie modulated side-
bands using the carrier as a reference.

The signal paths in the receiver can be traced in Figure 1-8 through the
1.05 GHz wideband first intermediate frequency amplifier and the seeon.d 60 MFz
IF conversion stage including the phase lock loop. The carrier and sidebands are
then separated in a bank of band pass filters. The three channels are t;_en con-
verted to 10 MHz in separate mixers. The 1050 MHz to 60 MHz carrier mixer
closes the phase lock loop in which the phase comparison is made at 10 MHz.
The bandwidth of the phase lock loop was set around 100 Hz to maximize to ho;.d
in range without making the frequency acquisition problem too difficult. This re-
sulted in a dynamic range of -85 dbm to approximately - 120 dbm. The phase
lock loop had an automatic sweep acquisition circuit to acquire the carrier but
the satellite spin condition rendered the system useless.	 command to stop the
sweep was used along with manual tuning of the ground transmitter to acquire
the signal.

The receiver data included the amplitudes of the carrier and sidebands
	 Y

along with the differential phase outputs and these processor outputs were used
to frequency modulate subcarrier VCO's. These VCO frequencies were then
mixed and the sum FM modulated the C-band wideband link for transm- .ssion to
the ground.
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The spacecraft antenna were conical horns designed to produce 17° beams
which provided full earth coverage at synchronous altitude. These horns had
peak gains of approximately 19.5 db.

ATS-5 MILLIMETER WAVE EXPERIMENT GROUND STATIONS

The ground stations which participated in the ATS-5 Millimeter Wave Ex-
periment might best be characterized by saying that they varied from a simple
10 foot manually pointed antenna to 60 foot antennas with computer controlled
tracking facilities costing millions of dollars. The stations which rave partici-
pated had geographical locations ranging from San Diego, California to Ottawa,
Canada to Orlando, Florida and they are listed in Table 1-1 along with the
antenna bi es and special areas of interest.

Most of the participants used NASA supplied receivers to take the 15.3 GHQ:
data, with the exception of BTL, Comsat, and CRC. The BTL receiver used
narrowband (approximately 50 kHz) predetection filters at the output of one of
their radiometers to measure the pulse amplitude. Comsat used a phase lock
receiver which was similar to the 17ASA design, and CRC used a phase lock
telemetry receiver at the output of a 15.3 GHz converter to ma::e the measure-
ments. The rest of the sites used either NASA supplied Martin sideband receivers
or Martin CW/radiometer receivers.

The Martin sideband receivers had the capability of making both amplitude
and differential phase measurements. The receivers employed a phase lock loop
with a minimum bandwidth of about 50 Hz to providA a continuous signal dynamic
range of approximately -112 dbm to -145 dbm. Unfortunately, the satellite spin
condition caused the phase lock loop to loose lock on each revolution and the
40 millisecond pulsed single condition reduced the minimum. detect2lle signal co
about -136 dbm. This resulted in a 24 db dynamic range at Rosman using a
15 foot antenna with a 250 milliwatt 15.3 GHz transmitter. The receiver used a
tunnel diode amplifier front-end with a noise temperatu_-e of about 1000°K. The
1.05 GHz first IF frequency 2nd the subsequent mixing stages (Figure 1-9) con-
verted all of the signal (carrier and sidebands) to 10 MHz where the differential
phase measurements were made using the ear,ier as a reference. The 10 MHz
signals were then converted to 2,5 kHz where they were processed in linear
amplitude detectors. The receivers -.lso included a calibration signal and at-

t
	 tenuators to make daily checks of the receiver's performance.

The Martin CW/Radiometer receivers used similar front ends and conver-
sion stages with the addition of a ferrite modulator, a 1.05 GHz detector, cali-
bration loads, and a synchronous detector. These additional components along

1-14



Table 1-1

ATS-5 Millimeter Wave Experiment Participating Stations

,

Antenna Nominal
Stations Elevation Primary Areas of InterestSizes Angle

Communications Research 30' 30° Radar and radiometer satellite
Centre data correlation

Ottawa, Canada
Bell Telephone Laboratories 20' 340 Radiometer and satellite data

Holmdel, N .J, correlation

Comsat Laboratories 16' 36 ° Radiometer, radar and rain rate
Clark,,burg, Md. correlations with satellite data

Goddard Transportable 15' 420 Radiometer, radar and rain rate
c Rosman, N.C. correlations, 15.3 GHz and

(Only 31.65 GHz XTR Site) 31.65 GHz satellite statistical

Ohio State University 30' 39 ° Site diversity data, radar,
Columbus, Ohio 15' radiometer and rain rate corre-

(2 Sites) lations with satellite data

Naval Electronics Laboratory 60' 50° Satellite data
San Diego, Calif.

Naval Research Laboratories 60' 36° Radiometer and satellite data
Waldorf, Md. correlations

University of Texas 2-10' 510 Radiometer, ground link mea-
Austin, Texas surements, rain rate correla-

tions with satellite data

Martin Marietta Corp. 12' 480 Rain rate and satellite data
Orlando, Fla. correlations

AFCRL 28' 300
Bedford, Mass.

Dept. of Transportation 10' 30°
Cambridge, Mass.

Rome Air Development Center 15' 320
Rome, N.Y.

y' ESSA Wave Prop. Lab 10' 440
Boulder, Colo.

^i
Westinghouse Georesearch 10' 44°
Lab

Boulder, Colo.

USASCA
Lakehurst, N.J.
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f:

with filters and hybrid couplers shown in Figure 1-10 enabled the receiver to
make sky temperature measurements while receiving the satellite carrier signal.
The radiometer modulator did cause an additional 6 db loss of dynamic range,
however, and most sites turned off the radiometer when making satellite attenu-
ation measurements. Only NRL with a 60 foot antenna was able to make useful
simultaneous measurements. These receivers used temperature controlled
loads and noise sources for calibration of the radiometers, and 15.3 GHz CW
signals with attenuators were also provided to calibrate the amplitude dynamic
range.

The NASA station located at Rosman, North Carolina consisted of a trailer,
a 15 foot computer tracking antenna system, radiometers, radar systems, and a
31.65 transmitter. (See Figure 1-11.) This was the only station equipped to
transmit at 31.65 GHz. Plans to install a second transmitter at the NELC site
were abandoned because of the satellite problems and because the weather con-
ditions at the site were not favorable for gathering rain data. The Rosman
31.65 GHz transmitter was a 1 kw TWTA built by Hughes Aircraft Com pany (see
Figure 1-12). The 1 kw power amplifier was driven by a 31.75 GHz phase locked
klystron. The transmitter could he AM modulated by upconverting 1, 10, or
50 MHz sidebands onto the 31.65 GHz carrier.

Some bandwidth data was taken using the sidebands early in the program,
but difficulties in maintaining phase lock in the satellite receiver caused by the
ATS-5 .pinning limited this data. After the first 3-4 months more emphasis
was placed on trying to measure simultaneous 15.3 downlink and 31.65 GHz CW
uplink attenuation during rain to establish a statistical plot of the ratio between
the losses at the two frequencies. Unfortunately the 1.1 GHz uplink data was
limited during most of the experiment because it required the use of the C-band
downlink and the 85 foot C-band receiving system at Rosman to collect the 31 GHz
satellite receiver data.

The Rosman site had 16 and 35 GHz radiometers and a 2 mile rain gauge
system (10 gauges placed under the path to the satellite) which were used to
derive correlation functions with the satellite data. These supporting data were
also used to fill in voids when the satellite was not available for direct measure-
ments. The RDR-100 15.6 GHz weather avoidance radars were also used at
Rosman during the experiment. These radars were used to provide photographs
of vertical cuts through the atmosphere and also to measure gross integrated
backscatter signals looking along the satellite path which were recorded during
precipitation.

The 15 foot diameter cassegrain antenna system at Rosman used a dual
frequency feed which allowed simultaneous 1 KW transmissions at 31 GHz while
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receiving at 15.3 GHz. The Rosman antenna tracking system uses a PDP8
computer to calculate pointing angles and position the antenna to follow the
satellite's slow elliptical pattern it traces in the sky.

Several of the other sites had areas of particular interest on which they
concentrated during the two years of data collection (see Table 1-1). Ohio State
University, for instance, concentrated on investigating site diversity by using
two stations spaced at several separations; BTL took particular interest in the
correlation of the attenuation predicted using radiometric data and the direct
satellite attenuation measurements; and most of the sites, including Rosman,
Texas, Ohio State, Comsat, and CRC also collected radiometric data. The
Communications Research Center in Ottawa, Canada gave more priority to the
correlation of radar backscatter and satellite attenuation data. Comsat and
Rosman collected a great deal of rain rate data to show correlations with these
statistics and the University of Texas used ground link measurements as a
means of determining rain rates for analysis with the satellite data. The com-
plete scope of the propagation work being done at these stations is too extensive
to be present here and these special areas of interest apply only to their con-
tributions to the experiment.

EXPERIMENT OPERATIONS

The ATS-5 satellite was controlled by the ATS Operations Control Center
(ATSOCC) at GSFC which was available 24 hours a day during the first two years
of the experiment. Each of the participants could call ATSOCC and request that
either the primary or backup millimeter transmitters be turned on. These re-
quests were usually accommodated early in the program before the transmitter
problems occurred, but there were some conflicts because only one command
transmitter was available during part of the day and ATSOCC had three satellites
to control and interrogate. After the power degradations problems with the
transmitters more conflicts occurred because of the limited three 45 minute
operating periods allowed when using the backup transmitter. When several
areas were experiencing rain on the same day, Murphy's Law usually prevailed,
and some of the sites could not complete their data runs before the transmitter
had to be turned off. This did not become a significant problem until the second
year of operation (after February 1971) when the primary transmitter power
losses rendered that transmitter useless. During the first year, the primary
transmitter was used more extensively even with the 9 db power degradation
because no time limitations were imposed.

The Limited availability of the backup transmitter and a ATSOCC schedule
caused some loss of satellite data, but most of the sites had ratiometers, radars,
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or rain gauges that were used to predict attenuation on a statistical basis during
most of these times when the satellite was not available. These instruments
allowed the participants to generate meaningful statistical propagation data at
15.3 and 31.65 GHz which can be used by communications system designers to
plan new communication systems in these new band to alleviate the spectrum
crowding which is now taking place below 10 GHz.
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SECTION 2

ATTENUATION PROBABILITIES OF 15 GHz RADIO WAVES

OVER EARTH-SATELLITE PATHS

A. W. Straiton
The University of Texas at Austin

ABSTRACT

This paper surveys the probability of occurrence of various attenuation
levels of 15 GHz radio signals over earth-satellite paths at seven locations in
the United States and one in England.

Three methods of measurements provided the data used for this paper.
One of these was the observation of the coherent signal from the ATS-5 satellite.
The second was the measurement of the solar radiation received and the third
was by use of sky temperature observations. The attenuations experienced at
the various stations are interpreted in terms of the number and intensity of
thunderstorms occurring at these stations. It is shown that this thunderstorm
activity is a good index of the amount of the attenuation at the various stations.
The probability of occurrence of losses in excess of 10 dB was found to vary
between stations from .008% to .13% of time while the probability of occurrence
of attenuation as great as 5 dB was found to vary from .015% to .45%.

INTRODUCTION

The use of radio waves at frequencies greater than 10 GHz for earth-
satellite communication in the near future seems to be needed and probable.
It is essential that information be obtained on the reliability of receiving these
signals at a given site so that the receiver requirements and antenna sizes may
be determined.

This paper surveys the probability of occur rence of various attenuation
k	 levels of 15 GHz radio signals over earth-satellite paths as reported for seven

locations in the United States and one in England. The participating organiza-
tions, their locations, the techniques used and the references from which the
attenuation data was obtained are shown in Table 2-1. Details of the individual
experiments are presented in these references.

W.
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ŵ
J

n
V N N N

^ is 07 c0	 i^ CG	 i.^ i.^

^I

N Cd NF u^	 Ni FF F NFF k NFF Loi Lo O
E-F

UD

0

k0
D o
U ^

cad cad O U Cd

^ ^ N o o ^' ^
kN N

N ^ ^
O

,a ,^

a

o

V

a0 F

0

F

0
cs .^ N N `

P4W
a)oN

v
v p

c.

0
A

N U

aiCd

Hr, 4.--4
Cd

v w u^zpq

C

N
;0

40A Cd

Cd

a3i 0
1 E 4

z w z
H ^ Gq ^ ^a c

F ^^
Cd o o $4 ou x a o x

2-2



The results are admittedly somewhat crude because of the variety of
methods of measurement and the limited amount of data on which the results
were based. In spite of these limitations, the general trends of the probability
curves are believed to be quite useful. The probability of occurrence of high
attenuation levels is quite small and will depend on the very severe storms
which uc:cur infrequently. Accordingly the amount of data available for the
higher attenuation levels is very limited and its interpretation is difficult be-
cause of the variability of the worst weather conditions from year to year.

The atmosphere is very transparent to 15 GHz radio waves except when
rain or rain clouds occur along the path. The most severe attenuation occurs
when the rain is associated with thunderstorms. Although many of the obser-
vations were made only during periods when the rain was occurring, the signals
for clear weather may be assumed to be unattenuated.

TYPES OF MEASUREMENT

Observation of ATS-5 Satellite Transmissions

The ATS-5 satellite provided a signal at 15.3 GHz which was observed by a
number of stations in the United States and Canada. The spinning of the satellite
as described elsewhere resulted in a reduction of the average power received
of approximately 14 dB and power problems on the satellite furtr .)r reduced the
available signal levels. As a result the signal-to-noise ratio at the L eceiving
stations was limited to 12 to 25 dB. In order to conserve pow;;r the satellite
was turned on only on request so that sufficient lead time was necessary to have
the satellite transmitting during a rain storm. A number of rain storms were
missed because of insufficient lead time or from the commitment of the satellite
to other experiments.

The satellite was observed at essentially constant elevation angle from each
station with variations from approximately 30 to 60 degrees between stations.
The ATS-5 signal provided the only coherent source used for these studies and
was the basis to which the other techniques were compared.

Sun-tracking Data

A good source of data on attenuation through the atmosphere is provided by
tracking the sun as it moves across the sky. In particular, Bell Telephone
Laborptories obtained data taken in this fashion over an extended period of time.
The sun-tracking data gives a high signal-to-noise ratio but is limited to day-
light hours and requires a variable elevation angle. This makes it somewhat
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difficult to compare these data with those obtained at constant elevation angles.
Meteorological experience, however, has indicated that in many instances the
thunderstorm shapes are such that their horizontal and vertical extents are
comparable and thus the pathlength through tale storm may be essentially inde-
pendent of angle of elevation. For this reason the comparison of the sun-tracker
data with other types of data is felt to be justified. For sun tracker data taken
at frequencies other than 15.3 GHz adjustment was made In accordance with the
frequency dependence of rain loss as given by Setzer io .

Sky Temperature Data

The third method by which data were obtained was the measurement of the
radiation from the sky. It has been shown that the equivalent sky temperature
can be conN erted to total attenuation through the atmosphere for attenuations of
approximately 12 dB or less. The conversion depends on neglecting scattering
from the raindrops and on knowing the temperature of the rain. Although the
effects of these assumptions are not fully understood, the resulting losses de-
termined from sky temperature measurements have been found to agree quite
well with those obtained by the use of sun-tracking or ATS-5 observations. The
main limitation of the use of the sky temperature data is that as saturation ap-
proaches the accuracy of the measurements decreases, thus providing the 12 dB
limit previously mentioned. Losses determined at frequencies other than
15.3 GHz were adjusted to this frequency by the same method used for the sun
tracker results.

RELATION TO THUNDERSTORMS

A single meteorological parameter was sought as a frame work for com-
paring the site variations and as a possible means of extrapolating the result to
other locations. A parameter proposed for this purpose is the thunderstorm
activity at each observation site. The annual distribution of thunderstorms in
the United States is shown in Figure 2-1 as taken from a Weather Bureau
publication.' The average number of thunderstorms experienced annually at
each of the eight locations is shown in Table 2-2.

The relationship between the maximum attenuation experience during a
particular thunderstorm to the height of the clouds was studied. The results of
this study are shown in Figure 2-2 with the locations of the storms shown in the
figure legend. It is noted that there is a consistent increase of the attenuation
level with an increase in height of the storms. There is no assurance that the
transmission path follows the route of maximum attenuation for each case.
Thus some of the plotted points may indicate less attenuation than would have
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occurred on a maximum loss path. This is believed to be the case for some of
the low attenuations with the higher thunderstorm heights.

All of the storms which exceeded 40,000 feet in elevation were such as to
cause the signal level to be lost in the noise. The resulting attenuation for these
cases is shown by the lines extending above the 12 dB level. In spite of these
limitations, the trend in the curve is well enough defined to indicate that the
thunderstorm height is a good index for the occurrence of various levels of
attenuation.

COMPARISON OF ATTENUATION STATISTICS AT VARIOUS STATIONS

In order to study the relationship between the attenuation statistics at
various stations, the available data have brt n grouped together according to
several criteria. In Figure 2-3, three sets of loss data are presented each of
which was based on sun-tracker data only. The locations were (1) Holmdel,
New Jersey, (2) Point Reyes, California, and (3) Slough, Bucks, England. It is
noted that there is a sharp contrast between the attenuation levels at Holmdel
and at the other two locations. This is in general agreement with the average
number of thunderstorms expected in these areas. The attenuation levels differ
by a factor of ten or more in their probabilities of occurrence between Holmdel
and the other sites for losses greater than 6 dB. Since the curves are based on
sun-tracker data they are for daylight hours.

Figure 2-4 shows a comparison of the statistics from Clarksburg, Maryland,
and Holmdel, New Jersey on a 24-hour basis with the same Point Reyes sun-
tracker results. Data taken by the different methods have been combined to give
these 24-hour statistics. It is noted that the curves for Clarksburg, Maryland
and Holmdel, New Jersey essentially coincide. This is in agreement with the
fact that these two sites have very similar meteorological conditions. The curve
for California again is very much lower than those for the Eastern Coast but the
difference is not as much as in the case of the daytime comparisons. These
curves on a 24-hour basis show a lower probability of occurrence of various
loss levels than do the sun-tracker data. When the daytime and nighttime data
are compared, it is found that probability of occurrence of a given attenuation
level is three or four times higher during the day than at night. This again cor-
responds to the greater number of thunderstorms during the day than at night.

Figure 2-5 shows the seasonal trend at Clarksburg, Maryland. These curves
are bared on minutes of observing time rather than a percent of total time.
These results emphasize the fact that the intervals during which thunderstorms
were more frequent are also those when the attenuation probability is larger.
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The period of December, Januai:y, and February at Clarksburg shows very small
attenuations while those in June, July and August are quite; high.

Figure 2-6 shows a comparison of the data taken at Rosman, North Carolina
with that taken at Orlando, Florida. Two different observation intervals are
shown in each case but their general features are the same when only the one
site is considered. There is somewhat of an anomaly in that the losses at
Rosman are greater for the lower attenuation levels than those in Florida, even
though the thunderstorm activity in Florida is much greater. However, the
total rainfall in North Carolina durir- the interval of these measurements was
high and resulted in the high probabilities of the lower attenuations. It is be-
lieved that if these curves were extended to the higher loss levels, the Orlando
data would consistently show higher probability of attenuation than the data at
Rosman. The seasonal trend mentioned earlier was quite evident in the Orlando
data for two time intervals as shown in Figure 2-7. A loss of 10 dB iL shown to
be 100 times more likely to occur during June, July and August than during
February through May. This again is in agreement with the expected occurrence
of thunderstorms.

Figure 2-8 compares two sets of observations made by The University of
Texas in Texas. One of these was made in Austin, Texas and the other was
made at Mt. Locke in West Texas approximately 100 miles west of Austin. The
Austin data is based on ATS-5 observations and 35 GHz sky temperature mea-
surements adjusted to 15 GHz over a period of 18 months and is considered to
be a reliable picture for the time interval considered. The Mt. Locke data were
taken from ATS-5 ^bservations over a two-month interval. Although this is a
short measurement period, it covered most of the rainy season for West Texas
and included seven intervals during which rain showers occurred. There is a
very significant contrast between the attenuation in Austin and that at Mt. Locke.
In spite of the fact that the total annual rainfall in the two places is roughly the
same, the Mt. Locke results showed very low probabilities of occurrence of
significant loss. The only attenuation over one dB experienced at Mt. Locke was
during one rain storm and the maximum attenuation during that storm was only
slightly over 4 dB. The site at Mt. Locke was the only one of those considered
which was on a mountain. The elevation at Mt. Locke was 6600 feet. The num-
ber of thunderstorms in the area is rather large but because of the high elevation
and the fact that the thunderstorms usually appear in somewhat isolated rain
showers the attenuation was quite low.

CONCLUSION

This paper has presented a comparison of the attenuation statistics obtained
at seven locations by three different techniques. Although the amount of data

VT
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taken at some of the sites was somewhat limited and the techniques used varied
widely, the results have provided valuable information on the probability of
occurrence of various attenuation levels up to 12 dB for a variety of meteoro-
logical conditions. A survey of the attenuations experienced at each of the sta-
tions for losses in excess of 5 and 10 dB and information on the periods of
observation are given in Table 2-2.
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SEC TION 3

RELATIONSHIP BETWEEN THE ATMOSPHERIC ATTENUATION

OF SATELLITE PATH SIGNALS AND GROUND RAIN RATE

E. A. Robertson
COMSAT Laboratories
Clarksburg, Maryland

and

D. E. Sukhia
Martin Marietta Corp.

Orlando, Florida

ABSTRACT
Y t

Measurements of atmospheric attenuation at 15 . 3 GHz using the .ATS-5
satellite transmissions and/or radiometric techniques have been in progress
since the launch of ATS-5 in August 1969. In conjunction with these measure-
ments several experimenters have also made simultaneous measurements of
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	 ground rain rate using a variety of rain-gauge types. The objective has been to
determine the nature of the relationships between elevated path attenuation and
ground rain rate if any, and to determine if elevated path attenuation can be
predicted from ground rain-rate measurements. The paper reviews the
attenuation-rain-gauge measurements obtained by several participants in the

a

	

	 ATS-5 program. Conclusions obtained from comparing the several measure-
ments are presented.

INTRODUCTION

In connection with the 15.3-GHz attenuation measurements several of the
participants in the ATS-5 program also made simultaneous measurements of
point ground rainfall rate. These measurements employed one or more tipping
bucket rain gauges located near the receiving antenna that was used for the at-
tenuation measurements or located out under the propagation path to the
satellite.

The objective was to determine if a useful relationship between the ground
4t

	

	 rain rate measurements and the attenuation measurements could be found. If
such a relationship could be determined, then attenuation statistics could be
estimated for locations where only ground rainfall rate data were available.
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Figure 3-1 provides a scatter plot of simultaneous and essentially instan-
taneous measurements of attenuation of the 15.3 GHz signal from the ATS-5
satellite and point rainfall rate. The measurements were taken at the Martin
Marietta facility in Orlando, Florida. Shown on the figure are simultaneous
20-second averages of attenuation and ground rainfall rate. The Martin experi-
mental set-up includes four rain gauges, one located near the 15.3 GHz receiving
antenna and the remaining three located about 0.8 km, 2.7 km and 7.1 km from
the antenna and approximately under the propagation path from the satellite.

Figure 3-1 illustrates the large scatter that results when simultaneous
measurements of attenuation and ground rain rate are compared. The figure
shows many cases of large attenuation with low ground rain rate. This results
when a heavy rain cell intercepts the antenna beam but little rain falls on the
gauge. However, all cases of heavy rainfall on the ground are accompanied by
large attenuation. The figure does not indicate a preference of one gauge loca-
tion over another with respect to the correlation with attenuation. Curves B, C
and D drawn on the figure represent the theoretical relationships between at-
tenuation and rainfall rate for three path lengths derived using the Mie theory
with Laws and Parsons drop size distribution. I Curve A represents an average

r relationship derived by Medhurst 2 from measurements comparing attenuation
on terrestrial links with path average rainfall rate measured along the link.

Figure 3-2 provides a similar picture as Figure 3-1 from the data obtained
by NASA at the Rosman, North Carolina, facility. The figure shows measured
15.3 GHz attenuation distributions parametric in four rain rate intervals. 	 The
curves were obtained from 422.3 minutes of measurements taken over several

;. storm periods, totaling 19 hours at Rosman. Each distribution is with respect
to the appropriate duration of the measurement, as given on the figure. The
distributions show the expected trend toward increasing attenuation with in-

4 creasing rain rate.	 However, each distribution is quite wide, indicating that a
wide range of path average rain rates can exist for each rate measured at the
ground rain gauge.

The above data indicate the futility of attempting to compare simultaneous
instantaneous measurements of satellite path attenuation and ground rain rate.
However, when looking at a complete storm event, one often observes high at-
tenuation and high rain rates, although they may be separated in time by tens of
seconds to several minutes. This suggests alternative methods for comparing
the attenuation with ground rain rate. One technique time-shifts the attenuation
history with respect to the rain-rate history so as to maximize the covariance
coefficient between the two. The attenuation and rain rate are then compared
for that time shift which maximizes the covariance coefficient. A second method
is to construct an attenuation distribution curve (giving the percent of time the
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attenuation exceeds given values) and a ground rain rate distribution curve. By
eliminating the percent of time between the two curves a relation between at-
tenuation and ground rain rate is obtained.

The above-described procedures have been followed to generate the curves
in Figure 3-3. Curves 1, 2, 3 and 4 were generated by the time-shift method
applied to NASA data for four stor::is in 1971. The curve labeled CY 1970 was
obtained by NASA from the distributions for the data taken for all of 1970. The
remaining three curves were obtained by comparing attenuation and ground rain
rate distributions supplied by Ohio State University, University of Texas, and
COMSAT Laboratories.

The d,=°a from the four locations are quire different, perhaps illustrating
the differing climatic conditions obtaining. It should be noted that the curves of
Figure 3-3 are derived from rather meager amounts of data, as can be seen
from Table 3-1 below, which gives the number of observing hours and the time
for which the observed rain rate exceeded 10 mm/hr.

Table 3-1

Observing Hours Time > 10 mm/hr.

Ohio 3-1/2 40 min.

Texas 6-1/2 3-1/2 hrs.

NASA CY 1970 196 20 hrs.

COMSAT 6600 33 hrs.

Also shown on Figure 3-3 are the theoretical relationships between attenu-
ation and path average rain rate for path lengths from 1 to 20 km. Using these
curves, equivalent path lengths for given rain rates can be determined as shown
in Figure 3-4.

Figure 3-4 shows the general relationship of decreasing path length with
increasing rain rate in keeping with the generally accepted model of thunder-
storms with intense rain cells of limited extent. Some of the data indicate
rather large path lengths for low rain rates. A 	 km path length at 10 mm/hr
at an elevation angle of 35° would require a	 altitude of about 20,000 feet,
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I

which can occur in heavy thunderstorms, but may not be typical of lighter rains.
Also shown on the figure is the result given by Evans 3 obtained by comparing
suntracker measurements at 16 and 30 GHz.

A large quantity of ground rain gauge data is available from the Weather
Bureau. From this data, hourly rain rate distributions can be obtained. How-
ever, there can be large differences between the rain rate distributions obtained
from hourly data and from those obtained from rain gauges with shorter time
resolutions. An example of this is shown in Figure 3-5, where the data from
the COMSAT tipping bucket gauge has been processed with one-minute, five-
minute, and one-hour resolutions. Also shown is a one-hour distribution ob-
tained from the Weather Bureau gauge at Wasbington airport. The large differ-
ences between the one-hour and one-minute gauge illustrated the difficulty in
using the Weather Bureau data to predict attenuation statistics.

In summary, the ATS-5 experiment showed that the correlation between
instantaneous measurements of satellite path attenuation and ground rain rate
is poor. By comparing attenuation and ground rainfall rate distributions, the
effective path length was found to decrease with increasing rain rate. However,
there were large differences between the path length to be associated with a
given rate as derived from the data provided by th,; various experimenters.
These differences may be a result of the differing climates in various locations
at which the measurements were performed. Additional uncertainty is also
introduced by the limited amount of data acquired.
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SECTION 4

THE RELATIONSHIP BETWEEN SATELLITE

SIGNAL ATTENUATIONS AND SKY TEMPERATURE

MEASUREMENTS IN THE RAIN ENVIRONMENT

D. A. Gray
Bell Telephone Laboratories

Holmdel, New Jersey
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ABSTRACT

The ATS-5 satellite and sun-trackers have afforded an evaluation of the
ability to obtain earth-to-space path attenuation statistics through radiometric
measurements of the sky temperature. Experiments using the satellite show
that directly measured attenuations of the ATS-5 signals (15.3 and 31.65 GHz)
and attenuations derived from concurrent sky temperature measurements coin-
pare favorably. In computing attenuations from sky temperature measurements
on the basis that rain is a pure absorber, best agreement with directly mea-
sured attenuations is achieved when the value taken for the kinetic temperature
of the rain is colder than one would expect, in some cases below freezing. This
experimental result agrees with theoretical computations of the effects of scat-
ter by rain. At 15.3 GHz, for example, an assumed kinetic temperature of
273 K gives good agreement for many storms. The comparison experiments
have shown that radiometers are a viable, alternate means for obtaining attenu-
ation statistics on earth-space paths when the effect of scatter is taken into
account.

(PAPER NOT AVAILABLE FOR PRINTING)
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SECTION 5

SIMULTANEOUS DIRECT, RADIOMETRIC, AND

RADAR MEASUREMENTS OF PRECIPITA'.rION

ATTENUATION AT 15.3 GHz

J. I. Strickland
Communications Research Centre

Ottawa, Canada

ABSTRACT

During 1970, the signal strength received at 15.3 GHz from the ATS-5
satellite was measured using a 9-m an tenna. The receiving antenna, with a
beamwidth of 0.15 0 , was also connected as a total-power radiometer providing
simultaneous measurements of the sky noise temperature at 15.3 GHz. Attenu.-
ations, calculated from the measured sky noise ternperature, show very good
agreement with the directly measured attenuations. Also during the occurrence
of rain, the 3-m antenna of an S-band radar located nearby was directed at the
satellite. The output of the logarithmic radar receiver was sampled at accu-
rately determined intervals to provide digital A-scans with a range resolution
of 100 m. Three-dimensional plots of successive digital A-scans show the
temporal variation in evolution of the spatial distribution of precipitation along

}	 the propagation path. For many attenuation events, there was evidence of a
bright band. The mean reflectivity at each range is calculated, and path attenu-
ations at 15.3 GHz derived. Generally good agreement between measured and
calculated attenuation is obtained for most meteorological conditions. The
effects on the calculated attenuati( of radar returns from the bright band and
snow aloft will be discussed.

INTRODUCTION

Precipitation attenuation along slant paths can be determined from direct
measurements of received signal strength, calculated from sky noise temper-
ature measurements, or calculated from radar measurements of the power back-
scattered from precipitation. As part of a continuing study of microwave propa-
gation, the Communications Research Centre participated as an independent
experimenter in the NASA ATS-5 Millimetre Wave Experiment. From Septem-
ber 1.969 to July 1971, the ATS-5 satellite was used as a source of coherent
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radiation at 15.3 GHz. Simultaneously, the slay noise temperature at 15.3 GHz
and the power at 2.9 GHz backscattered fr	 precipitation along the propagation
path were measured. This paper compares "ttenuations measured directly with
those calculated from sky noise temperature and from radar backscattered
power measurements.

EXPERIMENTAL ARRANGEMENT

A block diagram of the experimental system is shown in Figure 5-1. Signals
at 15.3 GHz from the ATS-5 satellite were received at Ottawa, using a precision
9.1 metre antenna(1) at an elevation angle of approximately 30 degrees. The
pulsed output from the logarithmic phase-lock receiver was measured by a
peak-riding detector with an overall resolution of better than 0.2 dB. In the
absence of rain, the received signal showed a diurnal variation of t2 dB. A
margin for attenuation measurements of approximately 15 dB was available.

The receiving antenna, with a beamwidth of 0.15 degrees, was also con-
nected as a total-power radiometer at 15.3 GHz to provide simultaneous
measurements of the sky noise temperature along the propagation path.

Radar has the advantage of providing information on the spatial distribution
of precipitation along the propagation path. An S-band weather radar operating
at 2.86 GHz was used to measure the backscatter from precipitation. A 3 metre
antenna provided a conical beam of 2.3 degrees width. The radar operated with
a peak output power between 150 and 200 KW, a pulse width of 0.67 ILL sec (spatial
resolution of 100 m), and a pulse repetition period of 682.7 u sec, resulting in a
maximum range of 102.4 km. The overall dynamic range, including the logarith-
mic IF amplifier, was greater than 70 dB.

Digital A-scans were obtained by sampling the radar video output at accu-
rately determined intervals following each transmitter pulse (2). (3) Successive
complete digital A-scans were acquired every 50 milliseconds. An estimate of
the backscattered power was obtained for each 100 metre range interval from
14 such A-scans. An additional 0.3 second was required for data manipulation
and recording on digital magnetic tape. Thus, radar data specifying the power
bas,::scattered from precipitation as a function of range could be acquired every
second.

THEORY

For a purely absorbing medium, the attenuation is given by

5-2
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TM
A = 10 log T - 

T 
u"I

m	 a

where T. is the measured sky noise temperature and T m is the kinetic temper-
ature of the medium. Although the rain medium is not a pure absorber, at
15.3 GHz the single scattering albedo is less than 0.3 for all but the heaviest
rains. (4) Thus, attenuation can be calculated from the above formula by as-
suming an effective medium temperature T m approximately equal to the kinetic
temperature of the rain. This relation has been empirically verified for more
than 60 attenuation events. (5) It was found that 273*X is a suitable effective
medium temperature, and that the standard deviation of the difference between
the measured and calculated attenuations increased with attenuation, reaching
a value of 1.2 dB at 8 dB attenuation.

For a pulse volume uniformly filled with precipitation(6)

Z = c R r 2 Pr I

where Z is the radar reflectivity factor of the precipitation, P r is the average
received power, and r is the distance from the radar to the pulse volume. The
constant c R includes not only the characteristics of the radar, but also the di-
electric constant of the precipitation, i.e., snow or rain. It is assumed that the
drop diameters are much less than a wavelength, and that the radar signal is
unattenuated by rain. Because of the fluctuating nature of the power backscattered
from an ensemble of randomly distributed scatterers, such as snow or rain,
several independent samples of the received power are required to estimate the
average received power. (') Smith(") has shown that an estimate of Pr can be
obtained from the maximum received power in a set of n measured values of the
received power, by applying a correction which depends on the value of n. This
procedure was employed in this work.

Empirically, it is found that the radar reflectivity factor Z is related to the
rainfall rate R by Z = a R'. Much work has been devoted to studying the Z-R
relation at the ground. As might be expected, the variation in the constants of
the Z-R relationship is reduced if the data are grouped according to the type of
rain. Probably the simplest division is into continuous rain, showers, and
thundershowers. Johnson (' ) has shown that further subdivision provides only a
slight reduction in the variation of a and b. Using drop size distributions
measured by Andrews at London, and forcing the exponent b to ec, •ual 1.6, it is
found ( ' 0) that the Z-R relations become
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Z = 200 R 1,6 for continuous rain

Z = 280 R 1.6 for showers, and

A = 350 R L6 for thundershowers,

•	 where Z is expressed in units of mm 6/m 3 and R in mm/hr.

For frequencies which are attenuated, the specific attenuation varies with
rainfall rate as A = k R Y, where k and •y depend on frequency. Combining these
equations, the path attenuation A' is given by

A' = c	 2i' A r i dB

where c and i3 depend on frequency and synoptic type, and the summation is over
all intervals of path length z^ r i from which significant echoes are received.
Values of 7.15 x 10- 4 and 0.75 are assumed for c and ,. respectively.

It is not possible to use a radar operating at the frequency of interest for
attenuation, since the radar beam itself suffers two-way attenuation, and serious
errors in estimates of precipitation intensities result. Even at a wavelength of
5.7 cm, this attenuation can be serious for widespread heavy rains.' 10>

In frontal rains, the radar beam may intersect snow at heights above the
zero degree isotherm. This snow, generated approximately uniformly over a
relatively large area, falls with a velocity of 2 to 3 m/sec. 	 Below the zero de-
gree isotherm level, the snow melts, forming a mixture of large wet flakes and
raindrops at 0°C which produce a bright band of enhanced radar reflectivity.

' The reflectivities both above and below the bright band are nearly the same,
while within it, the peak reflectivity can be 10 to 30 times higher.	 Finally, the
rain falls with velocities of 5-15 m/sec. 	 The height of the zero degree isotherm
varies during the year from ground level to somewhat less than 5 km, at least
for temperate zones.

Within convective rain, the zero-degree isotherm is not at a well-defined
height, and in updrafts, raindrops are carried above the zero degree level and
can sometimes remain as water drops supercooled to as low as -20°C. In de-

:	 caying convective cells, however, updrafts are weak, and a bright band is often
present. Therefore, when convective cells are imbedded within a front, a brights '

	 band may be observed except within the active portion of convective cells.

n
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RESULTS

From many attenuation events, two have been selected. In both cases, the
measured attenuation at times exceeded 15 dB, the margin available for mea-
surements. The attenuation event shown in Figure 5-2 occurred during a 5-day
period characterized by cool temperatures, cloud, some drizzle, and a thunder-

; storm. The plot in the upper left shows the variation of measured attenuation
s with time using the ATS-5 transmitter as source. The three spikes between

1715 and 1720 are due to mome-Aary loss of phase lock. The attenuations cal-
culated from measurements of sky noise temperature, assuming an effective
medium temperature of 273°K, are shown in the lower left. The scatter plot in
the upper right corner shows the calculated attenuation as a function of the
measured attenuation. The centre line, of unit slope, represents exact corre-
spondence between measured and calculated values of attenuation. The curved
lines show the errors in calculated attenuation as a function of measured attenu-
ation for errors in the assumed effective medium temperature of ±10 and
±20 degrees. In addition, these limits are adjusted to allow for fluctuations of
t0.5 dB in the received signal strength in the absence of rain attenuation. A
few points fall outside the limit lines. Some of these are associated with the

y periods of loss of receiver phase lock.

Attenuations calculated from measurements of backscattered power obtained
with the S-band radar are shown in the lower right corner. These somewhat ex-
ceed the corresponding measured attenuations. The excess is within uncertainties
in the radar calibration and the expected variation of the A-Z constants from
storm to storm and within a storm.

Each digital A-scan is converted to a plot of reflectivity factor versus slant
range. If successive plots are stacked along a time axis, a three-dimensional
plot results with slant range as the x-axis, time as the y-axis, and reflectivity
factor in dBZ (dB above Z = 1 mm 6/m3 ) as the z-axis. The peak reflectivities
in dBZ are shown to the right of each plot. Such a plot shows the variation in
time and space as the precipitation passes through the radar beam. Such pas-
sage is due to two motions of the precipitation:

(i) horizontal translation of a cell or precipitrtion at some angle to the
propagation path, and

(ii) descent of precipitation from a high altitude to the ground.

In the first plot of Figure 5-3, features of the cells appear to be moving
toward the radar with a velocity of approximately 40 km/hr. Since the azimuth
to ATS-5 is approximately 220 0 and storms tend to come from the west or south-
west, such an approach velocity is reasonable.

5-6
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Both the second and third plots of Figure 5-3 show the obvious presence of
a bright band; i.e., enhanced reflectivity at a constant altitude for a relatively
long period of time. The lines running over the hills and valleys of the plots
are separated by 3 km. Thus, the melting layer starts at somewhat less than
8 km slant range and extends to perhaps 6.5 km slant range. Since the elevation
angle is approximately 30°, the zero-degree isotherm is at a height of approxi-
mately 4 km and the melting layer has a thickness of less than 700 m. This is
in good agreement with the measured height of the zero-degree isotherm, which
was 3.7 km at the closest radiosonde station 100 km north of Ottawa.

In addition, there is an apparent motion toward the radar. Assume, for the
moment, that the precipitation structure at any given time is relatively uniform
over any horizontal plane, and there is an increase in the generation of snow
aloft. As this snow descends, it will appear to move toward the radar, and the
resulting rain below the melting layer will also appear to appruach. From the
apparent rates of approach, the fall velocity of the snow is approximately
2.5 m/second, and of the rain, 8-10 m/sec. These values agree with those
measured by Doppler radars.

It is also clear from the variation in the rate of approach in the third plot
that horizontal structure does exist and has a velocity component toward the
radar.

In the two plots of Figure 5-4, which include the time during which the
measured attenuation exceeded 15 dB, the melting layer has vanished altogether
after 1744 EST, and the peak reflectivity is beginning to rise. Indeed, from the
reflectivity plot at 1750 EST, it is apparent that a reflectivity exceeding 30 dBZ
exists over more than 10 km slant range. The apparent motion is most likely
due primarily to translation of the convective cell across the propagation path.
Although not shown here, the melting layer does indeed reappear shortly after
1800 EST.

An attenuation event which occurred on 20 August 1970 is shown in r fig-
ure 5-5. The weather was cloudy and warm with scattered thundershowers
during the early morning. Both the directly measured attenuation and the
radiometrically calculated attenuation exceed 10 dB.

Radar-calculated attenuations exceed both the measured and radiometrically
calculated attenuations, at least during the central portion of the event. It is
important to note that the same radar constant was employed as in the previous
event. Although some of the increase in attenuation may be due to errors in
radar calibration, it is more likely that the constants in the Z-R relation are
different.
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The three dimensional plots of Figure 5-6 show that the storm is charac-
terized by steep gradients in reflectivity. The initial portion of the event at
0335 EST is due to a ridge of precipitation at a slant range of approximately
12 km, with further maxima closer to the radar. At 0340 EST, the peak reflec-
tivity is at a slant range of 8 km, and the maximum reflectivity drops sharply
after 0345 EST. If the storm cell were moving across the propagation path with
an assumed velocity of 40 km/hr, the transverse extent of the cell would be
approximately 7 km, in agreement with other measurements of the size of
strong convective cells.

CONCLUSIONS

From these and similar measurements, it is concluded that the radiometer
is a simple and accurate device for obtaining measurements of rain attenuations
not exceeding values of about 10 dB. Radar, although less accurate in predicting
attenuation and more cumbersome to operate, provides detailed information on
the spatial and temporal distribution of precipitation which cannot be obtained
by other methods.
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SECTION 6

THE USE OF SPACE DIVERSITY IN THE RECEPTION

OF MILLIMETER WAVELENGTH SATELLITE SIGNALS

D. B. Hodge
Ohio State University

Columbus, Ohio

ABSTRACT

The various meteorological parameters that influence millimeter wave-
length satellite-to-ground space diversity links are summarized. Space diversity
propagation statistics obtained using the 15.3 GHz down-link on ATS-5 are pre-
sented. These results include comparison of data obtained using site separations
of 4 and 8 km. Propagation data were recorded at Columbus, Ohio, during 1970
using a site separation of 4 km and during 1971 using a site separation of 8 km.
The radiometric temperature as well as attenuation of the satellite signal was
recorded in both cases for correlation purposes. Both statistics of individual
storm events and cumulative statistics have been analyzed yielding single site
and joint fade distributions, correlation between attenuation experienced at the
two receiving terminals, and correlation between path radiometric temperatures
observed at the two receiving terminals. These data indicate that the use of
space diversity is indeed effective in improving the reliability of millimeter
wavelength satellite-to-ground communication links.

GENERAL

It has been well established that fade depths exceeding typical system
margins may be encountered for significant periods of time on millimeter wave-
length earth-satellite links. These deep fades are a result of intense rain rates
associated with thunderstorm cells located along the propagation path. Unfor-
tunately, the occurrence of thunderstorms is not uniformly distributed through-
out the year. For example, in Ohio thunderstorms and intense rains are much
more likely to occur during the months of May, June, and July. In addition, the
occurrence of thunderstorms is not uniformly distributed throughout the day,
their occurrence being more likely in the late afternoon and early evening hours.
Thus we may conclude that fade distributions and reliability statistics expressed
on an annual basis will be rather optimistic during the thunderstorm season and
even during certain hours of the day.
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In order to improve the reliability of these systems, the use of space
diversity in the reception of the satellite signals hae been proposed. This ap-
proach takes advantage of the fact that most of the deep fades are a result of
high rain rates associated with intense thunderstorm cells. These thunderstorm
cells are, in turn, quite limited in horizontal extent as compared with showers
having lower rain rates, which may be rather widespread horizontally. Obvi-
ously, bo'ch types of rain are limited in vertical extent. An example of a single
thunderstorm cell is shown in the PPI radar photograph in Figure 6-1. This
cell was observed on June 14, 1971, using a 15 GHz radar system. The antenna
elevation was 7 0 , the azimuth ranges from 240 0 to 3300 , and the range marks are
at two mile intervals. The finite extent of the cell and the irregular shape should
be noted in particular. A second PPI photograph of his cell, taken a few minutes
later, is shown in Figure 6-2. In this case the radar was being operated on a
contour mode such that areas r--.•" ^,Ang large reflected signals are blanked out.
Here we note that the highly reurctive area associated with intense rain is
further concentrated within the cell itself. Thus, the space diversity technique
takes advantage of the limited. extent of intense rains by utilizing two receiving
terminals, one of which is intended to "look" around or over the cell while the
other is experiencing a fade. It is evident that the statistical properties of the
cell shape, extent, orientation, and height, as well as the rain rate distribution
within the cell, will ultimately determine the optimum separation distance and
direction of the receiving terminals and the resulting improvement of system
performance. Further complicating this problem is the fact that these control-
ling cell characteristics are dependent on the climatological region; and, thus,
the optimum diversity configuration and resulting system improvement will vary
throughout the United States.

Figures 6-3 and 6-4 show worst and best case examples, respectively, of
three terminal space diversity data provided by Dr. D. C. Hogg, Bell Telephone
Laboratories, Inc. The time delay between the occurrence of maximum attenu-
ation at the different terminals varies from a few minutes to almost an hour.
Nevertheless, some diversity improvement would result in each case.

Space diversity measurements were made by the Ohio State University,
Columbus, Ohio, using the ATS-5 15.3 GHz down-link during 1970 anti 1971.
The terminal separation distance was approximately 4 km during the 1970 data
period and 8 km during the 1971 data period. The initial spacing of 4 km was
chosen because available rain distribution data' indicated that the cross-
correlation between the fading observed at two terminals separated by this
distance would be on the order of 0.5. Although this is not a desirable criterion
for the establishment of a practical diversity system, it was felt that this ap-
proach would yield information concerning the dependence of correlation upon
the site separation distance more rapidly than the choice of very large or small Y
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Figure 6-1. PPI Display of Thunderstorm Cell (Range Marks at 2 Mile Intervals)
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Figure 6-2. Contour Display of CPII Shown in Figure 6- 1
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separation distances for the initial experiment. In addition, the direction of
site separation was oblique with respect to the propagation paths rather than
perpendicular to them in order to achieve vertical as well as horizontal separa-
tion between the two paths. The top and side views of the site locations are
shown in Figures 6-5 and 6-6.

During the 1970 data period a 30 foot parabolic antenna was used at the
fixed terminal and a 15 foot parabolic antenna was used at the transportable
terminal, site 1. These antennas are shown in Figure 6-7 along with the trans-
portable equipment van which may be seen to the right of the smaller antenna.
Since the 30 foot antenna was not designed for operation in high wind speed
environments, such as those encountered during the passage of severe thunder-
storms, it was replaced by a new 15 foot antenna before the start of the 1971
data period. No significant reduction in system margin was incurred with this
change since the gain of the original 30 foot antenna at this frequency was limited
by surface roughness to approximately the same gain as the smaller, new an-
tenna. Square, corrugated feed horns having equal E- and H-plane patterns
were used to illuminate these antennas; the two orthogonal linearly polarized
components were then fed, respectively to the PLL receiver and the radiometer.
The remaining instrumentation has been described in References 2, 3, and 4.

A sample of the raw data obtained using the 4 km separation distance during
1970 is shown in Figure 6-8. The upper trace in each case gives the radiometric
temperature measured along the propagation path and the lower trace is the
pulse-by-pulse record of the received coherent signal. At approximately 1000 Z
a small, rather intense thunderstorm cell passed through the propagation paths
producing very rapid, deep fades. The fade depth at the fixed terminal was in
excess of 12 dB, while the fade depth at the transportable terminal was approxi-
mately 6 dB. The maximum cross-correlation between the signals received at
the two terminals was associated with a time delay of 8 minutes. The detailed
analysis of the data obtained using a separation distance of 4 km is contained in
Reference 5.

A sample of the raw data obtained using the 8 km separation distance during
1971 is shown in Figure 6-9. In this case a slowly moving cell produced a 13 dB
fade at the fixed terminal while producing negligible attenuation at the transport-
able terminal. The increased signal level occurring at the fixed terminal at
approximately 1715Z is a result of increasing the receiver gain by a factor of
two.

For the purpose of studying the improvement resulting from space diversity
operation, seven different storm events which produced significant fading were
selected from the data obtained using the 4 km site separation for detailed
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analysis; nine such events were also selected from the data obtained using the
8 km separation distance. Treating each storm event individually, the cross-
correlation between the attenuations observed at the two sites was calculated.
A sample cross-correlation function for one storm event is shown in Figure 6-10.
Three characteristics of the storm event may be inferred qualitatively from this
cross-correlation function. First, the time delay associated with the maximum
of the cross-correlation function, in this case 8 minutes, is related to the speed
with which the storm cell crosses the propagation paths. Second, the cross-
correlation function evaluated for zero delay is an indicator of the effectiveness
of a space diversity system operating in real time. And, third, the maximum
value of the cross-correlation function is a measure of the change in the storm
cell structure as it traverses through the two propagation paths, or, alternatively,
the degree to which the propagation paths "slice" through different portions of
the storm cell.

The cumulative cross-correlation functions for all the events analyzed in
the two data periods were also calculated. The cumulative cross-correlation
function at zero delay was 0.452 and the average delay time associated with the
maximum cross-correlation function was 4.1 minutes for the data obtained using
the 4 km terminal separation. Similarly, the cumulative cross-correlation func-
tion at zero delay was 0.268 and the average delay time of the maximum cross-
correlation function was 10.2 minutes for the data using the 8 km terminal
separation.

The fade distributions observed at the individual terminals as well as the
fade distribution resulting from the space diversity mode of operation were also
examined. These results for the 4 and 8 km separation distances are shown in
Figures 6-11 and 6-12, respectively. As expected, the individual terminal fade
distributions are quite similar for the 4 km separation and show less similarity
for the 6 km separation. The diversity fade distributions, labeled "BOTH" in
the figures were obtained by digitally comparing the individual terminal received
signal records and selecting the larger signal on a second-by-second basis.
This method of analysis corresponds to a simple switched diversity system
operating in real time. Significant improvements in system performance would
have resulted from the diversity mode of operation for both separation distances.

Diversity gain may be defined as the difference between the signal level
resulting from the diversity mode of operation and the median of the individual
terminal received signal levels, both evaluated at a given percentage of occur-
rence. The diversity gain then corresponds to the improvement derived from
diversity operation as compared to single terminal operation over a long period
of time. Diversity gain data for both the 4 and 8 km separation distances as a
function of single terminal fade depth are shown in Figure 6-13. Note that the
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I	 abscissa itself corresponds to diversity operation with zero separation, and the
straight line with unity slope through the origin corresponds to ideal case where
diversity operation eliminates all fading. Obviously, then, the 4 and 8 km diver-
sity data must lie between these two limiting cases. Note, also, that the experi-
mental data fall very nearly on straight lines having approximately unity slopes
for fade depths exceeding 10 dB for the 4 km separation and 4 dB for the 8 km
separation. This characteristic indicates that the diversity system is operating
very much like an ideal system for fade depths below these levels and is, indeed,
quite effective in improving system performance during periods of deep fading.
Further examination of the diversity gain data indicates that the use of larger
terminal separation distances will provide proportionally less improvement in
system performance. This reduced degree of improvement will also be pur-
chased at the increased cost of the data link between the two ground terminals
required for real time diversity operation. Another factor which will come into
play as the separation distance is increased is fading due to the simultaneous
intersection of the propagation paths by two different storm cells. PPI radar
observations during the data gathering periods have indicated qualitatively that
the events observed at the 4 and 8 km separation distances were completely
dominated by single cells influencing both paths simultaneously.

In summary, data obtained using the ATS-5 15.3 GHz down-link have shown
3:	 that significant :.system performance improvement results from the use of diver-

sity receiving terminals spatially separated by 4 and 8 km. The durations of
fades in excess of 10 and 6 dB, respectively, were reduced by at least two orders
of magnitude in central Ohio. Further performance improvements to be gained
by utilizing larger separation distances must be weighed against the increased
costs of the data link between the ground terminals and the reduction in effec-
tiveness resulting from the increased likelihood of fading produced by two
different storm cells. Additional problems which remain to be examined in-
elude: the dependence of diversity gain upon a wider range of separation dis-
tances, the dependence of diversity gain upon the orientation of the separation
baseline, and the dependence of both of these characteristics upon the meteoro-
logical environment encountered at various geographical locations.
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SEC TION 7

THE ESTIMATION OF ATTENUATION STATISTICS FOR

EARTH-SPACE MILLIMETER WAVELENGTH PROPAGATION

Logan R. Zintsmaster
Ohio State University

Columbus, Ohio

ABSTRACT

The attenuation probability distributions for a millimeter wavelength
earth-space propagation path are estimated for a single site and for a diversity
configaration. The precipitation attenuation phenomenon is modeled by a cylin-
drical storm cell having a homogeneous rain rate. The attenuation probability
distributions are then calculated from this storm cell model in terms of the
rain rate probability density function, the cell diameter as a function of rain
rate, and a fixed cell height. A rain rate probability density function which can
be related to National Weather Service rain rate measurements is used in the
calculations. Data from ATS-5 measurements for single sites in Rosman,
North Carolina, and Columbus, Ohio, are compared to results calculated using
typical storm parameters. In addition diversity calculations are compared with
ATS-5 diversity measurements in Columbus, Ohio.

GENERAL

Precipitation in the form of rain is one of the major factors influencing the
propagation of millimeter wavelength signals. One means used to characterize
this effect is the attenuation probability distribution function. The ATS-5 experi-
ment has been used to empirically measure this function and a need exists for a
method to predict this function. This paper presents such a technique using a 	 = ,
storm cell model for calculating the attenuation probability distribution from
tipping bucket rain rate data. This model may also use tipping bucket rain data
published by the National Weather Service.

In calculating the attenuation probability distribution the asr,umption was
made that the precipitation events affecting the propagation of millimeter wave-
length signals could be represented by cylindrical storm cells as shown in
Figure 7-1.
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The storm cell is filled homogeneously with a rain rate r and has a fixed
height, h. The diameter, a function of the rain rate r, represents an effective
cell diameter. The location of the storm cell will be determined by the point
where the vertical axis of the cell passes through the x, y plane. This point is
identified as (x o , y o) and will be referred to as the center of the storm cell.
The earth terminal, the propagation path and the coordinate axes are also shown.
It is assumed that the terminal is located at the origin and that the propagation
path lies in the x-z plane. The usual flat earth assumption has also been made.

There are four ways in which the storm cell may intersect the propagation
path. In the first case, shown here, the propagation path enters the side of the
cell and exits through the side. The length of the intersected path is shown as f.

The other three types of intersections are:

1) The propagation path enters the side and exits through the top,

2) The path originates within the cell and exits through the top, and

3) The path originates within the cell and exits through the side.

In each of these four cases, the attenuation caused by the storm cell precipi-
tation can be determined from the length of the intersected path, Q, and the
storm cell. rain rate, r, using the Gunn-East relation,

.035 e r 1.10.	 (1)

The constants used here, were interpolated from results calculated by Crane'
from rain drop distribution measurements. In calculating the attenuation dis-
tribution the probability of a storm cell being centered at any point was assumed
to be uniform over the universe of cell locations. Using the Gunn -East equation
to relate the random variables a, r and e, the attenuation probability distribu-
tion function was calculated and is

Pa (a o ) 7 N^m 	[PB(r) + Psob(r)][A(Q 1 (ao, r)) /A B (r,]dr.	 (2)
Min(a)

This equation relates the attenuation distribution function to the tipping bucket
rain rate probability density function and two areas which are functions of the
cell geometry and the propagation path geometry. The constant N is used to
normalize the equation so that P (0) = 1.

F̂

a =
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1.

The first term in the integrand, the tipping bucket .rain rate probability
density function, has two parts. The first, pB (r) is the probability density that
a non-zero rain rate is measured by the tipping bucket. The second, p BO , is the
probability that a zero rain rate is measured. These functions account for the
precipitation characteristics at the site being considered,

The functions which depend on the cell geometry are A B (r) and A (P 1 ( , O , r) ).
AB (r) is the area within which a storm center may be located and produce rain-
fall into the tipping bucket. The function A (P 1 (a.0 , r)) is the area within which a
storm center may be located and intersect the propagation path over a length
greater than or equal to P 1.

Since the storm cell has a finite maximum diameter, there is a maximum
possible intersected path length for a given attenuation, a,,; this requires that a
minimum rain rate be present in the cell for that attenuation to occur. This
minimum rain rate is r mi „(a), the lower limit of the integration.

For the model to be of maximum usefulness the rain rate density function
should reflect the precipitation characteristics of each terminal location being
considered. Data for stations all over the United States are published by the
National Weather Service, however, the rain rates which are measured are

'>=	 averaged over a one hour time interval and are too coarse to use directly in
the calculation.

It has been found by Rice and Holmberg 2 that the tipping bucket probability
distribution function could be approximated by the sum of three exponential
functions called modes. It was further found that the modes for different aver-
aging times were related so that given the mode parameters for a particular
averaging time the corresponding mode parameters for a different averaging
time could be calculated.

From this distribution, the tipping bucket rain rate density function for
non-zero rain rates was calculated and is shown in Eq. (3).

3
pB (r)	 Aj.'B, exp(-r/B;)•	 (3)

1

The mode coefficient, A,, will be calculated from measured rain rate data.
The mode rates, B i , used are taken from the Rice-Holmberg calculations. The
zero rain rate probability is determined from Eq. (3) and is given below.

j
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To include the precipitation characteristics of a particular site into the attenua-
tion distribution the hourly precipitation data published by the National Weather
Service is used to calculate a best fit Rice-Holmberg clock-hourly rain rate
distribution function. From this function the clock one minute distribution func-
tion is calculated. Although it would be ideal to have the instantaneous statistic
the clock one minute statistic is the best presently available.

The other terras in the integrand are functions of the storm cell and propa-
gation path geometry. The area within which a storm cell can be located and
rain in the tipping bucket rain gauge, As (r), is a circular region, centered at the
tipping bucket. This area is r., (d (r)) 2i4. The area within which a storm cell
may be centered and intersect the propagation path is shown in Figure 7-2 for
the single and two site calculations. For a single site the region is centered
about the x-axis and represents the area where a storm cell may be centered
and intersect the path over a length greater than or equal to f i (Q o , r). To cal-
culate the two site joint attenuation distribution, the storm cell must intersect
both propagation paths simultaneously. Thus, the path intersection area A (Q 1 (a, r))
is the area of overlap of the two single site intersection areas. The analytic
forms of these areas is determined in a straight forward manner from the storm
cell-propagation path geometry.

Having calculated the attenuation probability distribution function for
the model storm cell, the storm cell dimensions, h and d (r), must ncnv be re-
lated to the physical precipitation process so that calculations can be made.
The cell height, h, represents the heib:.t of the precipitation cell. For most of
the United States a value of 5 to 7 km is typical. It has been found that the re-
sults are not very sensitive to the exact choice so an average of 6 km was used
in the calculations presented here.

Whereas the cell height corresponds to the physical height of a rain cell,
the storm cell diameter represents an effective diameter and thus may not cor-
respond well with the actual physical dimensions of rain cells. Several proposed
diameter-rain :ate functions are shown in Figure 7-3.

The first is a modified form of the CCIR function. The original function
becomes negative for rain rates greater than about 54 mi. Ar. Since this does
not seem realistic, the function was modified so that the minimum cell diameter
was clamped to 1.25 km. The choice of the minimum diameter was based on
data from Bell Labs suntrac;ker measurements presented by Hogg 3 , An exponential
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function was fitted to Hogg's data for use in numeric calculations and is also
shown in this figure.

The third diameter function shown was determined empirically from the
1970 Ohio State University ATS -5 data using the mode concept presented by
Rice and Holmberg. Since the Rice-Holmberg distribution characterizes dif-
ferent types of precipitation processe. in terms of three modes, it seemed
logical to characterize the size of these precipitation cells in a modal form
also. For the calculations to be presented here, the Bell fit diameter function
and the three mode diameter function were used.

In order to make a fair comparison between the calculated attenuations distribution and the measured attenuation distribution, the rain rates which
_ occurred during the attenuation measurements were used to calculate the A. Is

in the Rice-Holmberg distribution. A comparison of the best pit Rice-Holmberg
distribution and the rain rates measured at NASA Rosman in 1970 are shown in

- Figure -4. It is seen here that the Rice-Holmberg distribution fits the data
very well.

Using this rain rate distribution and the Bell fit diameter function the
attenuation distribution for the NASA Rosman terminal was calculated and isL
shown in Figure 7-5. The error criterion which is used to evaluate the com-
parison of the measured and calculated results is the horizontal distance be-
tween the curves. This criterion gives the attenuation difference between the

i calculated and experimental attenuation for a constant probability. It can be
seen that the calculated distribution brackets the measured distribution. For
low attenuations the results are about 3 dB low. For high attenuations the cal-
culated distribution is about 3 dE high.

Using the three mode diameter function the results were improved signifi-
cantly as shown in Figure 7-6. The error at low attenuations has been reduced
to 2 dB and at high attenuations the error is only .5 dB. It is seen that the cal-
culated distribution agrees well with the measured distribution.

As mentioned earlier the three mode eiameter function was found by fitting
the calculated attenuation distribution to the single site distribution measured at
Ohio State in 1970. This fit is shown in Figure 7-7. The flattening of the mea-
sured curve was ignored in the fit since it resulted from margin limitations in
the measurements.

In Figure 7-8 the storm cell model was used to calculate the two terminal
joint attenuation distribution for the 4 km spacing used in 1970 at Ohio State
University. It is seen here that good agreement is also obtained.
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To summarize the results using the three mode diameter function the error
curves were calculated and are shown in Figure 7-9. It is seen that the three
mode diameter function gives good agreement with the 1970 experimental data.

In conclusion, the single site attenuation distribution and the two site joint
attenuation distribution were calculated using a cylindrical storm cell model.
A technique was described for using National Weather Service precipitation data
to calculate the attenuation distribution for a particular site location. Using a
three mode diameter function it was shown that the model agreed within 2 dB
for both the single site attenuation distribution and the two site joint attenuation

l	 distribution when compared with ATS-5 propagation measurements. Althoughr
this storm cell model represents a first attempt at making this type of calcula-
tion it appears to be a promising approach and provides a basis for future model
development.
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SECTION 8

SUMMARY AND EVALUATION OF RESULTS FROM

THE ATS MILLIMETER WAVE EXPERIN!"NT

Louis J. Ippolito
Principal Investigator

NASA/Goddard Space Flight Center
Greenbelt, Maryland

ABSTRACT

A summary of propagation measurements from eleven locations in the
continental U.S, and Cauada operating with the NASA ATS-5 Millimeter Wave
Experiment's. 15.3 GHz earth-space link is presented, along with results of
31.65 GHz uplink measurements performed from Rosman, North Carolina, over
a period of two years. Included are attenuation statistics comparisons at the
various locations, and the correlation of attenuation measurements with rainfall
rate, sky temperature, and radar observations. Attenuation ratio measurements
of simultaneous 15.3 and 31.65 GHz transmissions are utilized to provide
bounded cumulative distributions at the higher frequency. An overall access-
ment of the ATS-5 results and their impact on earth-space communications
system performance are presented. In conclusion, future Millimeter Wave
flight experiments planned for the ATS-F satellite are described, which will
extend and improve upon the measurements obtained to date.

INTRODUCTION

This paper, the final presentation in this special session on millimeter
wave propagation experiments with the ATS-5 Satellite, is intended to summarize
and evaluate the results of the overall measurements obtained in the Experiment.
The Experiment was initiated in October of 1969 and was terminated for most
locations in September of 1971.

Part 2 of the paper reviews the results of the 31.65 GHz uplink which was
operated from the single location at Rosman, North Carolina. Part 3 sum-
marizes the 15.3 GHz downlink measurements, primarily from the Rosman
station. Part 4 presents an evaluation of the overall results of the measure-
ments obtained from all participating stations, and Part 5 briefly reviews the
millimeter experiment presently under development for the ATS-F satellite.
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31.65 to 15.3 GHz Attenuation Ratio

The ratio of the uplink to downlink attenuation is a sensitive indicator of
= the distribution of the drop size diameters present in the propagation path and
>j..~ large variations were measured both for different storm events with similar

_ attenuation intensities and during the duration of a single storm event. Figure 8-2
shows an example of an event with a nearly constant ratio of 3.33. The data cov-
ered a period of 155 minutes during a single continuous storm event.

Figure 8-3 shows an example of a storm of similar intensity but with a
highly varying ratio during the storm. Most of the measured events were of
this type, with most of the ratio values ranging from 2 to 3.5.

,t

't

REVIEW OF 31.65 GHz MEASUREMENTS

The operation of the 31.65 GHz uplink, particularly in the sideband mode,
was severely limited because cf the spacecraft spin and the downlink transmitter
power degradations, as described in the first paper in this session. Several
storm periods during the early portion of the measurement period were re-
corded, however, and some general comments on coherence bandwidth, attenu-
ation ratios, and attenuation statistics for the Rosman location can be made.

Coherence Bandwidth

From the limited data available no quantitative information can be deduced
s from sideband measurements, however, the sideband amplitudes do tend to ex-

hibit greater scintillations during periods of precipitation. An example of this
effect is shown in Figure 8-1, where the 50 MHz upper and lower sideband dif-
ferences are shown during an extended fade which reached 14 db, with a corre-
sponding rainfall rate of 56 mm/hr. The sideband differences do exhibit in-
creased variations during the fade period, however, they are not correlated
with each other or with the magnitude of the carrier attenuation. A major part
of the scintillations are under the measurement accuracy of the link (approxi-
mately tl db for high signal to noise ratio), and it is difficult to determine which
scintillations, if any, were caused by the propagation path.

The expected range of attenuation ratio can be calculated utilizing the Gunn
and East' emperical relationship between precipitation rate and attenuation of
the form

A (db) = a R b L

where R is the precipitation rate, in mm/hr over the path length L, in kilometers

'tr
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and a and b are frequency dependent constants which also vary with the drop
size distribution in the propagation path.

If we assume a Laws and Parsons drop size distribution 2 , the constants for
our frequencies of interest become:

A (db) = 0.2 R L	 . (@31.65 GHz)

A (db) = 0. 035 R^ • i s s	 (@15.3 GHz)

The 31 .65 GHz to 15.3 GHz ratio as a function of the 15.3 GHz attenuation is
shown in Figure 8-4 for three different assumed path ;engths by the dashed
curves. (The solid curve on the figure is developed from measured statistical
data at Rosman and will be described in detail in Part 3.) Note that the expected
ratio can vary over quite a large range, and the often used "rule" assuming that
the attenuation ratio varies as the reciprocal of the wavelength squared (4.28 for
the two wavelengths involved here) is not valid except for the unlikely case of
low attenuations with long path lengths.

Figure 8-5 shows a comparison of the measured ratios with the predicted
ratios for 4 storm events totaling 305 minutes for Rosman, North Carolina
during 1970 and 1971. Very little data was available for high attenuation values
and the large scatter of the lower attenuation values is due in part to the system
inaccuracies of the uplink and downlink measurements, which can combine to
produce large error ranges for low attenuation values. It is immediately ap-
parent that a prediction of the 31.65 GHz attenuation from a measured value of
the 15.3 GHz attenuation could not be accomplished and that, in general, to
utilize attenuation measurements at one millimeter wavelength to infer results
at another millimeter wavelength can be risky and rather unreliable.

An estimate of the range of annual attenuation statistics for the 31.65 GHz
uplink can be accomplished by applying the measured range of attenuation ratios
to the measured attenuation distribution at 15.3 GHz to produce a range of ex-
pected uplink attenuation. nis result is shown in Figure 8-6. The 15.3 GHz
curve, developed from 12,581 minutes of measurements during calendar year
1970, was extended to 31.65 GHz by utilizing the ratios of 2 to 1 and 3.5 to 1,
resulting in the shaded area on the figure. (The dashed "best fit" curve will be
discussed in Part 3 of this Section.)

This result shows that very high margins would be required to maintain a
reliable link at the 31.65 GHz frequency; for example to maintain a 99.99% re-
liability (-1 hr. outage), a 41 db margin would have been required at Rosman
during C Y 1970.

t
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SUMMARY OF 15.3 GHz MEASUREMENTS

This section presents a summary of the major results of the 15.3 GHz
downlink measurements taken at the NASA Rosman, North Carolina station.
Detailed results can be found in References 3, 4, and 5.

All values of attenuation presented in this section, unless otherwise speci-
fied, are 10 second averages based on secondly samples of received signal level
recorded on analog magnetic tape. An automated data processing program
utilizing TBM OS 260/95 and OS 360/91 computers develops statistical plots
and graphic presentations. An overall system accuracy of ±1 db in the attenu-
ation measurements is maintained by daily receiver calibration and constant,
monitoring of spacecraft telemetry for transmitter power levels. The daily
4 db variations -due to spacecraft motion are corrected in the automated program,
since the orbital variations are measurable and predictable. The 0 db reference
level for attenuation is based on the measured clear weather signal level re-
ceived at Rosman for the data collecting period.

Sky Temperature — Attenuation Measurements

The sky temperature measured in the direction of the satellite beam has
been found to be an excellent predictor of the attenuation simultaneously experi-
enced by the satellite signal, up to values of 10 to 12 db.

A review of this result, which has been verified by all experimenters who
have performed this measurement, is discussed in greater detail in another
paper of this session (Section 4), and will not be dwelled upon here. Figure 8-7
summarizes the sky temperature-attenuation comparison for Rosman, where
the cumulative distributions of measured 15.36 Hz attenuation with attenuation
predicted from simultaneous 16 GHz sky temperature measurements are shown.
The curves, which represent 939 total minutes of data taken during CY 1970,
show very close agreement for the entire range of measurements, indicating
that for statistical data of this type the radiometer is the best available tool for
the prediction of atmospheric attenuation up to the 10-12 db range.

Correlation of Path Attenuation with Precipitation Rate

The instantaneous rainfall rate at the ground station antenna was measured
by utilizing a "tipping bucket" type rain gauge which tips for each 0.254 mm of
water accumulation. The instantaneous rainfall rate is computed by dividing
the time between tips by the accumulation per tip. This technique provides in-
creased resolution as the rainfall rate increases, since the time between tips
is reduced with increasing rainfall rate.
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Figure 8-8 shows the measured 15.3 GHz attenuation distributions para-
metric in four rain rate intervals. The curves were obtained from 422.3 min-
utes of measurements taken over several storm periods totaling over 19 hours
at Rosman. Each distribution is with respect to the appropriate duration of the
measurement, as given on the figure.

The distributions show the expected trend toward increasing attenuation
with increasing rain rate, however, each distribution is quite wide, indicating
that a wide range of path average rain rates can exist for each rate measured
at the rain gauge. With distributions of this type, given the point rain rate dis-
tribution of any storm at Rosm	 at a similar location, an equivalent attenu-
ation distribution can be constructed reflecting a given percent confidence that
the attenuation values will not be exceeded. For example, for a moderate rain-
fall (20 to 50 mm/hr) storm, a fade margin of some 15 db would be required to
maintain a 90% reliability during the storm, while a 21 db fade margin would be
required to maintain 99% reliability during that same storm.

A detailed study of the time correlation between measured 15.3 GHz attenu-
ation and the ground rainfall rate as recorded on 10 rain gauges located along
the axmuthal line of the satellite-earth satellite path was accomplished for

.,	 several storms at Rosman during the February through June 1971 period (Ref. 5).
The distance from the ground antenna to each rain gauge, and the height above
the rain gauge to the earth-satellite beam intercept, are listed below:

Gauge No.	 Distance	 Height of Beam
From Antenna	 Above Gauge
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Figure 8-9 presents time displays and correlation plots for two typical
storm events for the first five rain gauges. The correlation functions were
computed from 10 second averages of the rainfall rate and path attenuation
measurements.

Correlation studies of this type were accomplished for a number of events,
and the results may be summarized as follows:

a. A comparison of 10 second average values of attenuation with ten sec-
ond average values of rain rate for each bucket shows that maximum
correlation (i.e., maximum cross-covariance) occurs when the attenu-
ation is time shifted to lead the rainfall rate, in all cases.

b. The length of the time shift required for maximum correlation varied
with each bucket and with each event, with values ranging from 10 to
320 seconds.

c. The correlation between rainfall rate and attenuation was not in general
higher for the gauges closer to the antenna. (In only one event did the
first rain gauge give the maximum time shifted covariance.)

d. The covariance coefficients showed large variations for different events
which had similar rainfall characteristics, with values as high as .96
and as low as .45.

e. Covariance coefficients for the first five gauges were within 15% of
each other for a given event, even though the maximum covariance for
different events differed by as much as 30%.

The results of correlation measurements for the first five gauges for four
events with similar rainfall ranges is shown in Figure 8-10. Note that in only
one case did gauge #1 give the maximum correlation, while in another case it
gave the lowest correlation.

Rain gauges 4 and 5 have a much greater foliage interference during the
spring and summer months than the other gauges due to the difficult terrain
surrounding their locations. Those two buckets do tend to show lower correla-
tion than the other gauges for those periods when blockage would be present
(see Figure 8-10) but the differences are quite small, usually lees than 5%.

The results of this study are inconclusive in that the storm by storm cor-
relation showed no repeatable trends in terms of time shift or rain gauge loca-
tion. For long term statistics a non-time-shifted height-averaged rainfall rates
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utilizing all buckets where significant rain fall occurred will give a slightly
better prediction than using just a single gauge, or a ground average of all the
gauges (Ref. 4).

In order to utilize ground measured rainfall rate to predict earth-satellite
attenuation, the effective path length (extent) of the rainfall must be available.
This measurement is difficult to determine directly for high elevation angle
satellite paths, but an estimate of the effective path length can be accomplished
by comparing the measured attenuation-rainfall rate with the empirical rela-
tion (Ref. 1).

A(db) = 0.035 R1_iss L	 (for 15.3 GHz)

where

A is the total path attenuation, in db

R is the rainfall rate, in mm/hr, over the path length L, in kilometers

- `

	

	 The constraints in the equation above are developed from the Mie Theory
for spherical particles with a Laws and Parsons drop-size distribution assumed
(Ref. 2).

Figure 8-11 shows the function A (db) plotted for various path lengths from
" 1 km to 20 km. Also shown are plots of the least squares fits of four events

with the a 	 relations as shown on the figure. The heavy portion of the curves
F4 cover the extent of measured values, i.e., event #1 contained measurements

from 5 mm/hr to 70 mm/hr, event #2 from 5 mm/hr to 58 mm/hr, and so on.

The least squares fit was accomplished after time shifting the rainfall rate data
to obtain maximum cross-covariance, as described in the previous section.
Also shown on Figure 8-11 is a plot of the least squares fit of all available
calendary ear 1970 measurements (12,581 minutes) using the non-shifted rain-
fall rate of the nearest rain gauge. The solid portion of the curve shows the
portion where attenuation and rainfall measurements were available, the dashedi portion is the extension to the maximum recorded rainfall rate for CY 1970

g (136 mm/hr).

The effective path length for each stor_n as a function of R can be found by
comparing the measured curves with the empirical curves for a given attenua-
tion, and this is shown in Figure 8-12. The resulting curves are of the form

L (R)	 .035 R 
(b-1.155) 	 (for 15.3 GHz)
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where a and b are the constants of the least squares fit of each event. All of
the curves show a very similar trend, and the CY 1970 curve compares to
within .5 km to the results given by Evans (Ref. 6) for sun tracker measure-
ments taken at 15 and 30 GHz. As expected, the higher the rainfall rate, the
shorter the effective distance. The effective path length appears to be asymp-
totic to 1 km for high rainfall rates, and is quite large for the lower rates. It
would be interesting to see data of this type from other locations and weather
conditions to determine if a "universal" relationship does exist for long term
statistical measurements of this type.

Attenuation Statistics

r ° The comparison of attenuation statistics from various locations has been
thoroughly covered in a previous paper (Section 2), and this section will briefly

-` review the determination of the annual statistics for the Rosman location.

Figure 8-13 presents a summary of calendar year 1970 attenuation statistics
for the 15.3 GHz downlink at Rosman. Shown on the figure is the cumulative
distribution of 11,756 minutes of satellite attenuation measurements. The data
periods covered in this curve were generally randomly distributed throughout
the year, except for the January 1 thru February 13 period when the link was
down for repairs. Cumulative distributions of rainfall rate at the ground satenna
for the total year and for the total period of data acquisition are also shown in
Figure 8-13. The two rainfall  rate curves are in excellent agreement up to the
70 mm/hr rate, with the upward offset of the acquisition period curve due to the 	 -

' proportionately greater rain accumulation during spacecraft measurements than 	 -
kr

f5?
throughout the year as a whole. The superimposibility of the two rain rate dis-

.=.Y tributions indicates that the acquisition period was a reasonable sampling of the 	 =
{ rain statistics for the total year (up to 70 mm/hr rate), thereby permitting us to

construct an estimate of the attenuation distribution for the total year.

The yearly estimate of satellite attenuation, shown as the dashed curve of
Figure 8-13, was developed from ordered pairs of measured attenuation and
rainfall rate for a given percent of time on the distribution curves. For example, 	 l

- from Figure 8-13, it is seen that from 0.1% of the time during satellite attenu-
ation measurements the rainfall rate exceeded 50 mm/hr, and, for the same

= percent of time, the attenuation exceeded 9.5 db. During the year as a whole the
rainfall rate exceeded 50 mm/hr for 0.03% of the time. Had we measured satel-
lite attenuation continuously during the total year, we would therefore expect to
have measured attenuations in excess of 9.5 db for 0.03% of the time also, be-

Y cause of the similarity of the rainfall distributions. This process was repeated
for all measured attenuation and rainfall rate pairs for the dashed curve of
Figure 8-13, up to the 11.5 db (70 mm/hr) point.
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For rainfall rates above 70 mm/hr, the attenuation was estimated from the
relationship

i
A=aR°

where A is the path attenuation, in db, and R is the rainfall rate in mm/hr. The
constants a and b were found from a least squares fit of all of the measured
attenuation and rainfall rate data for the year, and were found to be a = 2.365
and b = .3663, with a correlation coefficient of 0.97. The results are shown as
the dotted curve on Figure 8-13. This curve shows that a maximum attenuation
of 14.3 db would have been experienced at Rosman for 7.88 minutes (0.0015%)
during the total year, corresponding to the i maximum measured rainfall rate of
136 mm/hr for the year.

A similar set of distributions were developed for data accumulated during
1971, and they are shown in Figure 8-14. A total of 825 minutes of data, taken
during the April through August rain season, was compared with the January
through August eight month period and the resulting curve is shown as the dashed
line. (Only eight months of rainfall rate-satellite data were available in 1971 at
Rosman.) The two rainfall rate distributions are not as similar as for the pre-
vious year, but the general slope of the curves is the same. The attenuation for
rainfall rates above 112 mm/hr was age in estimated from a least squares fit of
all available data for 1971. The constants were found to be a = 2.149 and b =
.4879 with a correlation coefficient of 0.95. .Me maximum recorded rainfall 	 =
rate during the 1971 period was 190 mm/hr, and the attenuation would have been
27.8 db for 14 seconds (0.000045%) at Rosman during the first eight months of
1971.

A comparison of the two yearly distributions indicate that power margins
of 3 to 4 db larger would have been required in 1971 over 1970 to maintain the
same annual link reliability percent.

The best fit Rosman equation for CY1970 w&3 then applied to a number of
other locations where instantaneous precipitation rate data was available, and
the resulting distributions are shown in Figure 8-15. The Columbus Ohio curve
was developed from rain gauge data supplied by L. R. Zintsmaster, OSU, and
the remaining curves were developed from rain gauge data published by D. C.
Hogg, BTL (Refs. 7 and 8).

Except for the Miami, Florida location, all other sites could be considered
as fairly similar to Rosman in their general weather profile, and the results
indicate the wide range of attenuation values that result for a given percent of
time. N the effective path length, L (R), were available for each site, the curves
could be modified to reflect a better estimate of the expected attenuation. Until
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further satellite data and effective path length data are available, however,
curves developed from least fit data such as those on Figure 8-15 must serve
as a general guide to the annual statistics expected at sites where only precipi-
tation rate data is available.

'	 EVALUATION OF OVERALL RESULTS OF THE
ATS-5 MILLIMETER WAVE EXPERIMENT

In reviewing the vast amount of data presented here and elsewhere from
the many participants and from nearly two years of operations with the ATS-5
Experiment, a ni:mber of factors emerge which appear often enough to be classi-
fied as "conclusions", in the general sense. Some are obvious and were ex-
pected, others were new in that they differed with previous results or produced
an unexpected result. The list below highlights the major results of the ATS-5
Experiment, and is presented in no particular order of importance or priority.

a. Outage time statistics are not repeatable for different locations with
similar general weather profiles, and can differ greatly year to year
at the same location.

b. Rainfall rate measurements, even if "instantaneous", are of limited
use in the prediction of earth-satellite path attenuation. The prediction
can be improved slightly by utilizing effective path length measurements,
by time-shifting techniques and by multiple gauge averaging.

c. Radiometric sky temperature measurements provide the best available
technique for the prediction of 15 and 31 GHz attenuation up to 10-12 db
and 8-10 db, respectively. For site diversity studies, this limited
margin of measurement may be sufficient.

d. The extension of attenuation results from one frequency to another
frequency, namely 15 to 31 GHz or a similar set of frequencies, is
severely limited because of the unpredictable drop size variations
which can occur during a weather event. Bounds on the expected attenu-
ation can be determined for the higher frequency based on a statistical
sampling of the range of attenuation ra y os experienced at a given
location.

e. Site diversity is a necessity at 31 GHz and may be required at 15 GRZ
in many regions of the U.S. in order to most the reliability require-
ments of most proposed operational systems. The separation distance
required to achieve reasonable diversity enhancement does not appear
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to be as large as expected; 4 to 8 km may suffice in areas similar to
the Columbus, Ohio environment.

f. Backscatter measurements at an attenuating wavelength, while qualita-
tively useful for observing cell structure and movement, are not quanti-
tatively useful for the nrediction of path attenuation.

g. Longer wavelength radar measurements appear to show good potential
for the prediction of path attenuation, but the extension of the results to
prediction at the millimeter wavelengths requires further study and
more measurements to determine if a consistent and reliable predic-
tion technique can be developed.

h. Initial, results in the development of a storm modeling technique which
is consistent with the measured data is encouraging, but further work
needs to be done to define the model for more general application and
to verify the results at other locations.

THE ATS-F MILLIMETER WAVE EXPERIMENT

The first space communications system ,:o operate at millimeter wavelengths is
presently under development for launch ;n 1974 on the sixth Applications Tech-
nology Satellite (ATS-F). The ATS-F Experiment is designed to provide engi-
neering data on wideband space-to-earth transmissions at 20 GHz and 30 GHz
as a function of meteorological conditions and modulation techniques (Ref. 9).
The experiment consists of wideband 1440 MHz bandwidth propagation measure-
ments and 40 megabit communications links centered at 20 GHz and 30 GHz.
Parameters under investigation include amplitude and phase statistics, coherence
bandwidth, site diversity improvement, and prediction techniques from meteoro-
logical measurements.

The basic objective of the communications mode testing is to observe and
evaluate the propagation effects of the earth's atmosphere, primarily caused by
heavy fog and precipitation, on modulated signals transmitted during the weather
occurrence. To accomplish this, the experiment will be operated on a call basis,
24 hours a day, 7 days per week. That is, when precipitation is expected or ob-
served, the communications links will be energized and monitored through the
extent of the storm or until the required data has been obtained. Test rams for
a number of modulation techniques, data rates, and durations are planned for as
man; weather events as possible during the 9 to 12 month period of satellite
availability.

111
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ii

Both analog and digital modulation techniques will be utilized, and engineering
data on carrier-to-noise, modulation index, error rate, and information rate will
be developed as a function of meteorological conditions and modulation techniques.

The propagation measurements obtained from the ATS-5 Millimeter Wave
Experiment, together with the extemded communications measurements to be
obtained from the ATS-F Experiment, will provide the engineering data neces-
sary to characterize and optimise millimeter wave communications, which will
form the basis for the next generation of operational space communications
systems.
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