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PREFACE

This report was prepared for the Military Satellite Communications
Systems Office (MSO) of the Defense Communications Agency as the final
report on a study entitled "Feasibility of Military Satellite Communi-
cations at Frequencies Above 8 GHz for Mobile and Wide-Band Data Relay
Users." It follows an earlier Rand project for the same agency entitled
"Advantages of Frequencies Above 8 GHz: An Overview.'

These two projects for the Defense Communications Agency grew out
of a Rand-supported study entitled "A New Approach to Millimeter-Wave
Communications," described in Rand report R-1936-RC.

The current report presents estimates of the degradation of per-
formance of millimeter-wave links due to atmospheric e¢ffects in a new
way and draws consequent implications for the design of future systems.
This information should be useful to designers of future communications

satellite systems in the 20 to 300 GHz frequency region for a wide di-

versity of users.
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SUMMARY

This report examines the feasibility of using frequencies above
8 GHz for military satellite communications. Because communications
degradation resulting from atmospheric effects (due to humidity, clouds,
and rain) is the main limitation to the use of the higher frequencies,
much of the report is devoted to the development of a model for the
statistical distributions of signal attenuation, of sky noise tempera-
ture, and of total atmospheric-induced degradation in link performance,
as a function of frequency and elevation angle. The model is then
applied to a few hypothetical communications links to estimate the sta-
tistical distribution of outages due to weather as a function of data
rate and other system parameters. The model was developed for Wash-
ington, D.C. (a region with relatively high rainfall), but could be
extended to any location where weather data are available. The per-
formance estimates were made for the downlink (even when the specific
frequency has been allocated for uplink use) because it is usually
limiting.

No attempt was made in this study to evolve an optimal communica-
tions éystem; rather, the basic effort was to examine the effects of
varying a number of key parameters through a wide range.

Six frequencies are considered in this analysis--one in each of
six bands allocated for satellite communications use. The frequencies
(21.2, 31, 48, 101, 152, and 265 GHz) were selected at the positions
in their respective bands at which atmospheric degradation is most
severe. The performance was estimated for elevation angles (at the
user) of 10, 30, 45, and 90 deg. A satellite altitude of 30,000 n mi
was assumed in all cases, for reasons discussed later in this summary.

Two types of users were considered--small mobile users and wide-
band data relay users. To accommodate a large number of mobile users
located on small platforms (e.g., small ships, small aircraft, and
land vehicles), very small (10-cm diameter) terminal antennas were
postulated. The wide-band data relay users were assumed to employ
10-m diameter antennas. This range, from 10 cm to 10 m, is expected
to bracket the terminal antenna diameters that will be of interest in

future military communications satellite systems.
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To estimate the practicality of using higher frequencies, the
atmospheric degradation model was applied to four specific cases--two
for each type of user. In each case, the link availability as limited
by atmospheric degradation was estimated as a function of elevation
angle, data rate, and frequency for the selected values of the satel-
lite and terminal antenna diameters. Illustrative results for each of
the four cases appear in the following table.

In making these performance estimates, we assumed a transmitter
power of 10 W, an antenna efficiency of 0.56, and a system margin of
8 dB. When either user employed an uncooled receiver, a value of 10
was assumed for Eb/NO, the ratio of the energy per bit to the noise
power density. Because the wide-band data relay user has a much more
elaborate installation than the mobile user, the option of using a
cooled receiver and a more complex modem was also considered. In this
case, coherent modulation permits adequate performance with an Eb/N

of 5 dB.

0

The illustrative results in the table show that practical data
rates for small mobile users with uncooled receivers can be realized
with only a 10-cm diameter terminal antenna. When the satellite an-
tenna diameter is held constant at 4.4 m (Case I-A), a data rate of 10°
bps (sufficient, for example, to provide a 16 kbps digital voice channel
to each of 60 users when Time Division Multiple Access is employed) is
realized, with availabilities ranging from 98.7 percent at 21.2 GHz to
89 percent at 265 GHz.

Footprint width is important as a measure of the area served by a
single beam (which serves a cluster of users), as a measure of the de-
gree of frequency reuse per satellite, and as a measure of the mutual
interference problem. These issues depend on a particular system con-
cept and antenna design, and are beyond the scope of this study. The
footprint width of the beam on the earth decreases with increasing fre-
quency, as indicated in Case I-A. When the footprint width is held
constant, as in Case I-B, the associated satellite antenna diameter de-
creases with increasing frequency, leading to a more rapid decrease in
data rate per beam with increasing frequency. This disadvantage is,

however, counteracted by the advantage that a larger number of (the

smaller) satellite antennas can be mounted in the same total aperture
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ESTIMATED DOWNLINK PERFORMANCE AT 30 DEG ELEVATION ANGLE

X3

Case

Small Mobile User

(0.1 m antenna, uncooled receiver)

Satellite
Antenna
Diametor
)
4.47
3
1.94
0.92
0.61
0. 35

A. 4.4 m (Constant) B. 123 n mi (Constant)
Satellite Footprint Width
Antenna Diameter, j
~___10® bps Data Rate T
Footprint
Frequency [Availability|Width Data RatejAvailability
(GHz) (percent)  (n mi) _|(bps) __|(percent) |
21.2 98.7 123 10° 98.7
31 98.9 83.8 108 97.5
48 96 54 10° 98
101 94 25.7 104 97
152 94 170 19 96
265 89 9.8 10° 94
Case Il: Wide-Band Data Relav User

(10 m antenna,

Uncooled

1 m constant satellite antenna diameter)

WWB. Cooled

i L Receiver Receiver (o
108 bps . Availability
Data Rate " (percent)
Footprint ,
Frequency |Availability |[Width 10% bps {107 bps
(GHz) (percent) (n mi) “|Data Rate|Data Rate
21.2 99.7 541 99.9 99,5
31 99.7 369 99.8 99.4
48 98.7 238 99.3 98
101 97 - 113 98 97
152 97 752 98 96
265 93" 39.2 97 94
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when higher frequencies are employed. Thus, at 265 GHz, 158 antennas
could be mounted in the aperture completely occupied by a single 21.2
GHz antenna, giving the same footprint width.

With a 10 m antenna, the wide-band data relay user is able to
achieve regsonable availabilities while communicating at 10® bps with
an uncooled receiver (Case I1-A), and at 10° bps with a cooled receiver
(Case 1II-B).

The model indicates that the performance degrades rapidly as the
elevation angle at the user falls below 30 deg, especially at higher
frequencies. Thus, for example, in Case I-A it was found that, with
an availability of 98 percent, the estimated data rate at 30 deg ele-
vation exceeds that at 10 deg elevation by a factor ranging from 4 at
21.2 GHz to 3000 at 265 GHz. 1t is clear that, for communications
systems which must operate during rain, the higher the frequency the
more important it is to avoid elevation angles below 30 deg. This can
be accomplished by putting satellites in inclined orbits rather than
in geostationary orbits. Operation at elevation angles above 30 deg
has the additional advantage of negligible atmospheric scintillation,
decreased vulnerabilityv to detection, interference, and jamming, and
decreased blockage by surrounding objects such as terrain features and
ship masts. Inclined orbits also have the advantage that they can pro-
vide full earth coverage. A number of satellite constellations were
examined to determine their ability to provide continuous worldwide
coverage with elevation angles above 30 deg. It was found that, for

example, a constellation of nine satellites in circular orbits at i

30,000 n wi altitude (60 deg inclination) provided elevation angles
above 30 deg an average of 99.7 percent of the time to observers any- 4
where on earth. The desirable features of this constellation led to |
the 30,000 n mi altitude in the illustrative example.

The length, width, and area of the beam footprint on the earth's
surface were calculated as a function of elevation angle, satellite . 1
altitude, and beamwidth. The illuminated area is nearly elliptical 4
until the edge of the earth is approached, and approximately doubles
as the elevation angle decreases from 90 deg (overhead) to 30 deg.

The tradeoff between complexity on the satellite and %f the user

terminal (while maintaining constant link performance) is examined,
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particularly as it relates to the antenna sizes at the two ends of the

link. The acquisition problem becomes major when communications must
be maintained with large numbers of widely dispersed users having only
small antennas, and when mutual interference rejection, covertness,
and a high degree of security from jamming are required. This problem
is briefly examined, but no attempt is made to optimize the system for
its solution.

The pointing and tracking problems at high frequencies are ex-

amined in some detail. For small mobile users, the decrease in termi-

nal antenna diameter (to 10 cm) from the values presently planned at
lower frequencies (7 to 8 GHz) in the DSCS svstem (1 to 3 m) more than
compensates for the increase in frequency, so that terminal pointing
and tracking are considerably relaxed. The increased pointing and track-
ing accuracy required by the wide-band data relav user at higher fre-
quencies can be provided by current techniques. Similarly, whereas the
required satellite attitude reference system is more complex at higher
frequencies (to attain the higher accuracy), the relative incremental
cost is small--the cost of reliable, long-lifetime, space-qualified
attitude reference svstems capable of achieving only relatively low
accuracy is already very high ($800,000). These svstems require gas-
bearing gyros and horizon sensors to achieve an accuracy of a few tenths

of a degree. The addition of a digital sun sensor improves the perfor-

an

mance by an ovder of magnitude, but adds relativelv little (less than
10 percent) to the cost. The Space Sextant-Attitude Reference System
now under development holds the prospect tor a substantial improvement
in accuracy (nearly 107" deg) with no increase in cost.

he compatibility of high-frequency communications equipment with
small mobile user plattorms is analvzed. The postulated small terminal
antennas permit relatively flexible placement. In the case of aircraft,
they might be mounted inside the fuselage or the wings beneath a con-
formal radome with a 10-cm diameter antenna; coverage down to 30 deg

elevation could be achieved with a relatively flat, i.e., conformal,

radome which is only 40 cm in diameter.
The weight and power requirements of equipment operating at the
higher frequencies are stronglv dependent on the efficiency of high-

power output tubes. The power output capability and efficiency of a

5 b e O 2 TN el ey .
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number of tube types were examined as a function of frequency. These
include the klystron, traveling wave tube (IWI), extended-interaction
amplifier, ubitron tube, coupled-cavity TWT, and gvrotron. Power levels
as high as 10 kW (CW) at 300 GHz may be feasible, although laboratory
units have only demonstrated 12 kW at 100 GHz thus far. While the effi-
ciency within anyv tube tvpe decreases slowly with increasing frequency,
measures can be taken to offset the decrease, and a change of tube tvpe
can restore high efficiency at higher frequencies.

Radomes suitable for operation in the millimeter-wave region were
examined and it was found that radomes consisting of membranes supported
by a random, triangular metal frame exhibit an acceptable low transmis-
sion loss (only 10 percent over a pass-band, which is selected by choos-
ing a membrane thickness).

Multi-beam antennas such as phased arravs, reflectors, and lenses
are discussed. Phased arrays are too heavy and too costly in the milli-
meter-wave band to be considered at all. The other approaches tend to
result in high sidelobe levels. While suitable for acquisition, these
antennas permit only limited data rates in the presence of interference.
For communicating at high data rates, interfering sources can be rejected
by adaptive pattern (null-forming) antennas and by signal-cancelling
schemes. Alternativelv, an antenna "farm" of conical, horn-fed, shielded
parabolic single-beam antennas may be emploved. These can produce far-

cut sidelobes which are 80 dB below the peak of the main beam (for main

beam gains in excess ot 40 dB).
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op

atmospheric attenuation of communication signal,
in dB

area of beam tootprint on the surtace ot the
earth

total system pertformance degradation caused by
the atmosphere, (n dB

depth of pivot point of communication beam beneath
skin of aircraft

diameter of generalized antenna, of transmitting
antenna, and of receiving antenna, respectively

sidelobe acceptances, integrated over sidelobes
which are pointed toward the ecarth and toward
the sky, respectively

energy per intormation ofit
carrier frequency used for communication

frequency at high and low ends, vespectively, ot
the region of operation of an amplifier tube

gain of the tirst-stage amplifier

Boltzmann's constant, and a reference constant
signal loss factor due to atmospheric attenuation
loss factor in coupler and line, respectively
length of beam footprint on the carth

total system performance loss tactor due to atmo-
spheric attenuvation and sky noise combined

system margin
noise power density

slope of line on logarithmic plot of tube elti-
ciency as a function of frequency

data rate, data rate with atmosphere present, and
data rate without atmosphere, rvespectively

slant range trom terminal to satellite

atmospheric transmittance (from satellite to
terminal)

eftective noise temperature of the absorbing medium

in the atmsophere, the coupler, the line, the

ground, and the first and second amplifier stages,

respectively

the effective system operating temperature

e i e e
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T c i effective noise temperature of the portions of the
sky which fall in the main beam and in the side-
lobes, respectively

TS search time
td stepping time of the beam from one search position
to the next, including the dwe'l, transit, and
settling times
%) width of opening in aircraft fuselage to accommodate
communications beam
WF width of beam footprint on the earth
AxT, AxR location errors of the transmitter and receiver,
respectively
§ angular width of communication beam, to 3-dB points
R efficiencies of transmitting and receiving antennas,
respectively
nH L efficiency of a power tube at the high and low end, |
: respectively, of its operating range {
6 angle of elevation of the satellite as observed
from the terminal j
9 . minimum value of © ?
min &
Aex, A6 angular dimensions of the field of view which must |
y be searched in the acquisition process, measured |
in the x- and y-directions, respectively |
a4
Aex x-component of the angular pointing error, intro- |
P duced by errors in attitude reference, mechanical
linkage, etc.
A wavelength of carrier signal {
AQ solid-angular size of field of view which must be '
searched in the acquisition process :
Qb solid angle subtended by the main beam, to the 3-dB

points
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I. INTRODUCTION

The many attractive features that justify the consideration of

frequencies above 8 GHz for military earth-satellite communications
(MILSATCOM) systems have been examined in detail in two Rand study
projects for the Defense Communications Agency. These higher fre- ]
quencies offer relief from many of the problems faced by current MIL~ 1
SATCOM systems, which operate at UHF (225 to 400 MHz) and SHF (7 to 8

GHz), as discussed below.

ADVANTAGES OF HIGHER FREQUENCY OPERATION
The bandwidth available for MILSATCOM use in the lower frequency 3

bands is inadequate, which has led to severe frequency management prob-

lems. Furthermore, these problems are apt to become much worse, be-

cause the demands for spectrum allocation are growing. At the higher

frequencies considered in this study (20 to 265 GHz), the available

‘bandwidth is larger than in the 7 to 8 GHz region by a factor ranging
from 2 (in the 20 to 30 GHz band) to 30 (in the 250 to 265 GHz band).
These wide regions are, moreover, presently unassigned. Wide-band data
relay users typically require data rates of 107 to 108 bits per second
(bps). Equipment operating at 10° bps and having an nntijnm'vnpahilltv
has been demonstrated in the laboratorv; if these users could be moved ,
to the higher frequency bands, they would enjoy a greater available
bandwidth, while leaving behind more room for mobile users. }
Svstems operating at UHF and SHF are probably susceptible to jam-
ming by a determined enemy operating from a sanctuaryv. The narrower
beams obtainable (with the same antenna size) at the higher frequencies
greatly increase jam resistance and covertness and alleviate problems
of interference.
Although obtained at the cost of weather-induced outages, the mag-
nitudes of improvement at the higher frequencies are impressive. It
is therefore important to carefully examine their feasibility in satel-
lite communications svstems, the purpose of the present study. A tech-
nology level is assumed that could be feasible during the next 10 to
J0 vears. Both fixed (wide-band data relay) and ground (ground trans-

portable, ground vehicle, ship, and aircraft) users arce considered.

-
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Although weather-induced outages fall off rapidly with increasing air-
craft altitude, the present study treats the worst case--the aircraft

are assumed to be "on the deck."

ATMOSPHERIC EFFECTS 1

Because the primary factor in determining the feasibility of em-
ploying higher frequencies in satellite communications systems is the

performance degradation associated wi..u atmospheric effects (weather),

much of our study has been devoted to this subject. Calculations were
limited to the downlink, since this link usually limits system perfor-

mance. The specific frequency bands considered are listed in Table 1.

Table 1
FREQUENCY BANDS USED TO DERIVE OUTAGE STATISTICSd

Frequency (GHz)
Type of User Downlink Uplink
Fixed (wide-band data relay) 20.2 = 1.2 30 - 31
102 - 105 - 92 - 95
150 - 1582 140 - 142
220 - 230 220 - 230
Mobile’ 20.2 - 21.2
30 - 81 1
43 - 48 E
95 - 101
142 - 150 | 4
250 - 266 i

The specific frequencies used in the computations are
in italics.

bThvso mobile bands are not vet assigned to either up-
link or downlink.

These bands are a subset of those allocated for satellite operation in
Ref. 1 and are illustrative of those in the higher frequency region.
The six italicized frequencies experience the most severe atmospheric

degradation in their bands. For comparison, the performance at 8 CGHz

is also given.




ORGANIZATION OF THE REPORT

Section Il describes a model that estimates the statistical dis-
tribution, at various frequencies and elevation angles, of the two
weather-related factors limiting system performance: system operating
temperature, which depends on the apparent sky temperature, and signal
attenuation. The model is developed for one particular geographic
location (Washington, D.C.), but could be extended to any location
where appropriate weather statistics are available., The ability to
predict performance degradation as a function of elevation angle is
one of the strong points of the model; we know of no other model with
this capability.

Section 111 applies the results of Section 11 to hypothetical
communications systems suitable for serving small mobile users and
estimates their performance statistics. In Section IV, similar consid-
eration is given to systems tailored to the needs of wide-band data
relay users. These statistics provide a basis for estimating the prac-
tical utility of the higher frequencies. Although the results apply
only to the specific hypothetical systems selected, scaling to other
parameter values, i.e., other systems, is a simple process. A discus-
sion of tradeofts between parameters is included in Section TIT.

Performance is a sensitive function of the angle of elevation to

the satellite, especially at the higher frequencies, where performance
degrades rapidly at low elevation angles because of increased atmo- {8
spheric attenuation and sky noise. The avoidance of low elevation
angles offers a number of other advantages. For example, refractive
index anomalies, troublesome at low elevation angles, essentially dis-
appear above 20 deg elevation. For all users, both the interference

to and from other svstems are greatly reduced. For military users,
sidelobe detection and jamming by an enemy on or near the earth's sur-
face are more difficult at other than low elevation angles. The avoid-
ance of low elevation angles also alleviates a number of installation
problems encountered by mobile users; thus, for example, obstruction

of the beam by the superstructure of a ship is less troublesome at
higher elevation angles. The antenna can be more deeply recessed into
the user platform when low elevation angles are not required, reducing

both the aerodynamic drag produced by radomes on ailrcraft and the size

o he e g e i o




of the silhouette presented by military vehicles. For users employing
land-based stations, the line-of-sight obstruction produced at the
horizon by buildings and terrain features is also reduced.
To avoid low elevation angles, geostationary orbits must be aban-
doned. The employment of inclined orbits has certain other advantages
for military users: full earth coverage is achieved, interference be-
tween adjacent satellites (a hazard with closely spaced satellites in
geostationary orbits) is reduced, and the difficulty of jamming the
satellite from large jammers in sanctuaries is increased (because the
jammer's antenna must now track the satellite).
These considerations led to the examination, reported in the first
portion of Section V, of the elevation angle statistics of a wide range
of satellite constellations with a view to determining, with each, the
probability of there always being at least one satellite in view above
a specified elevation. Then the number of satellites required to assure
operation above any specified elevation angle can be calculated. Cir-
cular orbits at altitudes ranging from 10,000 n mi to 130,000 n mi (the
limit of the stable cislunar region) as well as 24~hr and 96-hr ellip-
tical orbits were examined.
The dimensions and area of the beam footprint on the earth are
discussed and illustrated in Section VI; the mathematical details may
be found in the Appendix.
Considerable attention is given throughout the report to the trade-
of f among various system parameters. In Section VII, for example, the "
tradeoff between satellite complexity and user terminal complexity is
examined. No attempt is made, however, to design an optimal system.
Rather, we study the effect on system performance of varving certain
parameters over regions of interest to test their limits. In selecting
parameter values for small mobile users, we biased the choice in favor
of simplifving the task of the user at the cost of increased satellite
complexity. This bias is justified by the excellent performance record
of many intricate satellites, which indicates that, when properly de-

signed, high reliability can be achieved even by very complex satel-

(2)

lites.
VII.

The acquisition problem is also briefly discussed in Section




In estimating the feasibility of using higher frequencies for

satellite communications, additional factors must be considered, some
of which are addressed in Sections VIIT through XI1. Section VIII
treats pointing and tracking problems. Section IX discusses the
weight, size, and location constraints imposed by the characteristics
of the user platform and its environmeht, and the restrictions imposed
on the satellite equipment by the need for compatibility with the
space shuttle. Special attention is paid to the prospects for pro-
ducing high-efficiency, high-power amplifiers operating at the higher
frequencies, since these components could dominate the weight and power
requirements of the link. The availability of suitable radomes and
antennas is also discussed. Section X treats the complexity, reli-
ability, and lifetime of systems operating at higher frequencies, and
Section XI reviews gaps in technology at the higher frequencies. The

conclusions of the study are enumerated in Section XII.
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11. ATMOSPHERIC EFFECTS

Atmospheric components, such as humidity, clouds, and rain, can !
degrade the performance of earth-to-satellite communications systems.

This degradation is particularly troublesome at the higher microwave

i frequencies and has been one of the primary barriers to their employ-
ment. Accordingly, it is carefully examined in this feasibility study.

Atmospheric effects degrade performance in two ways: the commu-

nications signal is attenuated, and the operating or effective system
noise temperature measured at the receiver input is increased because
the apparent sky temperature is higher. In this section, a model is
developed for generating the probability distribution of both the atmo-
spheric attenuation and the total system degradation, including the
effects of sky noise. Although the model is for W;lshingtnn.'l\.(f. wea-
ther, it could be extended to anv geographic region for which suitable

weather data arve available.

WEATHER MODEL
The weather model for Washingtoan, D.C. described in Retf. 3 is

adapted as an input to our weather degradation model. The essential
features of the modified weather model are presented in Table 2; all
atmospheric conditions occurring in Washington, D.C. are grouped into
nine categories having well-defined physical characteristics, and a
specific condition is selected to represent each category. The cloud
types in this table have been converted from those that would be re-

"C-1" and

ported by an observer to the covresponding Deirmendjian
"C-5" models (see Refs. & and 5). The cloud thicknesses are nominal

values, as are the thicknesses of the rain lavers. The rainfall rates
are approximately upper and lower quartile daily rates. The last col-
umn of Table 2 estimates the annual probability of occurrence, by hour,
of the various atmospheric conditions, It is based on 11 vears of data
gathered at the Washington, D.C. National Airport. The probability ot
clear~to-scattered clouds was estimated at 40 percent, based on hourly
reports of less than four-tenths of the skyv being obscured by clouds.

This 40 percent was assumed equally divided between "clear" and "C-1

"‘“‘"“"-"—-——-——___._ S — ,
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plus humid atmosphere," with the clear portion being equally divided

between "low, medium," and "high" humidity.

Table 2
WEATHER MODEL FOR WASHINGTON, D.C.

Probability

of
Atmospheric Condition Occurrence
Clear
Dry 0.066
Medium humidity 0.067
Humid 0.067

Cloudy-plus-humid

C-1 (0.1 km thick) plus humid atmosphere 0.20
€C-5 (1.5 km thick) plus humid atmosphere 0.48
Rain

R-1, 1 mm/hr (2 km thick)

plus C-5 (3 km) plus humid atmosphere 0.04
R-2.5, 2.5 mm/hr (3 km thick)

plus C-5 (4 km) pius humid atmosphere 0.04%
R-10, 10 mm/hr (3 km thick)

plus C-5 (4 km) plus humid atmosphere 0.035
R-50, SO mm/hr (3 km thick)

plus C-5 (4 km) plus humid atmosphere 0.005

Precipitation (rain, drizzle, and snow combined) occurred approxi-
mately 12 percent of the time. Snow was ignored on the basis of its
low frequency of occurrence in Washington. Hourly rain rate data were
divided into four classes (R-1, R-2.5, R-10, and R-50). The remaining
48 percent was assigned to the broken clouds and overcast category,
described as "C-5 plus humid atmosphere."

This type of breakdown can only roughly approximate the probabil-
ity of occurrence (cumulative duration) of weather states hindering

propagation.

Zenith Attenuation Produced by Selected Atmospheric Conditions

The attenuation produced by the cloud types and rain rates speci-

fied in Table 2 has been calculated as a function of frequency by Deir-

(4,6)

mendjian. Measured data on the attenuation produced by the three




humidity conditions of Table 2, at various frequencies and elevation
B

angles, were gathered by Mcyur,(') who summarized all available data
concerning clear air attenuation through the entire atmosphere.

Using the Deirmendjian and Mever data, the attenuation resulting
from each of the atmospheric conditions” in Table 2 was calculated.
The results, shown in Table 3, are zenith attenuations at the frequen-
cies of interest., The last column in Table 3, obtained with the aid
of the last column in Table 2, indicates the probability that the vari-

ous attenuation values are exceeded.

Table 3

CALCULATED ZENITH ATTENUATION (in dB) THROUGH THE ENTIRF ATMOSPHERE
RESULTING FROM SELECTED WEATHER CONDITIONS

I' ___________ P_r_cim ncy (GHz) oo . Prébability

Atmospheric ‘ l ' I I | JAttenuation
Condition® | 15 _'T.'.’,_l.'_;_.r.\ }_l‘ R k 101 = 152 ‘L 265 ; i Is Exceeded
Clear ‘ : 5 ; r

Dry 10.1 0.5 | 0.22] 1.05{ 0.92| 0.64| 0.85 0.93

Medium humidlt\'l(’.l (2 0 22l L1051 1.2 Lo ldy _‘,‘w: 0.37

Humid i() 1 QS5 (35502 e U o [ B LA § 4.2 | 0.80
Cloudy-plus-humid l ' ]

-1 lu.l 0.5 | 0.23] 1.06] 1.83| 1.46] 5.2 | 0.60

C-5 |0.26| 0.77| 0.80| 2.08| 4.1 | 5 :1 | o.12
Rain | ! ’

R-1 &0.44 1.1 | 1.6 | 3.85] 8 l10.4 [21.2 | o.08

R-2.5 0.59) 1.4 | 2.7 1 6.55{13.8 {17.4 |31.2 i 0.04

R-10 1.6 | 3.3 | 7.3 [15.5 |35.8 |40.4 |53.2 | 0,005 :

R-50 8.0 {16 37 04 87 87 |93 L o

Rl U o I NN Y RS CaoRr e SRR (PRI SR el S N SRR SRS R R ST,

“These conditions are described in greater detail in Table 2.
5
“In a treatment of lower communication frequencies, it would be

necessary to break the "R-50" category into a number of subdivisions,
extending to much higher rain rates, since these are the main cases
of interest at lower frequencies. With the higher frequencies con-
sidered here, however, outages may be induced by light rain or even
bv heavy clouds; accordingly, it is adequate for our present purposes
to represent all heavv rain by the single category, R-50. (Note that .
there is no higher category here.) ?

Sky Noise Temperature

: (8)
At frequencies above 2 GHz, cosmic noise caun be nvglm‘ted;( ']

the effective sky noise arises from thermal emission from atmospheric
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constituents. It has been suggested that the sky noise temperature,
T (8-10)

be expressed as
sky’ L

T. «=TQA-T)=T(Q—-1/L)=T [1 = 10"““0] 4 (1)
sky a a a

where T is the atmospheric transmittance, L is the atmospheric loss
factor, A is the atmospheric attenuation in dB, and Tu is the apparent
absorber temperature. References 8-10 indicate that T is about 280°K
at 16 GHz and falls to 270° to 275°K at 30 GHz. In general, the value
of T decreases slowly with increasing frequency.

<

ATTENUATION STATISTICS

The calcutated attenuation distribution in Table 3 and the avail-
able experimental attenuation distribution data for roughly the same
climatic area and frequency were combined to evolve the attenuation
model used in Sections 1IT and IV. 7To accomplish this, both the cal-
culated distributions and the measured distributions were combined on
one graph.

Figure 1 shows the results obtained in the 30 to 35 GHz region.
The solid circles in each case indicate the estimated cumulative zenith
attenuation probability at Washington, D.C. These points were obtained
from Table 3; each point, at increased attenuation, reflects an increas-
ingly inclement atmospheric condition. The other data points represent
the best available experimental measurements made in the same general
geographic region at these trequencies. The crosses represent the cumu-—
lative attenuation probability observed by Nilson(‘,) and Rusciu* at
Crawford Hill, New Jersev, during the period from December 8, 1967, to
February 28, 1969, using a sun tracker at 30 GHz. Data were averaged

over all elevation angles greater than 5 deg. The squares in Fig. |

" (12 g . 8 <
represent the results of Henrv, acquired during the period from

August 1972 to August 1973; the sun tracker at Crawford Hill was again
emploved and, again, data were averaged over all elevations above 5 deg.

The data points indicated by open circles in Fig. 1 show atten-

1:9%)
uation calculated from the radiometer measurements of Wulfshvrg,\

. ~

> s A £ 9w RantheShrane Dath +
[ 8 o 38 2/ lll‘ 2 ‘n .‘.?-". '-A x‘ll\.l ~Atr“ A:r

Ruscio, J. T., dttenuation of «
16 and 30 GHz Using the Crawford Hill Swun Tracker, The Bell Telephone

Company Luhurutnribs. Mav 21, 1969 (unpublished).
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Fig. 1—Comparison of calculated and measured cumulative probability

distribution of attenuation through the
entire atmosphere at 30 to 35 GHz
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made at Waltham, Massachusetts, during the period extending from Febru-

ary to July 1963. We used Eq. (1) to convert Wulfsberg's reported sky
temperature data to attenuation; in this calculation, we arbitrarily
assumed a value of 275 deg for the apparent absorber temperature Ta.
The assumption of any other reasonable value for 'I‘a would have had
little effect on the results. Wulfsberg's measurements were made at
35 GHz and reported as a function of elevation angle. The attenuation
was found to be very nearly proportional to the cosecant of the eleva-
tion angle, indicating horizontal stratification of the attenuating
components (atmospheric molecules, overcast, and light rain) at the
relatively low attenuation values amenable to passive radiometric de-
termination.

Figure 2 presents similar data for the 15 to 16 GHz region. Again,
the observations of Wulfsberg indicate that the cosecant law is closely
followed at relatively low values of attenuation. The triangles in
this figure refer to attenuation measurements by Ippolito,(la) using
a beacon onboard the ATS-5 satellite as a radiation source. These mea-
surements were made at an elevation angle of 42 deg-~the satellite
elevation from Rosman, North Carolina--and averaged over the entire
calendar year 1970.

It is seen from Figs. 1 and 2 that the calculated attenuation
statistics obtained from Table 3, represented by the solid circlcs in
the figures, agree reasonably well with the measured values. The agree- |

ment is, in fact, suspiciously good, considering the differences in

As mentioned above, the cosecant law is followed by the Wulfsberg

data, which were acquired at relatively low values of attenuation.

This dependence on the cosecant of the elevation angle is to be ex-
pected because the.attenuation is caused by humidity, clouds, and light
rain, which all can be reasonably expected to be horizontally strati-
fied. At very high rain rates, however, a considerable vertical cloud
buildup (e.g., thunderhead) is usually observed, so that high attenu-
ation will occur at high elevation angles. Thus, the attenuation due
to high rain rates is expected to be less sensitive to elevation angles,
causing the curves representing different elevation angles to draw to-

gether at high values of attenuation. This was borne in mind when

frequency, measurement technique, geographic location, and time period. (4
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drawing the dashed lines in the figures, which represent a "best guess"
extrapolation of the Wulfsberg curves to higher attenuations, with guid-
ance being provided by the measurements of Wilson, Henry, and Ippolito,
and the calculated points. The combination of the Wulfsberg curves
and their extension represents the attenuation model for Washington,
D.C. at 15 to 16 GHz and 30 to 35 GHz. No suitable measured data are
available at higher frequencies; the attenuation estimates had to be
made solely on the basis of the calculated values. Thus, the solid
circles were first plotted for each frequency using the data in Table
3. Using these points and the known trends at lower frequencies from
Figs. 1 and 2 as a guide, "best guess' curves were sketched in, repre-
senting the best estimate of the attenuation statistics at each eleva-
tion angle. These curves are shown as solid lines in Figs. 3 through
8. (The dashed curves in these figures, together with the associated
notation "uncooled paramp 2000," will be discussed later in this sec-
tion.) Table 4 gives the calculated values of A and TSky for a few
values of cumulative probability and for the values of frequency (f)
and elevation angle () at which link outage statistics are calculated
in Sections IiI and IV.
The procedure used to build this model for estimating attenuation
statistics is highly subjective and should be used with caution. Until
more data become available, however, we must resort to procedures such
as the one used <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>