o557
RE National

i »
sonvention Record

Sessions Sponsored by

IRE Professional Groups on

Antennas and Propagation

Microwave Theory and Techniques

at
the IRE National Convention, New York, N. Y.
March 18-21, 1957

h§> Institute of Radio Engineers



PART 1 - MICROWAVES, ANTENNAS AND PROPAGATION

TABLE OF CONTENTS

The Refractive Index of the Atmosphere as a Factor in Tropospheric Propagation Far Beyond

the HOorizon .. . . . . . .. ... . e e e e e e R. E. Gray
Attenuation and Fluctuation of Millimeter Radio Waves. . .. ... C. W. Tolbert and A. W. Straiton
New Evidence of Anomalous Transequatorial Ionospheric Propagation

e e e e e e e e e e e e O. G. Villard, Jr., S. Stein and K. C. Yeh
Foreground Terrain Effects on Overland Microwave Transmissions (Summary) .. L. G. Trolese
Mountain Obstacle Measurements . . . . .. .. .o v vt vt o it e e e e e R. E. Lacy
Passive Repeater Using Double Flat Reflectors. . . . ... vt v v s in v v s, R. F. H. Yang
Session 14: Antennas I - General

(Spynsored by the Professional Group on Antennas and Propagation)

On Ferrite Loop Antenna Measurements . .. .............uurrunnunn.. J. L. Stewart
Ground Antenna Phase Behavior in a Differential Phace Measuring System
............................................... I. Carswell and C. Flammer
Limits on the Information Available from Antenna Systems . . ... ............. W. D. White
Antenna Problems in Radio Astronomy. . . .. ...........0vvunn .. R. N. Bracewell
High Altitude Breakdown Phenomena . . .. .. .. T. Ashwell, E. B. Cole, A. Pratt and D. Sartorio
Session 21: Antennas II - Broadband Antennas

(8ponsored by the Professional Group on Antennas and Propagation)

High Frequency Steerable Beam Antenna System . . . ... .........0000nuuu... E. Hudock
Constant Beamwidth Broadband Antennas . .. ............ C. F. Parker and R. J. Anderson
Broadband Traveling Wave Antennas . . . ... .. .. oo v v ine s D. K. Reynolds
Evaluating the Impedance Broadbanding Potential of Antennas. . . A. Vassiliadis and R. L. Tanner
Frequency Independent Antennas. . . ... ... ....oov v immnn V. H. Rumsey
Broadband Logarithmically Periodic Antenna Structures. . . . . .. R. H. DuHamel and D. E. Isbell

Session 32: Microwave Antennas

(Sponsored by the Professional Groups on Anteny angiappEmation and Microwave Theory and
Techniques) ~

A Versatile Multi-Port Biconical Antenna . A C. Honey and E. M. T. Jones
Recent Annular Slot Array Experiments .. .. K. C, Kelly
Radiation from Modulated Surface Wave Stru§ttes - I _ 7. S. Thomas and F. J, Zucker
Radiation from Modulated Surface Wave Strucyiresyppin 0 L., R. L. Pease
The Sandwich Wire Antenna: A New Type of M¥rofadve janqippyrce Radiator

................................ .+ .. W, Rotman and N. Karas

Recent Developments in the Study of Printed Antennas—
................................. J. A. McDonough, R. G. Malech and J. Kowalsky

1

Page

42

49
57

T2

129
144
153
161

166
173



Session 39: Microwaves I - Components '
(Sponsored by the Professional Group on Microwave Theory and Techniques)

A Broadband Fixed Coaxial Power Divider . . . ... ............. J. Reed and G. J. Wheeler
Broadband Waveguide-to-Coax Transitions. . .. .. ... .. ... .. .. ......... G. J. Wheeler
Transmission Properties of Hybrid Rings and Related Annuli . ....... e e H. T. Budenbom

Development of Circularly Polarized Microwave Cavity Filters . . C. E. Nelson and W, L. Whirry
Design of Improved Microwave Low-Pass Filters Using Strip-Line Techniques. .R. A. Van Patten
Broadband Frequency Stabilization of a Reflex Klystron by Means of an External High Q Cavity

........................................................... M. Magid
Session 48: Microwaves II - Switches

(Sponsored by the Professional Group on Microwave Theory and Techniques)

Precision High-Speed Microwave Sw1tch ......... W. E. Fromm, S. H. Klug and K. S. Packard
Fast Acting Microwave Switch . ... ... ...... .. e e e H. H. Weichardt
High-Speed, Ferrite Microwave Switch. . .. ... .. ... ... ... .. 0.\ .. G. S. Uebele
An L-Band Ferrite Coaxial Line Modulator. . ..., ............ B. Vafiades and B. J. Duncan
Ferrite Microwave Detector. . . . .. ............ D. Jaife, J. C. Cacheris and N. Karayianis
Session 55; Microwaves III - General ,

(Sponsored by the Professional Group on Microwave Theory and Techniques)

The Optimum Spacing of Bead Supports in Coaxial Line at Microwave Frequencies

e e e e e e e e e e e e e e e e D. Dettinger
Multiple-Line Directional Couplers. . . ... ... ..o v v e J. P, Shelton, Jr.

Effects and Measurement of Harmonics in High Power Waveguide Systems
............................................. M. P. Forrer and K. Tomiyasu
Microwave Dielectric Properties of Solids for Applications at Temperatures to 3000° F
.......................................................... D. M. Bowie
Circularly Polarized Traveling Wave Cavity for Ferrite Tensor Permeability Measurements
.................................... L. A. Ault, E. G. Spencer and R. C. LeCraw
The Principle of a Non- Gyromagnetic Ferrite Phase-Shifter . . .. .............. S. Wenglin

Page

177
182
186
191
197

208

219
222
227
235
242

250
254

263
270

282
288

T 1 1%t



THE REFRACTIVE INDEX OF THE ATMOSPHERE
AS A FACTOR IN TROPOSPHERIC PROPAGATION FAR BEYOND THE HORIZON

R. E. Gray
Federal Telecommunication Laboratories,
a division of International Telephone and Telegraph Corporation
Nutley, New Jersey

Summary

In order to plan a tropospheric beyond-the-
horizon radio link, it is at present necessary to
meke transmission tests to establish the median
path loss and to determine the magnitude and du-
ration of the path loss variations. Recent meas-
urements indicate, however, that the relation ex-
isting between transmission loss and the refrac-
tive index of the atmosphere may enable estimates
to be made, from climatic data alone, of the
transmission characteristics of any particular
path. Extreme values of transmission loss are
believed to be chiefly due to exceptional varia-
tions with height of the refractive index, while
the monthly median values of path loss have been
found to be a function of the average surface
values of the refractive index of the atmosphere
on the transmission path. Curves are given show-
ing the relation found on various patha between
radio transmission loss and the refractive index
of the atmosphere.

Introduction

No completely satisfactory theory has yet
been advanced to explain tropospheric radio
transnmission far beyond the horizon, but it is
Imown that the so-called scatter field is many
orders of magnitude larger than the normal dif-
fraction field at distances far beyond the hori-
Zon.

Path loss measurements made with UHF trans-
missions beyond the horizon show wide varistions
in received signal level occurring from hour to
hour, from day to ddy and in some cases from
month to month; in addition, the median path loss
at these frequencies has been found to vary con-
siderably with latitude. These variations in
path loss are believed to be entirely due to
changes occurring in the characteristics of the
lower atmosphere, the most important meteorologi-
cal factors being temperature and humidity which,
with pressure, determine the refractive index of
the atmosphere.

In general,. it has been found that the at-
mospheric conditions at any instant are not uni-
form along the transmission path; and the average
conditions at any particular time are, therefore,
difficult to determine, However, the weather
differences occurring along the path tend to av-
erage out during a period of a few weeks, so that
daily meteorological measurements made at the two
ends of a path, when averaged over, say, a four-
wesk period, are likely to represent the average
weather conditions along the transmission path
during that month.

Measwrements, made by the Bureau of Stand-
ards, Federal Telecommunication Laboratories and
others, indicate that the monthly median path
loss is, in general, a function of the monthly
average value of surface refractivity on the
transmission path; but the day-to-day variations
do not, as a rule, show the same close correla-
tion.

Although it has been shown that there is a
close correlation between the long-term median
path loss and the average surface value of the
refractive index of the atmosphere, tropospheric
radio propagation is influenced by several other
meteorological factors. For example, the forma-
tion of reflecting and refracting layersl in the
lower atmosphere may have a considerable effect
on path loss, and super-refraction can reduce the
path loss to less than the free-space value. In
addition, atmospheric turbulence may produce
scattering of radio waves in the tropospherez.

Tropospheric radio propagation far beyond
the horizon is thus a complex phenomenon influ-
enced by several different meteorological fac-
tors; however, a recently established fact of
some practical importance is that the median path
loss, when averaged over a period of several
weeks, 1s closely correlated with the average
value of surface refractivity.

Refractive Index of the Atmosphere

The refractive index of the atmosphere is
given by the following expression:

(mn-1) =1 (p-g+400) 10 ___q)

where
n = refractive index
T = absolute temperature in degrees Kelvin

P = total atmospheric pressure in millibars
(1000 mb = 29,5" of mercury)

& = partial pressure of water vapor in the
atmosphere in millibars = 0.00161 PS,
where S = grams of water per kilogram
of air

The refractive index of the atmosphere at
sea level varies between a value of about
1.000240 and 1.000400. Thgs, expreased in 'N!
units where N = (n - 1) 10°, the practical limits
of 'N' at the surface of the earth lie between
about 240 and 400. Under normal atmospheric



conditions, the value of 'N' decreases with
height above the surface gf the earth; and it has
been shown, by Strickland” and othersl*, that this
decrease is approximately logarithmiec.

Figure 1 shows the change in the value of
'N' with height, the normal variations in the re-
fractive index at the earth's surface decreasing
to almost zero at a height of 30,000 feet. The
ordinate on the right of this figure shows the
path length in statute miles corresponding to a
height 'H' of the volume defined by the intersec-
tion of the two tangent antenna beams as shown on
the left-hand ordinate. Thus, for a path length
of 200 miles the height of this common volume is
5000 feet. The distances shown in Figure 1 are
based on an effective radius of the earth of 4/3
the true radius, and the heights of the common
‘volumes assume that the antennas are close to sea
level and are directed horisontally.

The expression for the refractive index of
the atmosphere in 'N' umits is of the form:

e (Be) o

where N = (n = 1) 10°, n being the refractive in-
dex, and where the values of the constants are
approximately as follows:

A=179, B=3.8x10% D =11

The value of the first term of the above ex-
pression is dependent only on atmospheric pres-
sure and temperature and is known as the "dry
tern, " whereas the value of the second term is
dependent on water-vapor pressure and atmospheric
temperature and is known as the "wet term." As
the temperature increases, the value of the "dry
tern" decreases for a given atmospheric pressure,
but the value of the "wet term" increases for a
given relative humidity. This is so because of
the relation between saturation-vapor pressure
and air temperature. If the atmospheric pressure
and relative humidity remain constant, the value
of the refractive index increases with increasing
temperature above about -5°C; however, below this
temperature, the value of the refractive index
increases with a decrease of temperature.

When the air temperature is low a given
change in relative humidity produces a much
smaller change in the value of the refractive in-
dex than when the temperature is high. For exam-
ple, at a temperature of -59C, & change in rela-
tive humidity of from 50 per cent to 80 per cent
produces a change in the surface value of 'N' of
only 6 units or, say, about 2 per cent. However,
at a temperature of +25°C, the same change in
relative humidity results in a change in the
value of 'N' of 40 units or, say, 13 per cent.

The value of the atmospheric pressure at the
surface of the earth may vary, under extreme con-
ditions, from 900 millibers to 1060 millibars
(mb); however, under normsl conditions, the sur-
face pressure varies from about $90 mb to 1030 mb.

The change in pressure experienced when going
from cyclonic to anticyclonic conditions is. thus
about +20 mb, producing a change in the value of
'N' of 12 units or, say, about 4 per cent. Tt is
seen, therefore, that at low temperatures, say at
-59C, the normal variations in atmospheric pres-
sure produce about twice as great a change in the
value of 'N' as would & normal variation in rela-
tive humidity of from 50 per cent to 80 per cent.
However, at higher temperatures, say +25°C, the
reverse 1s the case; and a change in relative
humidity of from 50 per cent to 80 per cent re-
sults in a change in the value of 'N' more than
three times as great as would a normal change in
atmospheric pressure of from 990 mb to 1030 mb.

Thus, in cold climates the daily variations
in the values of the refractive index of the at-
mesphere are largely caused by variations in st-
mospheric pressure, whereas in temperate or warm
climates the daily changes in temperature and
relative humidity are likely to cause much greater
changes in the value of the refractive index than >
do the normal changes in pressure. The seasonal
change in the value of the refractive index at .
any particular locstion is almost entirely due to
the seasonal change in temperature and relative
humidity. *

The refraction of rays passing through the
atmosphere is due to the change in refractive in-
dex with height. The average conditions are rep-
resented by an atmosphere having a linear refrag-
tive index gradient below about 10,000 feet of
11.9 'N' units per thousand feet; rays passing at
small elevation angles through such an atmosphere
have a constant curvature. It can be shown that
with this stendard atmosphere the earth may be
replaced by an equivalent earth with a modified .
radius of 4/3 the true radius, and the refracted
rays may then be drawn as straight lines. In
practice, however, it is found that the refrac-
tive index gradient is not, in general, linear,
being greatest in the lower layers of the atmos-
phere; and under such nonlinear conditions, the
curvature of the rays is not constant but may be
determined from the refractive index distribution
with altitude#. Considerable changes in path
logs may result from variations from the normal
in the vertical gradient of the refractive index;
with large vertical gradients, elevated reflect-
ing layers may be formed which, under certain
conditions, greatly influence the path loss.

In considering the effect of the surface
value of the refractive index of the atmosphere
on radio transmission, the question arises as to
what value of the refractive index should be
taken when transmission paths of, say, several
hundred miles in length are being considered. Tt
has been found that the surface values of 'N' at
any particular time may be quite different at
points separated by such distances and that the
daily variatlons of !'N' at the two ends of an
over-the-horizon path may show little correlation.
For example, Figure 2 shows the values of surface
refractivity measured each day during February
1955 at points separated by about 180 miles;



the correlation coefficient in this case is only
0.60. However, if the values of 'N' at the two
ends of the transmission path are averaged over a
week or more, it will be found that there is a
mich closer correlation of the varietions.  Fig-
ure 3 shows the surface values of 'N' measured
again at Miami and at Havana; but in this case,
the average monthly values are compared showing a
correlation coefficient of 0.95.

In comparing transmission loss with the sur-
face values of the refractive index, the values
of 'N' assumed for the transmission path should,
therefore, be the values measured at each end of
the path, and at other points on the path if pos-
sible, averaged over periods of not less than
about one week and preferably over about a four-
week period. Thus, the weekly or monthly median
transmission loss should be compared with the
median value of the surface refraetive index of
the transmission path for the same period.

Tropospheric Propagation Charscteristics

In the case of UHF transmission far beyond
the horizon at frequencies between about 400 me
and 2000 me, the following general characteris-
tics have been established:

1. Large variations in path loss from the
monthly median lasting on the avergge for
periods of up to, say, one hour>r © but
persisting in some cases for several days.

2. A day-to-day variation in median path loss.

3. A seasonal change in path loss amount ing
to about 412 db is usual on paths of, say,
between 100 and 200 miles in length in
temperate latitudes, the path loss being
greater in winter than in summer’s 8,

4+ A Gaussian distribution of hourly mediana
on overland paths with a standard devia-
tion of about 8 db,

5+ A decrease in the amplitude of the varia-
tions in path losp with increasing path
Tongendy P15, er

In addition, there is the Rayleigh-
distributed fast fading, which is not considered
in this paper.

Causes of Path lLosg Varistions

In considering the characteristics of radio
propagation beyond the horizon, the transmission
path may be thought of as consisting of two sepa-
rate parts, the first being the common volume at
the intersection of the two antenna beams and the
second the two line-of-sight paths from the an-
tennas to the common volume. 4 small fraction of
the transmitted energy is reflected, or scat-
tered, to the receiving antenna by inhomogenei-
ties within the common volume; and measurements
indicate that the median loss at this common

volume is a function of the angle of intersection
of the two antenna beams.

The transmission loss between isotropic an-
tennds for the line-of-sight paths is given by
the expression:

Loss in db =37 + 20log F+ 20 log d - - - (3)

where 'F! is the frequency in me and 'd' the dis-
tance in statute miles. The two line-of-gight
paths are subject to atmospheric refraction and,
due to the small angles of elevation of the rays,
are particularly sensitive to changes in the ver-
tical gradient of the refractive index in the
lower atmosphere. An increase in the refraction
of these rays decreases the angle of intersection
of the antenna beams and is thus equivalent to a
decrease in the effective length of the transmis-
aion path.

Large Variations in Path Loss Lasting
for Short Periods

The decrease in the value of the refractive
index of the atmosphere with height near the sur.
face of the earth is 11.9 'N' units per 1000 feet
for the standard atmosphers. However, under cer-
tain conditions, the gradient of 'N' with height
may be above the normal value so that the curva-
ture of the line-of-sight paths is increased; and
the angular distance of the path is, therefore,
decreased. Under extreme conditions, the rays
may follow paths parallel to the earth's surface,
or be bent downwards towards the earth, giving a
path loss even lower than the free-space value.
On the other hand, a decrease in the gradient of
'N' with height will result in a decrease in the
refraction of the rays and an increase in the path
logss., Tt is believed that extreme conditionsg of
low path loss are more likely to occur on over-
water than on overland paths.

Path loss messurements made by the American
Telephone and Telegraph Company® at 800 me on an
over~the-horizon path between Florida and Cube
showed that the exceptional conditions of path
loss occurred at times when either high or low
values of surface refractivity existed over the
transmission path. It was also found that these
exceptional values of path loss were associated
with unusual variations of the refractive index
with height. The average gradient of the refrac-
tive index was determined during these tests from
radiosonde measurements which did not, however,
show the fine structure of the index gradient.

Path loss values considerably below the
monthly median were frequently recorded during
the Florida - Cuba tests; for example, at about
10 pem. on May 9, 1955, the measured path loas
was gsome 17 db less than the monthly median value.
The gradient of 'N' at this time was found to be
much greater than the normal value. Figure 4
showa the decrease in the value of 'N' with
height as measuréd near the two ends of the rath
at the time when these low values of path loss
vere recorded. In this figure are also shown



the gradient for the standard atmosphere and the
average gradient for May at Miami. It will be
seen that not only was the gradient of the re-
fractive index very high at this time, but the
surface value of 'N' was about 370 instead of the
standard value of 322.

High values of path loss were, on the other
hand, associated with low gradients of 'N'. For
example, Figure 5 shows the decrease in the value
of 'N' with height, near the two ends of the
path, when the recorded transmission loss was
about 25 db above the monthly median value. For
comparison, the gradients for the standard atmos-
phere and for the February average at Miami are
also shown. It will be noted that the gradient
of the refractive index at Miami for the first
thousand feet of altitude was considerably below
normal at this time and that the surface value of
'N' at Miami was only 296 instead of the stendard
value of 322.

Conditions of median path loss were, how-
ever, associated with a gradient of the refrac-
tive index close to that of the standard atmos-
phere. For example, Figure 6 shows the gradients
of 'N' near the two ends of the path measured at
about 10 a.m. on February 23, 1955; the normal
gradient for the standard atmosphere is also
shown in this figure. At the time these measure-
ments were made, the median path loss was about
15 db less than would be expected from transmis-
sion loss measurements made in the northeast of
the United States. Tt will be noticed that the
average gradients of 'N' were about normal at al-
titudes below 4000 feet, but the average surface
value of 'N' was about 347 ag compared with the
standard value of 322.

The extreme values of path loss measured
during tests between Miami and Havana were,
therefore, found to be due to = combination of
unusual values of surface refractive index and to
exceptional gradients of this index. Under nor-
mal conditions, however, the relatively low value
of ‘transmission loss measured on this path seemed
to be chiefly due to the high average value of
surface refractive index, typical of the warm
humid climate of that area, and not to an unusual
gradient of the refractive index.

Day-to-Day Variations in Median Path Loss

Transmission loss measurements made in dif-
ferent parts of the world have shown daily varia-
tions in median path loss of as much as +20 db.
These Variations seem to be largely dependent on
.the gradient, and on the surface value, of the
refractive index of the etmosphere prevailing at
the time along the transmission path. The daily
averages of these meteorological characteristics
are difficult to mehsure, particularly on over-
water paths; and some uncertainty exists as to
the relative importance of atmospheric turbulence
on the daily values of path loss. However, in
spite of these difficulties, measurements show
some correMation between daily values of path

loss and the average surface refractive index
measured at the two ends of the path.

. Transmission loss tests were recently con-
ducted on a frequency of about 900 mc between
sites near Buenos Aires in the Argentine and
Montevideo in Uruguey. Figure 7 shows the daily
average values of surface refractivity and the
daily median level of the received carrier for
one month. There is, in general, some degree of
correlation between the daily values of the re-
fractive index and the daily median path loss;
but as has been shown, the gradient of the re-
fractive index is also an important factor in UHF
radio propagation far beyond the horizon. Daily
measurements made near Buenos Aires of the varia-
tion with height of the refractive index showed
that at times of poor correlation between path
loss and surface refractive index the gradient of
the refractive index was, in general, abnormal.
Since the refractive index gradient was measured
at only one end of the path, it was not possible
in this case to make an estimate of the average
gradient over the transmission path. More com-
plete information on the daily average gradient
would probably have indicated the reason for the
poor correlation found on certain days between
the path loss and the surface value of the re-
fractive index.

The Seasonal Change in Path Loss

The value of the refractive index near the
surface of the earth varies in temperate lati-
tudes with the seasons; the value increases as
the weather becomes warmer. In most tropical and
arctic areas, however, the refractive index at
the earth's surface changes much less from month
to month than it does in the more temperate areas
of the world. This relatively small change is
due to the fact that in many tropical areas the
temperature and relative humidity remain more or
less constant throughout the year; and in arctic
areas, the low average temperature results in a
fairly constant, and relatively low, value of the
refractive index. For example, at temperatures
below 0°C, the surface value of 'N' only varies
between about 290 and 320 for relative humidity
changes of from 10 per cent to 90 per cent.

As an example of typical variations of the
refractive index of the atmosphere, Figure 8
shows the monthly average values of the surface
refractive index at San Juan in Puerto Rico, at
Charlesten in South Carolina, and at Goose Bay in
Labrador. It will be seen from this figure that
the seasonal change in the refractive index is
conparatively small at San Juan and at Goose Bay,
being much greater at Charleston. -

Measurements made at a number of locations
along the Atlantic Coast, from the tropics to the
arctie, show that the maximum seasonal change in
the surface refractive index, of about 60 "N
units, occurs at a latitude of about 33° north
whereas the minimum seasonal change, of about 15

'N' units, oceurs both in the tropics and in the
arctic,



Tt has been shown, by Beanld» 14, that -at
a frequency of about 100 mc there is a close cor-
relation between the monthly median transmission
loss and the average monthly value of refractive
index at the earth's surface. The surface value
of 'N' ias, on the average, a measure of the gra-
dient of 'N' with height; but it was shown during
the Florida - Cuba tests that a gradient of 'N!
corresponding to the normal 4/3 earth radius
occurred at times when the median carrier level
was some 15 db above what would be expected from
path loss measurements made in the northeastern
part of the United Statea. Thus, a high value of
'N' at the earth's surface, but a normal gradi-
ent, was in this case associated with low values
of path loss.

Other measurements of path loss have also
shown that there is a close correlation between
the average monthly surface values of rei}active
index and the monthly median path loss”s 8, 15,
For example,. during 1955 transmission loss meas-
urements were made on a frequency of 238 me be-
tween the islands of Minorca and Sardinia in the
Mediterranean. Figure 9 shows the monthly median
path logs and the average monthly value of sur-
face refractivity, which in this case showed a
correlation of 0.76 between these monthly values.

Radio propagation measurements made on
beyond-the-horizon paths thus show good correla-
tion between the seasonal changes in median path
loss and the seasonal changes in the average
value of refractive index measured near the sur-
face of the earth on the transmission path.

A_Gaussian Digtribution of Hourly Medians

With a Stendard Deviation of About 8 db

The distribution of the hourly median path
loss values vary with geographic location; and as
has been shown, there is a close correlation be-
tween the monthly variations in path loss and the
monthly variations in the surface value of re-
fractive index. The distribution of the monthly
median path loss valuss is, thus, largely deter-
mined by the distribution of the values of re-
fractive index; large seasonal changes in the
value of 'N' would, thus, be expected to result
in large values of standard deviation of the
monthly median path loss distribution.

However, during the Florida - Guba tests, it
was found that the extreme values of path loss,
which occur, in general, for a small percentage
of the time, were a function, not only of the
surface values of 'N', but also of the gradient,
or rate of change of 'N', with height. Thus, the
final distribution of the hourly median path loss
values is determined for, say, 90 per cent of the
time by the distribution of the surface values of
'N' and the remaining 10 per cent of the time by
almormal gradients of the refractive index oceur-
ring at heights below the common volume. '

The Decrease in the Amplitude of the Variations
in Path loss With Increasing Path Length

It has been shown that under the same cli-
matic conditions the long-term variations in path
loss are of smaller amplitude at 5 distanfe of
300 miles than at, say, 100 miles?s 10, 11, 12,
If the slow changes in path loss are due to
changes in the refractive index, not at the sur-
face of the earth, but at some height which in-
creases with the path length, then it is clear
from Figure 1 that there will be a smaller change
in loss at, say, 300 miles than at 100 miles.

The fact that the variationa in path loss have
been reported to be very small at distances of
about 600 miles indicates that the path loss
variations may be a function of the variations in
refractive index, not at the surface of the
earth, but at a height close to the intersection
of the antenna beams. However this may be, the
decrease in the amplitude of the long-term varia-
tions of path loss with distance suggest that the
loss may be a function of the variations in re-
fractive index, not at the earth's surface, but
at a height proportional to about the square of
the path length.

Path Logs as & Function

of Digtance and of the Surface Valus
of the Refractive Index of the Atmosphere

Path loss measuremsnts indicate that there
is a close correlation between path loss varia-
tions and the variations in the value of the re-
fractive index of the atmosphere at & height
close to the intersection of the antenna beams.

Measurements made between Florida and Cul':a6
showed that the median loss over a path length of
18, statute miles was about 53 db below free
space. From meteorological measurements made at
Miami and Havana, the average surface value of
'N' at the time of the path loss measurements was
360; and the variation in path loss was found to
be 0.5 db per unit change in 'N’.

Measurements made on the 238-mile path be-
tween Dorado in Puerto Rico and Ciudad Trujillo
in the Dominican Republic showed a median path
loss below free space of about 65 db for an aver-
age surface value of 'N' of 364. The variation
in loss in this case was about 0.4 db per unit )
change in the surface value of 'N'.

From these results and from measurements
made in the Mediterranean, in the Argentine and
elsewhere, Figure 10 has been prepared showing
the median path loss as a function of distance
and of the average value of the refractive index
at sea level for frequenciea in the neighborhood
of 900 mc. This figure summarizes the results
of recent path loss measurements and i1lustrates,
in a general way, the relationship betwsen median
path loss, distance and the average value of re-
fractive index at sea level. From this figure,
estimates may be made of the monthly median path



loss at 900 me for any distance from 80 to 300

miles and for average surface values of the re-
fractive index, expressed in 'N' units, of from
300 to 360.

Conglusion

Tropospheric propagation far beyond the
horizon is entirely dependent on the atmosphere.

The monthly median path loss has been shown
to be a function of the average monthly refrac-
tive index of the atmosphere on the transmission
path. When the temperature and relative humidity
are high, the path loss is low, and vice versa,
thus giving rise to seasonal variations in loss
in temperate latitudes.

The exceptional values of path loss are
chiefly due to abnormal vertical gradients of the
refractive index of the atmosphere on the trans-
mission path. Extreme conditions lead to ducting
or to the formation of reflecting layers result-
ing in low values of path loss.

Path loss measurements show that the varia-
tions in tranemission loss decrease as the length
of the path increases, suggesting that the varia-
tions in median path loss may be a function of
the variations in the average index of refraction
of the atmosphere at & height close to the inter-
section of the two antenna beams.

In UHF tropospheric propagation far beyond
the horizon, measurements indicate that the
monthly median path loss is a function of the av-
erage monthly surface value of the index of re-
fraction and of the angular distance. This rela-
tion is of considerable practical interest since
it may permit estimates to be made of the monthly
median transmission loss over any peth for which
the average monthly surface values of the index
of refraction are known.
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ATTENUATION AND FLUCTUATION OF MILLIMETER RADIO WAVES

C. W, Tolbert and A, W, Straiton
Electrical Engineering Research Laboratory
The University of Texas

Abstract

This paper contains a résumé of the milli-
meter propagation measurements conducted by
the Electrical Engineering Research Laboratory
of The University of Texas,

These measurements were made at wave-
lengths of 8.6 millimeters and 4.3 millimeters,
and more recently and as yet unreported, at a
wavelength of 3, 35 millimeters. The 8.6 and
4. 3 millimeter measurements were made at
elevations of 0. 25 kilometer and 4 kilometers
above sea level, The path lengths ranged from
3.5 miles to 61 miles., ~The 3,35 millimeter
measurements were made at an elevation of
0.25 kilometer over a path length of 7.5 miles.

The measured oxygen and water vapor
attenuations at the three millimeter wavelengths
are compared to theoretical attenuations. Spec-
tra of scintillations are shown and several of
the refraction characteristics are noted. A
comparison of the propagation of the millimeter
wavelengths with that of 3,2 centimeter wave~
length is also made.

Introduction

For the past several years, a series of
radio propagation measurements have been
carried on at millimeter wavelengths by the
Electrical Engineering Research Laboratory of
The University of Texas. In a previous paper,
tests using wavelengths of 8,6 and 4. 3 milli-
meters under several conditions of range and
elevation were reported.

This paper describes two additional meas~
urement programs and interprets them in light
of the previous data. One of the recent tests
was the transmission of a 4. 3 millimeter wave-
length signal at 4 kilometer elevation over the
61 mile path between Pikes Peak and Mount
Evans in Colorado. The other recent test in-
volved the transmission of a 3, 35 millimeter
wavelength signal over the seven and one -half
mile path between the Main Campus and the
- Balcones Research Center of The University of
Texas in Austin,
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High Elevation Tests at 4. 3 Millimeters

During August 1956, radio propagation
measurements were made between Mount Evans
and Pikes Peak in Colorado using a wavelength
of 4.3 millimeters. The elevation of this path
was approximately 4 kilometers and the path
length was sixty-one miles.

Thirty-one samples of five minutes dura-
tion were taken at one and one-half hour intervals
over a six day period. The free space signal
level at 61 miles was established by projecting
the signal received over a 2000 foot path accord-
ing to the inverse square law relationship.
Simultaneous transmission at a wavelength of
3.2 centimeters was made for comparison
purposes.

a

The mean value of the signal level when no
precipitation was apparent on the path was the
free space value for the 3,2 centimeter signal
and 24.4 db below the free space value for the
4. 3 millimeter signal. During two intervals
when rain was apparent on the path, the mean
value of the signal levels for the millimeter
waves were 48 and 32 db below the free space
values while the mean values of the signal level
for the centimeter signal remained essentially
at the free space value.

Psychrograph readings were made on the
two peaks at the time each radio measurement
was made and the water vapor content deter-
mined. In addition, radiosonde data were ob-
tained from Lowry Air Force Base in Denver
and their indicated water vapor content at 4
kilometers noted. The radiosonde values were
approximately 25 per cent less than the average
of the values measured on the peaks, The two -
‘sets of data would appear to set the limits on
the probable values of water vapor content,

The millimeter signal level was plotted in
Figure 1 as a function of the water vapor content
excluding the samples for which the rms values
of the fluctuations exceeded 2 db. A line drawn
through the plotted points to provide a least mean 13
square error was extended to the origin to give a
measure of the oxygen loss and its slope was used
as a measure of the water vapor loss. The limits



of the slope were established according to the
limits of the water vapor content mentioned
above.

The total oxygen loss was found to be
21,3 db or 0.22 db per kilometer., The water
vapor loss over the whole path was between 0.76
and 1,00 db per gram of water vapor per cubic
meter or between 0.0077 and 0.010 db per
kilometer per gram per cubic meter of water
vapor,

Propagation of 3.35 Millimeter Waves on A
7.5 Mile Path

During January and February of 1957,
radio propagation measurements were made
from a room in the twenty-fifth floor of the
tower on The University of Texas Main Campus
to the second floor of the Millimeter Laboratory
building at the Balcones Research Center of The
University of Texas. Each end of the path was
at approximately 0, 25 kilometer elevation and
the path length was 7.5 miles. The transmitter
used an experimental magnetron built by the
Radiation Laboratory of Columbia University.
This tube was mounted in a permanent magnet
yoke which produced a field of 22, 000 gauss
across the magnetron cavities., The receiver
was of the crystal video type. Calibration of
the receiver and an attenuator were made over
short path lengths by the use of the inverse
power relationship,

Eleven three minute samples were taken
over a period when a wide range of water vapor
content of the atmosphere was experienced, The
value of the water vapor content at the time of
the radio measurements was determined from
Weather Bureau data. Psychrometer readings
at the two ends of the path have agreed very
closely with the data obtained from the Weather
Bureau.

In Figure 2 the median values of the signal
levels are plotted as a function of the water
vapor content and the line drawn on the least
mean square deviation basis., The vertical lines
through the points indicate the range between
the maximum and minimum signal levels noted
during the three-minute sampling periods. From
the ordinate intercept of this curve, it is found
that the oxygen loss is 0.07 db per kilometer and
from the slope of the line it is found that the
water vapor loss is 0.033 db per kilometer per
gram per cubic meter.

Scintillation Characteristics of Millimeter

Signals

In general, the scintillations of the milli-
meter radio signal are of a greater magnitude
than those for longer wave lengths., In the
presence of rain the levels are sharply reduced
with comparatively little rapid scintillations of
the signal level, The rapid changes frequently
noted in the absence of precipitation are attrib=
uted to refraction and to focusing and defocusing
due to inhomogeneities in the atmosphere.
Several independent observations concerning
the scintillation of the millimeter signals are
presented in this section.

Correlation of 8.6 Millimeter Signal
Scintillations with Index of Refraction Fluctua=~
tions. During one of the earlier tests at a
wavelength of 8.6 millimetérs over a 3.5 mile
path in Austin, index-of-refraction at the trans-
mitter was recorded on a Crain Refractometer?
simultaneously with the radio measurements.
The index-~of-refraction traces had the usual.
characteristics of a broad frequency spectrum
with the fluctuations ranging from slow drifts
to rapid variations, The 8.6 millimeter signals
did not have changes corresponding to the long
time drifts in the index-of-refraction data, but
had higher frequency fluctuations whose magni-
tude was approximately proportional to the
higher frequency refractive index changes, The
magnitudes of the fluctuations of the radio signal
are greater than would be experienced if all of
the water vapor in the air were removed, This
would seem to indicate that the index changes
are not due to changes in absorption but are due
to refraction effects.

Comparison of Scintillations of 4.3 Milli-
meter and 3,2 Centimeter Wavelengh Signals,
During the peak-to-peak tests in Golorado in
1956, simultaneous measurements were made
at wavelengths of 4, 3 millimeters and’ 3. 2 centi-
meters. The rms values of the scintillations of
the two signals in the absence of precipitation
are shown in Figure 3. The line drawn on a
least mean square basis showed a direct propor=
tionality between the scintillations of the two
frequencies with 5 db of millimeter wavelength
scintillation for each db of centimeter wavelength
scintillation.

A further relationship between the two fre=-
quencies is shown in the comparison of the spec-
tra of the scintiilations shown in Figure 4,



Similar features are noted in the lower frequen-
cies of the two spectra with the millimeter wave-~
length spectra extending to higher frequencies
than the 3.2 centimeter spectra.

Scintillation of 3. 35 Millimeter Signals
in Frontal Activity., One of the measurement
periods for the 3. 35 millimeter signal occurred
about 9:00 A.M. on January 17, 1957, when a
sharply defined polar air mass was arriving at
the measurement site. This dry air was replac-
ing humid Gulf air and considerable turbulence
existed which must have contained sharp con-
trasts in index of refraction. During this period
the 3. 35 millimeter signal strength fluctuated
rapidly over an 8 db range, This range could
not be attributed to average changes in water
vapor content as the signal rose at times to
approximately the free space value.

Drop in Median 4, 3 .nm Signal Level
During Periods of Severe Scintillation. During
the 4,3 millimeter peak-to-peak tests in Colo-
rado, periods of severe scintillation were noted.
The plot of the rms values of the scintillation as
a function of signal level shown in Figure 5 indi-
cates a loss of signal associated with severe
signal strength fluctuations., This is attributed
to a type of radio hole situation in which non-
standard refracting layers existed at or near the
path altitude. Visual observations of a signifi-
cant wind shear with height and/or haze layers
at these altitudes were noted, In the curve of
4. 3 millimeter attenuation as a function of water
vapor content shown in Figure 1, data for which
the scintillation exceeded 2 db were excluded.

Attenuation Due to Rain

Theoretical curves have been presented
showing the attenuation of millimeter waves in
rain, These curves are based on assumed drop
size distributions associated with given rainfall
rates. Figure 6 shows one-way attenuation
measurements made through rain supe rimposed
on a theoretical attenuation curve based on the
drop distributions proposed by Laws and
Parsons,

It is to be noted here that the predicted
attenuation for the millimeter wavelengths based
upon the rainfall rate is in general higher than
the measured attenuation for large rainfall
rates.” This discrepancy in the case of our
measurements was primarily due to a rainfall
rate-drop size distribution different from that
postulated by Laws and Parsons, 4
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Water-Vapor and Oxygen Absorption

8. 6 Millimeter Measurements, Errors in
measuring the water vapor content of the atmos-~
phere and in measuring differences of the order
of 30 decibels in signal strength mask the oxygen .
losses at 8, 6 millimeters. QOur measurements
therefore do not yield a value for the attenuation
of oxygen at 8.6 millimeters but only indicate
that it was small in value as was predicted by
Van Vlieck. The water vapor losses, though
small, can be measured since this computation
only requires measurements of the relative sig-
nal strength over a small range. Measurement
in Austin, Texas, over several paths indicated
a loss of 0.010 db per kilometer per gram per
cubic meter at an elevation of approximately
0. 25 kilometer. Measurements over the sixty~
one mile path from Pikes Peak to Mount Evans
indicate a loss of approximately 0,003 db per
kilometer per gram per cubic meter at an eleva-
tion of 4 kilometers,

4, 3 Millimeter Measurements, From Fig-
ure 1, the oxygen and water vapor loss at 4
kilometers were found to be 0.22 db per kilomet-
er and 0.009 db per kilometer per gram per
cubic meter respectively.

Earlier measurements in Austin at 0. 25
kilometer elevation gave corresponding values
of 0. 50 per kilometer for oxygen and 0. 025 db
per kilometer per gram per cubic meter for
water vapor.

3.3 Millimeter Measurements, The loss
per kilometer at 0. 25 kilometer elevation for
the 3. 35 millimeter signal was given earlier as
0.07 db per kilometer of oxygen and 0.033 db
per kilometer per gram per cubic meter of water
vapor.

Comparison of Theoretical and Measured
Loss for en. Laboratory measurement of
several experimenters> indicated that a line
breadth constant of 0.02 per centimeter should
be used to determine the attenuation due to
oxygen, A curve calculated on this basis by
T.F. Rogers showing the attenuation due to
oxygen at sea level and at an elevation of 4 kilo-
meters is shown in Figure 7. These elevations
correspond approximately to those in the tests
described in this paper,

The oxygen loss calculated by Rogers at
4. 3 millimeters is 0.6 db per kilometer compared
to our measured value of 0.5 db per kilometer.
Crawford and Hogg® reported good agreement
with Rogers' curve in 5 to 6 millimeter region
but in private correspondence have indicated a



value of 0.46 db per kilometer may be applicable
for 4.3 millimeters. The Rogers' calculations
indicate a loss of 0.1 db per kilometer at 3, 35
millimeters, whereas our measured values indi-
cated a loss of 0,07 db per kilometer,

Comparison of Theoretical and Measured
Loss for Water Vapor. The water vapor attenua-
tion in the millimeter range is commonly dis-
cussed in terms of that due to the absorption line
at 1. 35 centimeters and that due to an array of
lines in the infrared spectrum. Reasonably good
agreement with measured data in the vicinity of
the 1. 35 centimeter line has been obtained by
using a line breadth constant of 0. 1 per centi-
meter. ! Becker and Autler8 noted that the dis-
agreement which they found around this line could
be attributed to the residue effect from the higher
frequency lines.

T.F, Rogers9 of Air Force Cambridge
Research Center has calculated the attenuation
in the millimeter range using the Van Vleck-
Weisskopf formula for the 1.35 cm line and for
the higher frequency lines which would have a
significant loss contribution in this range. He
used one per cent water vapor concentration at
sea level and at an elevation of 4 kilometers
assuming a line breadth constant of 0.1 for all
of the lines.

The measurements of water vapor loss by
The University of Texas were at approximately
the same altitudes as used by Rogers and hence
the measured data are superimposed on his
curves as shown in Figure 8. A curve through
the measured data at the three wavelengths for
sea level conditions has been sketched to provide
an estimate of the loss at other frequencies.,

A similar sketch can be made for the 4
kilometer elevation but with less accuracy since
the loss is known at only two wave lengths., It is
noted that at near sea level the measured loss at
8.6 millimeters is 2.5 times the calculated loss
while at 3, 35 millimeters it has increased to 3.5
times the measured loss.

At 4 kilometers elevation, the measured
loss is 1,5 to 2 times the calculated loss at 8.6
millimeters and has increased to 3 to 4 times the
measured loss at 4. 3 millimeters,

These relationships would seem to show
that the deviation from the theory and experiment
is due to the loss resulting from the lines of wave
length other than 1, 35 centimeters as suggested
by Van Vleck.

Theissing and Caplanlo report a ratio of
approximately 3 between their measured results
using a2 bolometer detector accepting millimeter
radiation from the sun and the calculated attenu-
ation. This is in general agreement with the
measured curves rates shown in Figure 8 since
their results are integrated both with respect to
frequency and with respect to elevation.
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