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ABSTRACT

v

This report describes work done on Contract DAAG29-81-K-
0173, *An Investigation of Millimeter Wave Propagation in the
Atmosvhere: Measurement Program,® conducted by the Georgia Tech
Research Institute during the period September 1981 through May
1987. The objective of this program was to measure the effects
of atmospheric turbulence on the propagation of millimeter wave
radiation, with emphasis on inclement weather effects. Five
separate measurement sessions were conducted at a site near
Urbana, Illinois, and these measurements were made jointly with
personnel from the National Oceanic and Atmospheric
Administration, who furnished meteorological instrumentation and
information on experiment design. Personnel from the Atmospheric
Sciences Laboratory at White Sands Missile Range also contributed
to this program.

'Measurements were made at frequencies near 118, 142, 173,
and 230 GHz to cover all of the major atmospheric features in the
millimeter wave spectral range, and were made during clear air,
rain, fog, and snow. The equipment comprised a small step-van
transmitter truck and an array of four receivers, pumped by a
common local oscillator, mounted in a semi-trailer. £ This
arrangement provided the means for measuring fluctuatfbns in
both intensity and phase of the MMW signal.

It is concluded in this report that atmospheric turbulence
has a marginal effect on the performance of Army MMW systems.
For example, a system with a tracking accuracy of 100
microradians might have its accuracy degraded by 15-20% by
turbulence. It is also concluded, perhaps surprisingly, that the
worst-case MMW effects of turbulence occur during clear air under
conditions of high temperature and humidity.
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- PINAL REPORT ON ARO MMW TURBULENCE PRQJECT 4
ﬁ,
1. Introduction ﬁ
This document is the final report on Contract DAAG29-81-K- ﬁ
0173, "Study of Millimeter-wWave Propagation in the Atmosphere®, a .
program supported by the U. S. Army Research Office and conducted ;;
jointly by the Georgia Tech Research Institute (GTRI) and the ;‘
National Oceanic and Atmospheric Administration (NOAA), supported '
by separate grants. The major responsibility of Georgia Tech .
during this program was to design and construct hardware for o
measuring the effects of atmospheric turbulence on millimeter E
wave (MMW) propagation, at several different wavelengths of I,
current and potential interest to the Army, under a variety of _
weather conditions. NOAA's responsibility was to design the E
experiment, provide meteorological instrumentation support, and ;j
analyze the data, although Georgia Tech has also participated to f’
some extent in this latter activity. The frequencies chosen for i
this experiment were 116, 118, 143, 173, and 230 GHz, and 3
measurements were made under conditions of clear air, rain, fog, T
and snow; although time and circumstances did not permit the 5’
acquisition of data at all of these frequencies under all of Ny
these atmospheric conditions. :%
The frequencies listed above were chosen to lie on or near :%
prominent atmospheric transmission features in the MMW bands, ;
namely the broad window near 95 GHz, the 118 GHz oxygen :
absorption, the 140 GHz window, the 183 GHz water vapor f,
absorption, and the 230 GHz window. Frequencies near absorption :ﬁ
lines were chosen to assess the observation of Soviet workers of ;
damping of turbulence-induced fluctuations on these lines. :
Damping has not yet been observed, but not all of the data are ;E
analyzed to the extent necessary to make this assessment. e
The experiment was conducted at a site near Flatville, ,‘
3
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| Illinois, chosen for its exceptional flatness and "fetch®™ which
is the distance to large man-made or terrain features measured
transversely to the propagation path. Flatness and fetch are
necessary to ensure that the atmospheric features are not
disturbed by objects near the path; otherwise, it would be

necessary to use several meteorological instrumentation stations

to adequately characterize the atmosphere.

1.1 General Atmospheric Effects on Millimeter Wave Systems

The atmosphere has traditionally been a paradox when
regarded from the point of view of the millimeter wave (MMW)
system designer. On the one hand, MMW systems are considered as
solutions to the problems inherent in optical and near infrared
systems due to poor weather, especially fog, because such systems
retain at least a part of the resolution capability of the
shorter wavelengths while having the ability to penetrate the
turbid atmosphere. On the other hand, the ability of millimeter
wavelengths to penetrate rain, fog, and snow is not as good as
that of microwaves, and many workers in the field consider these
longer wavelengths to be superior both because of this better
tramsmission and because of the highly-developed state of
component technology at these longer wavelengths. It thus
appears that the choice of MMW technology represents a compromise
between the higher resolution of the optical systems and the
better weather penetration and advanced componentry of
microwaves. In summary, one would always choose the shorter
wavelengths if the weather were always good, and one would choose
the longer wavelengths if the resolution were good enough, and
there would be no applications for millimeter waves, if these
were the only criteria. Unfortunately, the weather is not always
clear enough for optical systems, and microwaves do not always
provide sufficient resolution, so that the potential niche for
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millimeter waves is fairly wide, and has not as yet been filled
by operational systems.

The major atmospheric effect on the performance of MMW
systems is attenuation, but other effects such as forward- and
back-scattering, atmospheric ducting, and of course atmospheric
turbulence are also of some importance. With regard to
attenuation, MMW radiation shows excellent capability for
penetrating foqg and generally good transmission through snow, but
is no better than the visible/near IR wavelengths in penetrating
: rain, depending of course to some extent on the frequencies
; chosen. Atmospheric ducting is not considered a serious problem
: for MMW systems because it is generally a long range phenomenon,
. and most tactical MMW systems are designed for the shorter
1 ranges. Ducting has been observed at 35 GHz by workers at Bell
i Laboratories [1], but the propagation path lengths studied were
ot several tens of kilometers in length
y The effects of atmospheric turbulence on MMW systems are the
% : same as those which occur in the optical wavelength spectrum,
except that they are generally less severe at the longer
wavelengths., These effects are power (intensity) fluctuations,
phase shifts which give rise to angle-of-arrival fluctuations,

. -

? depolarization, frequency shift, and thermal blooming. These
5 latter three effects are thought to be negligible for MMW
i systems.

The balance of this introductory section summarizes the
effects of atmospheric turbulence on MMW systems. Section 2
treats the theories of MMW turbulence including a brief reference
to the Soviet theory, but emphasizing the theory of Hill, et al.
' [2]1; and qualitatively assesses the agreement between these
y theories and experiment. Section 3 discusses the results of
iy measurements of turbulence effects made during the series of
) experiments conducted at the site near Flatville, Illinois,
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These results represent perhaps the most carefully made and
carefully instrumented measurements of this type ever made.
Section 4 gives some conclusions and compares the results of the
nea.utenenﬁs described above to available theory, and the
agreement is found to be generally good. The report concludes
with a bibliography of publications by Georgia Tech authors
supported by this program and published during its course.

1.2 Summary of the Effects of Atmospheric Turbulence on MMW
Systems

Scintillation of electromagnetic energy traversing the
turbulent atmosphere is caused by refractive index
inhomogeneities in the propagation path that cause phase shifts,
giving rise to selective reinforcement or degradation of the
energy across the wavefront, These refractive index
inhomogeneities are caused by varying optical densities in the
path, which are in turn caused by variations in temperature and
absolute humidity in cells of various sizes within the path.
These cells are called scales, and the smallest cell that has
effect on propagation is called the inner scale and the largest
is called the outer scale. The resulting energy distribution of
electromagnetic radiation within the beam is log normal (3], and
is characterized by a variance oEz that is a function of the
degree of atmospheric turbulence. The distribution of phase
shifts between any two points in the wavefront is normal, and its
variance is taken to be ¢,2. Intensity fluctuations in the
propagated signal cause rapid fades in signal, which may cause
problems if large enough, but which probably are too small to be
of consequence. Perhaps the major potential problem caused by
atmospheric turbulence is angle-of-arrival fluctuations, which
are related to phase shifts by the relation ® = B/kr, where 9is
angle-of-arrival, B8is phase shift, k is wavenumber 27/X , and r
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is the separation between points in the wavefront. These
fluctuations cause a potential target to be detected at an angle
different from its actual angle, and thus give rise to aimpoint
wander and decreased accuracy. Depolarization, frequency shift,
and thermal blooming are other turbulence effects that can
sometimes be observed at optical wavelengths, but whose effects
may be shown to be negligible at MMW.

Most of the original work on atmospheric turbulence was done
in the Soviet Union by Chernov [4] and Tatarski [3], and in this
country by Clifford [5]. These workers treated optical
fluctuations and neglected the effects of absorption on the
fluctuation intensity. This approach has worked well for optical
wavelengths, as attested by the large number of turbulence
measurements which show good agreement with theory. More
recently, several other Soviet workers have examined the problem
of millimeter and submillimeter wave fluctuations; which requires
that absorption by atmospheric constituents, mainly water vapor,
be considered. This approach was apparently first taken by
Izyumov [6,7,8] who solved the wave equation using a complex
index of refraction to account for absorption, and thus obtained
expressions for amplitude and phase fluctuations valid for MMW
propagation. This work was further refined by Gurvich [9] and
later by Armand, et al. [10]. Recent work on MMW atmospheric
turbulence theory in this country has been done by Hill, et al.
(2] who used the existing optical solutions for the turbulence
equations and accounted for the absorption by water vapor. They
derived a new index of refraction structure parameter an by
considering the effects of absorption and using this result in
the optical solutions. This approach will be discussed in later
sections of this report.

To summarize this section, it appears that the effects of
atmospheric turbulence on the performance of MMW systems are
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probably small - almost negligible. It will be seen that
intensity fluctuations are about 1-2 dB and angle-of-arrival
fluctuations are about 300 microradians peak-to-peak under worst-
case conditions. Automatic gain control circuitry should easily
take care of this level of intensity change, while the 50
microradian standard deviation of angle fluctuations should be
almost negligible for a system with a tracking accuracy of 100
microradians standard deviation. These conclusions are based on
the measurements made at Flatville, and may not necessarily hold
for extreme climatic conditions, such as those encountered in the
tropics. It will also be seen that the worst case for
atmospheric fluctuations occurs in clear, hot, humid weather, and
not in rain or snow as one might expect. The smallest
fluctuations in both intensity and phase occur during a dense
foqg.

Although the measurements described in this report were made
at wavelengths that may not be of immediate interest to designers
of Army systems, it will be shown that the results scale in a
very predictable way, and may therefore be used with confidence
at almost any frequency in the MMW range. The appropriate
scaling law is predicted by theory and confirmed by experiment,
as will be shown later in the report.
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- 2. Millimeter-wWave Turbulence Theories

2.1 Soviet Theories

The Soviets were the first to study the problems of
millimeter-wave propagation through turbulence, just as they were
first to study optical propagation, and they have made important
contributions in both areas. This section gives a very brief
sketch of the approach taken by the Soviets in developing this
MMW theory, and attempts to detail its shortcomings, if any. The
treatment is necessarily brief; for a more detailed analysis, the
interested reader should see the paper by Armand [10] and the
references cited therein

2.1.1 General Approach

In general, the method used by workers in the Soviet Union
for solving the problems of determining the magnitudes of the
amplitude and phase variations of an electromagnetic wave
propagating through the turbulent atmosphere consists of solving
the scalar wave equation by using a complex index of refraction
and thus arriving at the autocorrelation functions Rx and R¢ of
the fluctuations of amplitude and phase. The scalar wave
equation

v2u + k2N2y = 0 (2-1)
is solved under the conditions
n=mn, +v
(2-2)

m-mo+\)

where u 1is the wave function, k is wave number, and N is the
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index of refraction. To account for index fluctuations, the form
of this index is taken to be that of equations (2-2), where n and
m are the real and imaginary parts of the refractive index, n,
and m, are the mean values of these parts, and v and v are the
fluctuating parts which give rise to fluctuations in intensity
and phase of the propagated MMW signal.

Equation (2-1) is solved by the method of smooth
perturbations which is discussed in detail in Tatarski [3]. As
mentioned above, the results of solving this equation are the
autocorrelation functions Rx and R¢ of the fluctuations of the
amplitude and phase of the propagated signal. The RX and R’ are
functions of the spectra of the real and imaginary parts of the
refractive index ¢, and ¢, and their cross-correlation ¢,, which
are in turn related in a complicated but straightforward way to
the spectra of the temperature and humidity fluctuations. These
can be derived from deterministic atmospheric parameters, if an
appropriate form for the spectral distributions of the
temperature and humidity are assumed. Such a distribution is the
von Karman distribution (9], which satisfies the necessary
condition of obeying the Kolmogorov £75/3 Jaw [3], where f is
fluctuation frequency, for the range of atmospheric scale sizes
between the inner and outer scales.

2.1.2 Determination of the Magnitude of Intensity Fluctuations

The log amplitude variance of the intensity fluctuations is
related to the autocorrelation function Rx(a,L) by the equation
(91

c? =R (0,L), (2-3)
X X

where a is correlation distance and L is transmission path
length. Substitutions are made for the spectral distributions in
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- Rx and a tractable expression for 0; results, although it is -
necessary to evaluate the integrals numerically. This variance "
is a function of the atmospheric temperature and humidity
structure parameters CT2 and Qoz, respectively, the spectra of By
these fluctuations, and the cross-correlation of the spectra. A
possible shortcoming of this theory is evident here, because this ™
expression for log amplitude variance is not a function of the
cross-correlation of the temperature and humidity structure &
parameters CTQ' which will be seen later to be an important
parameter; however, this expression for log amplitude variance e,
gives reasonably good agreement with theory. t

2.1.3 Determination of the Magnitude of Angle-of-Arrival
Fluctuations

The angle-of-arrival of an electromagnetic wave propagating
through the atmosphere at any point may be defined as the angle g
between the normal to the wavefront and the line-of-sight to the
transmitter at that point. Fluctuations in angle-of-arrival are N
caused by refractive index inhomogeneities that cause phase N

shifts resulting in constructive and destructive J ‘ence e
across the wavefront which in turn cause the localized e of -
the wavefront normal to change relative to the line-of- "t to %
the transmitter. It should be noted that the angle-of-arr.. "l t
for a wavefront may not be well defined, because it will change ﬁ
in accordance with its correlation function, sometimes over very j
small distances. This parameter also changes rapidly with time, ‘ﬁ
with a spectral density similar to that of the fluctuations in ﬁ
intensity. .

The parameter which determines the angle-of-arrival is the -~
phase as shown in Figure 2-1, which shows two receivers separated L
by a distance a, which is assumed to be small enough that the
wavefront angle does not change appreciably if measured at each W
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Receiver
a sin®

) )
Wavefront '

Figure 2-1. Angle-of-Arrival Geometry. )
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receiver. The phase difference of the signal between the two

points is then ?(
(N
.i
.?'
$=
since 6 is small. Using this equation, the angle-of-arrival can )

be determined if the phase difference is known. More e

particularly, the variance of the angle fluctuations can be iy
determined from the variance of the phase fluctuations, since ﬁ

both are statistical quantities. X

The variance of the phase fluctuations may be determined in ct

the same way as the variance of the log amplitude fluctuations k:

, was derived, by calculating the phase autocorrelation function ::
s for zero spacing: t
%5

o2 = R, (0,L). (2-5) !

o "

[ Note that the concept of phase is not meaningful unless it is o
specified over some distance or time; i.e., phase is a relative ;
parameter. The result of determining the phase autocorrelation ?g

function for zero spacing must therefore be regarded as the fﬁ

] variance of phase fluctuations when measured as a function of Zﬂ
time. This parameter is calculated in much the same way as the ?l

{ log amplitude variance, i.e. by numerical integration of the el
correlation integrals as discussed in Reference [10]; in fact, gf

the integrals are the same except for sign changes. 1In spite of ;:

the fact that the derivation of Armand, et al. apparently does f%

not adequately treat the cross-correlation between the g
temperature and humidity structure parameters, calculations using o

X
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these results give plausible agreement with experiment.

O R - -

2.2 The Theory of Hill, Clifford, and Lawrence

In this country, the group at the National Oceanic and
Atmospheric Administration (NOAA) in Boulder, Colorado, including
Hill, Clifford, and Lawrence [2], has taken the lead in
developing theories appropriate for the propagation of MMW
radiation through the turbulent atmosphere. Perhaps a more
accurate way of assessing their work is to state that they have by
adapted the earlier theories of optical propagation to MMW
propagation by modifying the index of refraction structure s
parameter an to include the effects of fluctuations in humidity,
characterized by the humidity structure parameter qQZ in addition \
to those of the temperature structure parameter CT2 and their
cross-correlation Crq- This approach gives perhaps a more
satisfying result than that obtained by the Soviets, despite the
fact that the Soviet result is based more nearly on first
principles, because the NOAA work has an explicit dependence on
the cross-correlation term. The treatment of this approach is ﬂ
necessarily brief, but again the interested reader may find more i
detail in the original paper of Hill, et al. [2] or in the paper
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by McMillan, et al. [11l. ke
Hill, Clifford, and Lawrence [2] nave derived an expression Z

for the log amplitude variance of the fluctuations of :
electromagnetic radiation propagating through the turbulent ;
atmosphere which holds for microwave through optical frequencies Q
and maintains the proper dependence on CT2, CQZ, and CTQ' This {
equation comprises separate contributions from the real and -
imaginary parts and from the cross-correlation of these parts, as ;f
follows: 3
i
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. o; =02 +0,2 40 IR’ (2-6) ;

where R, I, and IR refer tc the real, imaginary, and cross-
correlation contributions, respectively. For spherical wave

propagation, the real part of 02 is given by

X o‘
“
L \""3 ':tf
? = Tepne ] — = '
ag? = 0.124k7 ¢L [l 271 (L/k> o
(2-7) .
C,? C,? C‘rQ &
. y SO 2 Q _— M
(A' o151 T A 2o T 2AeAT T3> b
)
2
where k is the wave number 2 VX, <T> is the mean value of .
temperature, <Q> is the mean value of absolute humidity, and L, :,

is the outer scale dimension. The dimensionless parameters Ag
and Ay are functions of the refractivity of the atmosphere, which
is in turn a function of the absolute temperature, humidity, and
pressure of the atmosphere. Details of the determination of
values for Ap and Ay are given in References (2] and [11].
Fortunately, the contributions of the parameters?® 12 and 9 ;g
are considered negligible because they contain a parameter Bg

(ot A N e

which is a function of the atmospheric absorption coefficient. XY

4
In the low-frequency window regions which are of interest to this t{
study, this parameter is considered negligible, as is borne out ‘ﬂ

by calculations displayed graphically in References [2] and (12].
To complete the derivation of 0; it is necessary to

devise a value for the cross-correlation term in Equation (2-7). ﬁ
Hill, et al. suggest that an order-of-magnitude estimate for CTQ gj
is
Crq s Gt ¢\ (2-8) .
N
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assuming a correlation coefficient of +1. That this assumption '
is valid is borne out by numerous experiments conducted at
Flatville, IL, which will be described in some detail later.
During the daytime, especially on clear, sunny days when the sun
is warming the ground, temperature and humidity fluctuations were
observed to have a correlation coefficient of unity, and in the
morning and evening, when the earth is warmer than the air, the
correlation coefficient is -1. The transition between these two
states occurs in the morning and evening over a time span of a
very few minutes. It is therefore valid to take the correlation
coefficient in Equation (2-9) to be exactly +1.

Since o; = ORZ the log amplitude variance for MMW
propagation in the window regions is given by Equation (2-7). By
comparison of this equation to similar expressions derived for
propagation in the optical portion of the spectrum, one may >
conclude that an for MMW propagation in the window regions is
given by the portion of Equation (2-7) enclosed in large
parentheses. In addition, Tatarski (3] has shown that the ]
variance of the angle-of-arrival fluctuations of a spherical wave
is given approximately by

0,2 = 0.54 Lc 2713, (2-9)
where op is measured in radians, and where r may be interpreted y
as the spacing between antennas in an array or the width of a
large antenna. Note that Equation (2-9) predicts, perhaps
surprisingly, that the magnitude of angle-of-arrival fluctuations
is independent of frequency. ,

Equations (2-7) and (2-9) contain essentially all that needs S
to be known, in fairly simple form, to calculate the effects of 2
turbulence on MMW propagation, provided the structure parameters

14
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of temperature and humidity, together with basic information
about temperature, humidity, and atmospheric pressure are known. N
In later sections the results of calculations using these 5
expressions will be compared to experimental results obtained. N
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3. Results of Measurements of Turbulence Effects at Millimeter-
Wave Frequencies

3.1 Results Obtained at Burlington, Vermont

The Snow-One measurement effort was conducted at Fort Ethan
Allen near Burlington, Vermont during the winter of 1981-82.
This series of tests was concerned with the measurement of
propagation through snow and other types of winter weather by
several different wavelengths, 140, and 217
GHz, and with measurements of such phenomena as snow backscatter.
Meteorological support for these tests did not include turbulence
instrumentation, and on the day that turbulence measurements were
made, essentially all of the met instrumentation had been damaged
by a storm on the night before. These handicaps did not preclude
the acquisition of some data which turned out to be among the
most important obtained to date, because they verify the scaling
laws relative to frequency and range.

including 35, 94,

The Burlington tests were
unique in this regard, because they provided the means to make
simultaneous measurements at four different frequencies and two
different ranges.

The measurements of turbulence fluctuations at the
wavelengths mentioned above were made by D.G. Bauerle of the U.S.
Army Ballistic Research Laboratory at Aberdeen Proving Ground,
MD, and the data were analyzed by G.R. Ochs of NOAA.

is a diagram of the experiment,

Figure 3-1
in which radiation from four
radar transmitters at each of the above frequencies is propagated
simultaneously down range to reflect from corner reflectors at
two different ranges. This experiment was originally designed to
measure absolute atmospheric attenuation by comparing the returns
from the two corner cubes at known ranges. The signal is
perturbed by the atmosphere in both directions and finally

collected by a receiver, detected, and output to four strip-chart

16
"'"fﬁ"" s.-.l, ey ,""’"'f"-ﬁ. *-."-'\v‘ f'\."x-."'"" \\’\ v
"o'}' ¥ OO -l‘-c N (*(r S .": o %, " -0 ** f"' ) f"‘\ e ‘v.\. oy "’.‘.

W AR X

v v a_ e -

* £ Lol



40103143
¥INYOD

30103143

— e e o e o e e e e e e e e - e

¥3IN¥OD _ q

NVA ¥vavy

©OF

r

w oL9

NN

A U BOCUORN Ro-rety RIS P ArA TERS VY VSIS N S8 SR Sl Y VL B PR YrE S EF
‘LA ‘uojburiing 1eau
3378 3JUQ-MOUS 3Y3 e S3IOIJJ3 aouaTnqiny burjenyeas
103 posn wa3isds Judwainsedw 3y3y Jo 3nolkeq °I-¢ 91Inbry
THO LIT ‘oM’ $6° S€

(o

r~

. -t
.
f.

RPN
--.--\.-
P

-

" e - ",
-
"o
W
4 .

J'\'I. PR

..' .I ) ..
(AR
L]

Va AT ‘e ™
.'J'.‘J'.'I,‘d' o

!

»
ALY

E '\k“,'- L

~

-
]
{ A

'

\"‘-

LR SN

A ~"‘~'!"l, 'l."i. AR N

o
4

A

LR
'i'| ‘..PI“

L]

»

AN O

*,

¥’
1)




1074 |-
LONG PATH
w (610m)
O
Z
<
; C 10° |-
| ;E a
w
S /| 2=k
5 a SHORT PATH
Q. (152m)
<§( 0% L L2.1115::
l'1
1077 | (1 1 | L1 |

10 20 40 60 100 200 400600 1000
FREQUENCY IN GHz

Figure 3-2. Log amplitude variance for MMW propagation in
turbulence as a function of frequency and range,
showing that the scaling relations are valid.
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recorders. The resulting data were then analyzed to determine
the log amplitude variance as a function of both frequency and v
range. The results of this analysis are shown in Figure 3-2. 1
The log amplitude variance was first plotted as a function of '
frequency for the long (610m) path, and the best straight line
was drawn through the points. This line was found to have a )
slope essentially equal to the k7/6 slope predicted by theory.
This line was then moved downward by a factor of 12.7, which
corresponds to (L2/L1)11/6, and a line parallel to the first was
drawn. The log amplitude variance data from the shorter (152m)
path was then plotted, with the result shown in the figure.
These results show that the frequency scaling law vi/6 is very
well verified for the longer range and less well verified for the
shorter range, although the agreement with theory of the short-
range measurements is quite good when compared to other
measurements of this type, which typically have quite a bit of 2
scatter. The range scaling law (L2/Ll)11/6 is also fairly well
verified. The poorer agreement obtained for the shorter range
may be due in part to the fact that the corner cubes were in the
near field of the antennas, at least for the higher frequencies.
These results are significant because they show that the

5 oy ol

» ¥ T

T ATy YN

large number of measurements made at the Flatville, IL site at ?
%
frequencies in the range 116-230 GHz may be scaled to frequencies ’
of greater interest to the Army in the near term, notably 94 GHz. ;
-

Although the Burlington results were obtained with essentially no
met support, they are still very important for this reason. As
far as is known, no other measurements of turbulence phenomena
have been made at more than one frequency at a time or at more
than one range. Fortunately, the fairly unique measurement
system developed by the Ballistic Research Laboratory was
available at the proper time to make these measurements.
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3.2 Experiments Conducted at Flatville, Illinois o

3
3.2.1 Description of Experiments }?
Since the summer of 1983, Georgia Tech, NOAA, and the U.S. P
Army Atmospheric Sciences Laboratory (ASL), with Army Research :ﬁ
Office (ARO) support, have been engaged in a program whose *;
purpose is to measure the effects of atmospheric turbulence on &J
the propagation of millimeter waves [12,13]. Five different '
measurement sessions have been conducted, and observations have o
been made in clear air, rain, fog, and snow at frequencies of .J
116, 118, 142, 173, and 230 GHz, so that results have been b
obtained on or near all atmospheric features of interest in this ;
range, including the 118 GHz oxygen line, the 140 GHz window, the i{
183 GHz water vapor line, and the 230 GHz window. These :$
measurements have been made over a 1.4 km path at a site near i?

Flatville, Illinois, chosen for its exceptional flatness. Figure
3-3 is a diagram of the layout of the experiment site and Figure

bt
3-4 is a photograph of the propagation path looking from ;3
transmitter toward receiver. In making measurements of this e
type, it is important that the path and surrounding terrain be .
flat, homogeneous, and free of trees or other obstructions, to &J
avoid perturbation of the atmospheric fields. The following :1
paragraphs discuss the equipment used to make these measurements, NG
and the next section presents some results obtained under each of
the types of atmospheric conditions under which measurements were 5j
S
made. A
f'.:-'
ﬁ?
3.2.1.1 Transmitter Subsystem -
Phase-locked reflex klystron oscillators were used as both :{\
transmitters and receiver local oscillators in this experiment, Sj
with the exception of the 230 GHz system which used a phase- g
locked cw extended interaction oscillator as transmitter [14,15]. ik
'
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Pigure 3-4. Photograph of the propagation range at Flatville, .
viewed looking South. The receiver trailer is in '{'
the foreground, and some of the ASL met 5
instrumentation can be seen to the left.




Phase-locking of the sources is necessary in this experiment for
three reasons: (1) it improves amplitude stability of the source
so that the transmitter power variations are less than the
smallest atmospherically induced fluctuations, (2) it narrows the
bandwidth and therefore improves the detection signal-to-noise
ratio, (3) phase-locking aids in system calibration because the
receiver second intermediate frequency (IF) output is a very
stable sine wave. Figure 3-5 is a block diagram of the
transmitter and Figure 3-6 is a photograph of the 230 GHz EIO
transmitter showing the horn antenna and phase-lock mixer. The
primary antenna, fed by the horn antenna shown in Figqure 3-6, was
an offset paraboloid with an elliptical shape, resulting in an
elliptical beam pattern with long axis horizontal. This
arrangement gives a beam shape which roughly conforms to the
extent of the horizontally distributed receiver array.

The transmitter was housed in a small step-van truck, and
was mounted on a steel pedestal which was, in turn, mounted to a
concrete pad in the ground, thus mechanically isolating the
transmitter from the truck suspension. The truck was supported
off its wheels and fixed to the ground with screw anchors. A
high-density polyethylene transmission window was placed in the
rear door, and this window was protected by a plywood and canvas
awning. Figure 3-7 is a photograph of this transmitter truck.

3.2.1.2 Receiver Subsystem

The receiver comprises four apertures with individual
mixers and with separations varying from 1.4 to 10 meters, so
that a wide range of atmospheric scale sizes can be considered in
the determination of the millimeter wave mutual coherence
function. Local oscillator (LO) power was distributed to the
mixers via a low-loss optical beam waveguide system [16].
Figure 3-8 is a diagram of the beam waveguide system, and Figure
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Figure 3-5, Block diagram of the transmitter subsystem showing
phase~lock loop.




Figure 3-6.
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Photograph of the 230 GHz extended interaction
oscillator source used in Session 5.
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Figure 3-7. Photograph of transmitter truck. This truck was 9
placed on a mound of earth so that transmitter and |
receiver were at the same height. "o
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3-9 is a photograph of this system. The receivers used double
conversion, and RF signal combining and detection were done at
the second 1IF, where signals were combined from the six possible
combinations of antennas to give the proper phase relationships
for determination of the mutual coherence function. These
" signals were stored on magnetic tape along with signals from the
o meteorological instruments by the data acquisition computer.
B The receiver mixers were cross-guide X2 harmonic types so
that the LO frequency was nominally one-half the signal
q frequency. The signals were mixed with the second harmonic of
! the LO to give four 930 MHz first IF signals, which were
amplified by low noise amplifiers and transmitted over cable to
the signal combiner, where they were further downconverted to the

g second IP of 30 MHz for signal combining. This frequency was
;2 chosen because of the good choice of phase shifters, attenuators,
K and other devices available in this commonly used band. Figure
o 3-10 is a block diagram of the receiver subsystem.

Y The receiver antennas were high-density polyethylene lenses
3 fed by corrugated horns. Steering of the received signals was
K accomplished by gimbaled mirrors. The receiver windows were also
\ made of high-density polyethylene, and the four windows were
% protected from the accumulation of rain and snow by canvas and
ﬂ metal awnings. The four receivers and the optical beam waveguide
" system were mounted to an I-beam, which served as an optical
y bench. This I-beam was, in turn, fixed to two steel pedestals

resting on concrete slabs in the ground. The entire receiver
subsystem was housed in a semi-trailer, which was insulated,
heated, and air conditioned for all-weather operation. Figure 3-
K 11 is a photograph of the receiver trailer.

A fifth receiver aperture, located below the second aperture
from the right as the trailer is viewed from the side on which
the apertures are located, was also used for some measurements.
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Figure 3-9.

»

Photograph of the interior of the receiver trailer
showing beam waveguide lenses. The local
oscillator is at the far end of the beam and one of
the receiver lenses can be seen near the top of the
picture.
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Figure 3-11.

Photograph of the receiver trailer showing
steel/concrete I-beam supports and aperture
awnings.
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The vertical spacing of this aperture (number 5) from aperture 2
was chosen to equal the horizontal spacing between apertures 1
and 2. This fifth receiver antenna was rarely used, and almost
all of the meaningful measurements obtained at Flatville were
made with the horizontal array of four antennas discussed in the
paragraph above.

3.2,1.3 Signal Combiner

If signals from a pair of antennas are combined vectorially
and the resulting power is measured by a receiver, the power
measured will be [11]:

h) ki

Vol = IVE HIVGE 4 21V 1V, otn) cos[a, — B(n)]
(3-1)

where V; and V, are the individual antenna signals and P (r)
and B8(r) are the factors of the mutual coherence function, which
is a measure of the effects of the atmosphere on propagation of
the signal. The term a, is a deliberately introduced phase shift
which is stepwise variable over the range 0, 90, 180, and 270
degrees. If this phase shift is varied over this range, the four
signals Vg, Vgg, Vyggr and V,99 will be generated, and it is
possible to solve forBandpin terms of them as follows:

IVaol* = Vapol®
Vol = IV gol? (3-2)

B(r) = wan~!

4 b
(""o!2 - '\'luop)‘ + ('V‘)ol2 - '\’270'2)
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These combinations of signals are generated from raw data in the

signal combiner, which operates at 30 MHz as mentioned above.
Figure 3-12 is a block diagram of the signal combining subsystem
of the turbulence instrumentation. Only two channels are shown
for clarity; the actual system has six such channels,
corresponding to the six possible antenna spacings, and the
actual combining was done in a slightly different way, although
the concept is the same.

3.2.1.4 Meteorological Instrumentation

Although the meteorological instrumentation subsystem was
the responsibility of the group from NOAA, it will be briefly
described here for completeness. During the times in which
millimeter wave data were being acquired, simultaneous
measurements of pertinent meteorological parameters were made.
These parameters included temperature, humidity, 3-dimensional
wind velocity, temperature and humidity structure parameters,
optical index of refraction structure parameters, and particle
size spectra. These variables were measured at the same height
as the MMW propagation path at two different stations placed
downwind from the path. These meteorological variables serve to
relate the MMW results measured to those obtained from the
turbulence theory. Figure 3-3 shows how the stations which
collected these met data were situated relative to the
propagation path and the prevailing wind, and Figure 3-13 is a
photograph of one of these met stations. A total of 39 channels
of met data were transmitted over fiber-optic links to the
receiver trailer, where they were stored on magnetic tape in time
coincidence with the 28 channels of MMW data.
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3.2.1.5 Data Collection/Processing Subsystem

The data collection system consisted of three
microcomputers operating in parallel, a hard disk, a video
monitor, printer, and a magnetic tape system. The 28 MMW signals
from the signal combiner discussed above were fed into a bank of
signal conditioners, multiplexed to an analog-to-digital (A/D)
converter and stored on tape along with the 39 channels of met
data. The met data were partially processed and A/D converted by
field computers located at the two met stations. The main
function of the computer is thus seen to be data accumulation and
storage, but it also performed a variety of other functions which
monitored the performances of both the MMW and met systems.
Among other tasks, the computer performed on-line calculations
of Pand B, output met data to chart recorders for monitoring, and
greatly aided in calibrating the MMW system. Although off-line
data processing is normally the province of larger and faster
computers, the data collection computer has also performed this
function in a limited way, mostly for quick-look calculations on
small amounts of data.

3.2.2 Results

Although detailed analysis of the MMW turbulence data is
still under way, and may continue for some time, some very
interesting and useful results are available. Intensity
fluctuations range from near zero in a heavy fog to about 50% of
the nominal amplitude peak-to-peak on a hot, humid summer day.
Fluctuations in rain and snow fall somewhere between these two
extremes. Phase fluctuations range out to +m on a hot, humid
summer day, corresponding to an angle-of-arrival of 200
microradians peak-to-peak. 1t appears that the log amplitude
variance of the amplitude fluctuations increases with frequency
as v7/5, as predicted by theory. The distribution of intensity
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. 3.2.1.5 Data Collection/Processing Subsystem g
The data collection system consisted of three -
microcomputers operating in parallel, a hard disk, a video i.
monitor, printer, and a magnetic tape system. The 28 MMW signals ﬂ'

from the signal combiner discussed above were fed into a bank of

signal conditioners, multiplexed to an analog-to-digital (A/D) DY
converter and stored on tape along with the 39 channels of met E
data. The met data were partially processed and A/D converted by ot
field computers located at the two met stations. The main P
function of the computer is thus seen to be data accumulation and g
storage, but it also performed a variety of other functions which kf
monitored the performances of both the MMW and met systems. f;
Among other tasks, the computer performed on-line calculations f
of Pand 8, output met data to chart recorders for monitoring, and E:
greatly aided in calibrating the MMW system. Although off-line Dy
data processing is normally the province of larger and faster ;
computers, the data collection computer has also performed this k(
function in a limited way, mostly for quick-look calculations on :S
small amounts of data. Ei
3.2.2 Results E
Although detailed analysis of the MMW turbulence data is o/
still under way, and may continue for some time, some very ;,
interesting and useful results are available. Intensity ﬁ.
fluctuations range from near zero in a heavy fog to about 50% of f:
the nominal amplitude peak-to-peak on a hot, humid summer day. =
Fluctuations in rain and snow fall somewhere between these two Eﬁ
extremes. Phase fluctuations range out to +7v on a hot, humid :a
summer day, corresponding to an angle-of-arrival of 200 vgl
microradians peak-to-peak. It appears that the log amplitude :'
variance of the amplitude fluctuations increases with frequency N
as v7/6, as predicted by theory. The distribution of intensity {
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fluctuations appears to be log normal, and that of phase
fluctuations is normal, also predicted by theory. It also has
been verified that water vapor in the atmosphere has a strong
effect, causing MMW index of refraction structure parameters to
be several orders of magnitude larger than those in the visible
spectrum. The next few subsections separately present results
obtained in clear air, rain, snow, and fog. Some of the figures
in these sections are the result of data processing by NOAA, and
were furnished by NOAA to Georgia Tech.

3.2.2,1 Clear Air Results

As was mentioned earlier, turbulence fluctuations are larger
in clear air than for any other atmospheric condition. It is
also true that the theory of turbulence in clear air is much more
mature than for other conditions, which is fortunate because the
effects of turbulence in turbid weather are more difficult to
explain, and if turbid weather effects were dominant, the
necessity for explaining them would become more urgent. Figure
3-14 shows intensity fluctuations measured at 142 GHz on a hot,
humid summer day, and Figure 3-15 is a copy of a chart recorder
trace which shows the corre~ponding phase fluctuations. Figure
3-16 shows intensity fluctuations measured at 173 GHz under the
same types of conditions. These fluctuations are perhaps the
largest observed during the Flatville series of measurements.
Table 3-I summarizes the atmospheric conditions under which these
173 GHz measurements were made. Figure 3-17 gives the
probability distribution of the 173 GHz fluctuations, and shows
that the log-normal distribution, predicted by thec:y, is a
better fit to the data than the normal distribution. Figure 3-18
shows the probability distribution of the 173 GHz phase
fluctuations, which are normally distributed, in accordance with

theory. Figure 3-19 shows measured values of the phase structure
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Table 3~ 1

Summary of Metoerological Parameters
Corresponding to Figures 3-16 and 3-18.

Average1Values

3
Humidity 19 g/m
Temperature 32°C
Wind speed 5.3 m/s
Wind ang’- 10°
Pressur 993 mb
Solar flux 94% of fullzsun
Wind stress ~0.14 (m/s8)
Humidity flux 0.1 (g/m°)/s
Temperature flux 0.03°C m/s
Stability -0.03

Square Roots of Variances
Humidity 0.72 g/m3
Tenperature 0.35°C
Wind speed 1.2 m/s
Wind angle 11°
Streamwise wind component 1.1 m/s
Cross-stream wind component 1.0 m/s
Vertical wind component 0.54 m/s
Structure Parameters

an from optical scintillometers 2 x 10713 0?3
C,r2 from optical an 0.03°c? m=2/3
C..? from resistance wires 0.03°c? n=2/3

T

qu from Lyman-a hygrometers

CT from resistance wires and
q Lyman-a hygrometers

an for radio frequencies

0.2 (g/m3)2 m

0.075°C (g/m>) m~

5.9 x 10712 ~2/3
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Figure 3-17. Intensity probability distribution function g
corresponding to Figure 3-16. Note that the log :;:
normal distribution is a better fit to the data. ;E‘.:
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antenna pair with 10 m spacing,
Figures 3-16 and 3-17.
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function for several different values of an at 173 GHz, and
Pigure 3-20 shows the corresponding values of the mutual
coherence function. It is expected that many more results at the
other frequencies will become available in the near future as
more data tapes are processed and processing algorithms are
perfected.

3.2.2.2 Results Obtained in Rain

In the course of the Flatville series of measurements, rain
proved to be the only atmospheric effect which caused the
propagation link to be essentially totally lost. This result is
in accordance with Mie scattering theory, which predicts that
attenuation due to rain is essentially constant for a given rain
rate for wavelengths ranging from several millimeters to the
infrared portion of the spectrum. One of the most interesting
results obtained in rain is shown in Pigure 3-21, which shows the
signal received at 173 GHz as a function of time during a heavy
rainstorm. The rain rate during this storm was 60 mm/hr at
times, and Pigure 3-21 shows that the signals from the
transmitter are not detectable at these times. Figure 3-22 is a
copy of a chart recorder trace from a weighing bucket rain gauge
corresponding to the data of Pigure 3-21, For this instrument,
the rain rate is proportional to the slope of the trace.

Some rain results were also obtained at 230 GHz. Figure 3-
23 shows rain rate as measured by an optical rain gauge, and
Pigure 3-24 shows the corresponding amplitude probability
distribu*ion function. Note that the distribution is much
narrower than the corresponding distribution in clear air shown
in Pigure 3-17. Note also that there are several peaks in the
distribution, each apparently correspoending to a time of
generally constant rain rate occuring during the data run., The

number of peaks in the distribution and the number of regions of
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INTENSITY CHANGES IN RAIN, 173GHz

PRIMARY POWER LOSS 19:40:10

[—v, POWER=0
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10110 IRt0 19:23 190:20 10:39 1039 19:83 19:68 20:03 20:08 20:13 20:18 20:23 20:28 20:33

TIME
Intensity changes observed in rain at 173 GHz for

Figure 3-21.

two of the four channels.
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Figure 3-24. Intensity probability distribution function
measured at 230 GHz corresponding to the rain gauge
trace of Figure 3-23. Note the width of this PDF
as compared to Figure 3-17.
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3
constant rain rate may not correlate perfectly because the rain i
gauge propagation path did not coincide with the MMW path. Note o
also that the PDF of Figure 3-24 is apparently truncated Figure “_
3-25 shows the corresponding phase PDF. This distribution *&
appears to be Gaussian although the rain rate changed #
significantly during the time that this distribution was -g
measured. Figures 3-26 and 3-27 show the spectra of intensity Qi
and phase fluctuations respectively, corresponding to the rain ﬂ%
results discussed above. The different spectra shown in each B
figure correspond to different methods of averaging the results. 3
The solid line spectrum in each case was obtained by dividing the N
data into up to 20 segments, taking the Fourier transform of each ::0::
and averaging the results. The dashed line spectrum was obtained %f
by considering the entire data run, or a reasonably stationary ::
part of it, and taking the Fourier transform. As a result of {3
these methods of deriving the spectra, the solid curve may be ?ﬁ
considered to be more valid for the higher frequencies (2 - 50 .
Hz), and the dashed curve more valid for the range up to 2 Hz. o
The large contribution of low frequency phenomena to the spectra R
results at least partially from instrumental drift, but in "%
several instances, low frequency changes were seen which g
corresponded to this low-frequency spectral content. 5.
=
o
3.2.2.3 Fog Results o
The smallest fluctuations in both amplitude and phase o
measured at Flatville occurred in fog. Apparently the air is K*
very calm and the atmosphere is very stable in terms of changes sl
in temperature and humidity. Fiqure 3-28 is a copy of a recorder §3
trace of signals received in a heavy fog, showing the extreme i
quietness of the fluctuations. At the time of these \?
measurements, the visibility was estimated to be about 100 m, but kﬁ
no method of quantitatively determining the visibility was e,
B '.
51 34

ROV NN ., O Wit ot ' g5 'a,' o Ny G R N W ST Gt '«-;: e e N e e T J-_'.\r::-'
”."'.‘f‘.“'a'?‘n"‘ﬂg.ﬂ!‘."'t"‘l‘.ki‘t‘\‘..\'.kn B .e.l'. l’?‘i'.-'::!‘l'e.l':'l‘.. ol.:‘: vl‘tl"!l'. (A AN, Vs tgh e 'hl‘. WL TR T L ‘.\’ f\" **



R T R N R R A R T N S N S S A S N T N BT S ER R MO OGS U U O W

.0
Y
x
o -
- by
< e,
< A
o 9 )
a'- P
3
o "
C v '
p »
o 9
3
L .2
(18 L "
Q. y
ae fo ¥
O )
QN 4 -
g -
)
S
'2 S ")
= b &
o] W
® L ’."'
o | .
2 °. L ..l
- i
Qe ~ =
N,
4 N
4 a’,
o 9 .
o :
L o4 4 Ny
o ::\.
o "
o« 4 :-
4 L2,
- .’,
:
o] Al L. NS
° ' v v - T L 4 A J v ‘
-00' o'o 0-1 \-'.
Phase Difference Pair 6 .
f
)

Figure 3-25.

F v

-

58

Phase probability distribution function i
corresponding to Figures 3-23 and 3-24. Apparently -
the gaussian profile is maintained independent of E,
rain rate. 52 "
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Figure 3-26. Intensity power spectra corresponding to Figures 3-
23 through 3-25. The two curves are derived by
different averaging methods as described in the
text.
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available. Despite this poor visibility, the MMW signals were
received with little apparent degradation of signal-to-noise
ratio (SNR); compared to the clear-air case.

3.2.2.4 Results Obtained in Snow

Several snow events were observed at Flatville, and
measurements were obtained at 116, 142 and 230 GHz. A typical
snowstorm would deposit perhaps 30 cm of snow in 6-8 hours, and
would be accompanied by winds up to 25 m/s. Near the ends of the
storms observed at Flatville, it was not possible to
differentiate between falling snow and ground blizzards caused by
the high winds. Despite these seemingly violent atmospheric
conditions, the MMW signals were propagated with little
apparent attenuation, since the SNR was always adequate, and the
fluctuations in amplitude and phase were much smaller than those
observed in clear air. Figqure 3-29 is a copy of a recorder trace
of signals received at 116 GHz during a heavy snow, and Figures
3-30 and 3-31 show the spectra of power and phase fluctuations,
respectively. It is perhaps surprising that during snowstorms,
when large particles were in the air and were being violently
agitated by high winds, the intensity and phase fluctuation
levels would be smaller than those observed during clear-air
conditions.

3.2.2.5 Summary of Results Obtained

The largest fluctuations in both intensity and phase
occurred in clear air under conditions of high temperature and
humidity, and the smallest occurred in fog. Other weather
conditions caused effects that were intermediate between these
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extremes with regard to fluctuations, but rain causes the o

X

greatest problems in MMW propagation because of its severe :?:
. C s o

attenuation. Of all atmospheric conditions observed at Ny
v,
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Pigure 3-30. Intensity power spectra observed in snow at
230 GHz.

58

?
§
3

it P R R R R R B A S I N I L B R RSP
’fv’f-\-'l’- .’\o~ f\$.. X u, o " |\~"



-1

°
. \
¥ :
g ‘
- .
i "’
f
¥ >
i '

[}

’ L]
: ;
g ‘
- ;
w* :
w! !
)
Figure 3-31. Phase difference power spectra observed in snow at ¢
’
230 GHz for three different antenna spacings. A
“'
~
R




Platville, rain was the only one that completely shut down the
atmospheric transmission link, and this near total attenuation
occurred only once while measurements were being made, as shown
in Figure 3-21., At other times during rain events, the signals
were observed to fluctuate slowly in correlation with rain rates
observed with other instrumentation (17]). Figure 3-32 shows the
variance of phase fluctuations measured in clear air and snow at
several different frequencies, indicating again that the largest
variations occur in clear air. Table 3-II lists typical standard
deviations of amplitude and phase fluctuations measured in clear
air, rain, snow, and fog. Figure 3-32 and Table 3-1I may be
considered a summary of the results of the measurements made at
Flatville.

In any atmospheric measurement program the bottom line
question of whether or not the atmosphere affects system
performance must be asked. On the basis of the preliminary
results obtained thus far, it must be concluded that the effects
are probably not very serious. Intensity fluctuations affect
signal detection probability, but only at near maximum ranges
where detection may be marginal in any case. Angle-of-arrival
fluctuations cause angular errors, but this effect is most severe
in clear weather where sighting methods other than MMW could be
used. Nevertheless, the results obtained during this series of
measurements must be considered by the MMW system designer for
each individual system, because degradation of performance caused

by turbulence may be considerable in some specific applications.




100
'k

1 Koimogorov's : |
8/3 power iaw 1 N
b 4 ’
X 9 t
A
',
. 0 - J Y
~ F Summer clear sir "
* .
é [ 116.3 GH2 1
< 4 -
b
-l [/
4 | :
1 e
—-— A‘.
! ‘
g e} X g
w Heavy snow 230 GHz 2 ‘
g 1 } p ]
: . | "
E a ] 9
: b x * c
- .
=
S . 16.3 GH2 -
g a
2 |o'3r ! j .
/ ¢ . ] ”
+ < L)
4 \J
< Py
1 Light show 1 v
W ~
4 <
+
p » -
F\
~ . " N
10~ L , R
10 10 X

ANTENNA SPACING (M)

Pigure 3-32. Comparison of phase difference variances observed
in snow at 116 GHz and 230 GHz to clear-air
variances observed at 116 GHz.

61




Table 3-1I

TYPICAL FLUCTUATION LEVELS IN
MILLIMETER WAVE PROPAGATION

STANDARD DEVIATIONS

ANGLE OF
INTENSITY ARRIVAL
CONDITION (PER CENT) ( u rad)
JUMMER DAYTIME
CLEAR AIR 7.4 38
SNOW
~NEAR START 1.9 4.0
-BLIZZARD 2.4 8.4
-GROUND
BLIZZARD 1.4 4.4
WINTER RAIN 1.0 3.8
WINTER FOQG 0.2 1.1

Boesed on 20-second slices of deate;

l.e., 2000 dete points.
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4. Conclusions

As mentioned earlier, the agreement between measured and
calculated turbulence results seems to be rather good regardless
of which theory one uses to describe these phenomena. It has
been said that the state of clear-air optical turbulence theory
is good enough for all Army applications, and it is suggested
here that the same conclugsion may be tentatively reached for MMW
turbulence theory, with the possible exception of poor-weather
turbulence. Optical system performance in poor weather is less
of an issue than MMW performance, for obvious reasons, but the
theory for optical propagation in poor weather is in need of some
attention. The reasons for these gaps in poor-weather theory are
obvious; the conditions are highly variable and the calculations
are almost intractable. It is of some comfort to realize that
the worst conditions of turbulence by far for MMW applications
are foind in clear weather, so that turbid weather turbulence is
not of great concern. The remainder of this section agsesses the
state of agreement between theory and experiment obtained using
the results obtained at Flatville.

The Flatville series of measurements provide essentially all
of the basis for the assessment of the state of agreement between
theory and experiment avajilable, since this series of
measurements was very carefully instrumented. The majority of
the Flatville results referred to herein are given in Section 3.
To complement these comparisons of theory and experiment, Figure
4-1 [13) shows how the log intensity variance as determined from
actual measured data compares to that calculated from an
determined from the metecorological instrumentation. In
determining an. the quantity in parentheses in Equation (2-7) 1s
used, with the cross-correlation term given by Equation (2-8).
These measurements were made at 173 GHz, and the values of an
for each of the six data runs made on that particular day in July
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Figure 4-1. Comparison of calculations of an using the
inertial range formula to measured values.
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1983 are given in the table which is part of the figqure. This
figure shows that the predictions of theory for the log amplitude
variance are always slightly higher than the measured values.
The conditions shown in this figure represent the worst
encountered during the Flatville series of measurements, and the
value an = 5.9 x 10712 p=2/3 g the largest value of this
parameter measured at Flatville, regardless of conditions. This
value is considered useful for making calculations of worst-case
effects, although larger effects might be observed at other
places in the world. It is certainly possible that an could be
larger under tropical conditions or for an over-water path, but
the use of this value gives a good indication of the performance
of Army MMW systems under conditions of high atmospheric
turbulence. Fluctuations observed at night were generally at
least an order of magnitude smaller; evenings were used for
calibration of the MMW equipment because the atmosphere was very
quiet.

It was indicated above that a possible shortcoming of the
results obtained to date on MMW turbulence effects is that they
are perhaps limited by the range of climatic conditions observed
at Flatville. PFor example, it was found that the combination of
heat and humidity cause the greatest perturbations of MMW signals
propagated through the atmosphere. Although very hot and humid
during the summer, the conditions at Flatville do not approach
those at some locations in the tropics or on paths over water.
To assess the effects of turbulence on MMW propagation under
these conditions, it has been suggested (18] that a MMW an
measuring instrument, similar in principle to those developed at
NOAA for the measurement of optical an. be designed and built.
Such a system could be deployed anywhere in the world and would
operate unattended, gathering valuable data on the statistical
occurrences of extremes of MMW an. With two receivers as shown
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in Piqure 4-2, measurements of relative phase shift and crosswind
velocity could also be obtained. After building one such
instrument, others could probably be built at fairly low cost, so
that a network of such devices would be available for collection
of MMW turbulence statistics at several points of interest to the .
Army throughout the world.

Only minimal comparison of the results of theory and

O A

L
experiment are possible at this time because much of the cata -
analysis is yet to be completed by NOAA. Other examples Hf :-
plausible agreement obtained during this program or during other byt
studies are the measurements made at Burlington, VT with results ¥
shown in Pigure 3-2, and those obtained at White Sands Missile o
Range by workers from Georgia Tech. As far as can be determined, f;
measurements made by Soviet workers also show reasonably good Nt

\J
agreement with theory. 1In summary, it appears that the state of &
- U
agreement is good, and that further comparisons to be made by L
NOAA during further study of the Flatville data will further Y
confirm this assessment. ' %-
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Abstract

The effects of atmospheric turbulence on millimeter wave propagation are not as well understood us t..
corresponding effects on optical propagation, generally because of the strong dependence ot turbulence
effects on the absolute humidity structure parameter CQ (as opposed to just the temperature structur.
parameter Cr- and the cross—correlation er) in this frequency range. Scattered results at 35, Y4, (i~ , ,
220 GHz are available, but in almost all cases, available atmospheric data are inadequate, generallv nrkdh.
turbulence measurements were obtained incidental to other propagation experiments. Tnis paper attemuts :
compare available results to theory, and shows that agreement in most cases is plausible. An experiment
designed to characterize millimeter wave turbulence at several frequencies of interest, while at the su.
time determining values of appropriate atmospheric parameters, will be discussed. Included in tne pianu.
investigation are measurements of the mutual coherence function showing angle-of-arrival effects and
intensity fluctuations.

Introduction

The recent increase in interest in the use of millimeter waves for both civilian and military applicu.::.
has caused emphasis to be placed on the study of the effects of the atmosphere on radiation in this frequec..
range. Attenuation by oxygen and especially water vapor, scattering by aerosols, and perturbations oy
atmospheric turbulence are among the subjects being studied at several laboratories in this country and
throughout the world. One would expect all of these effects to be different for millimeter waves than ta:
either the microwave or the infrared/visible spectrum because of the peculiar problems associated with r:
propagation of radiation of intermediate wavelengths through the atmosphere.

In considering atmospheric turbulence at millimeter wavelengths, for example, the contribution or tic
absolute humidity fluctuations, measured by the structure parameter C.2, must be considered in aadition to
the fluctuations in temperature, characterized by the structure parameter C13. Furthermore, the cross-

correlation of these quantities, Cy,, which may be either positive or negative, must also be included i: tn-

analysis of millimeter wave turbulence effects. These effects include fluctuations of both intemsity anc
angle-of-arrival, and both of these phenomena will be treated in some detail in tnis paper.

In the fall of 1978, millimeter wave propagation measurements were made by Georgia Tech at both Y4 and .-
GHz at White Sands Missile Range, New Mexico, over a 2 km pathl. Humidity, temperature, and the visible
wavelength index of refraction structure parameter an were also measured. Significant intensity
fluctuations were observed at both frequencies during these tests. These fluctuations could be explainec
plausibly by a theory of turbulence effects developed by Armand, et al.?, who included the effects or the

structure functions of both temperature and humidity in their calculations, although the cross=—correlaticn o:

thegse parameters was not adequately treated. A treatment including this cross-correlation has been give:
Hill, et 11.3, whose theory also gives plausible agreement with the White Sands results, as will be snowi.
later. Subsequent measurements were mgde during winter propagation tests near burlington, Vermont at Ire-

quencies of 35, 95, 140, and 220 GHz*°’. Again, little supporting turoulence related meteoroloyical aata ur:

available because turbulence results were obtained incidental to the propagation measurements. However, il.
observed effects of turbulence showed good asgreement with the expected theoretical dependence or the log
amplitude variance on both frequency and range, as will be discussed later. The results of these measure-
ments, together with a discussion of their comparison to the theory of Hill, et al. is the main tnrust o:
this paper. .
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Since 8 complete characterization of the atmosphere was not available because of limitations in instru-
mencation, it was necessary to make some iaprovisations in the comparison ot theory and experiment. For the
White Sands sessurements, the log amplitude variance was determined from the chart recorder tracings for both
the 94 and 140 GHz propagation links. The values of this parameter wers then substituted into the equation
for log -plgtudc variance derived by Hill, et al. to deduce the valuss of the abeolute humidity structure
parameter CQ- which according to theory would have caused the millimeter wave effects observed.
meter (along with CTQ) is the only facgor ig the equation not measured at White Sands. An assumption was
sade about the relationship between CQ‘. Cr°, and Cpn that provides a value for the cross-correiatuon as will
be explained later. The result of the calculation is that plluu&blc values for C,- are obtained. For the
Burlington measurements, values of the log amplituce variance 7 ~ were determined fro-)ehart recorder traces
for four different frequencies . and two different ranges L. For the longer range, - ° follows the the theo-
retical ‘/®variation very well, but the agreement for short path is not as good. The data follow tne Ll1/®

range dependence fairly closely. Both sets of measurements will be discussed in more detail in the followiny
sections.

This pars-

Results of Theory

Hill, Clifford, and Lnur.nce3 have derived an expression for the log amplitude variance of the fluctua-
tions of electromagnetic radiation propagating through theé turbulent atmosphere which holds for microwave
through optical frequencies and maintains the dependence on C 2. C 2. and Ctg. This equation comprises

separate contributions from the real and imagifary parts and trom the cross-correlation of these parts, as
follows:

X R 1 Ix (L

where R, I, and IR refer to the real, imaginary, and cross-correlation contributions, respectively. The real
part of cxz is given by

Lo\ -7/
okz - 0,126k /6L1/6 |1 _ 5,73 oS
(2)
2 c'rz 2 cgz Cr
® — + A + 2 A
Ar Py Qo At @)

where k is wavenumber, <T> is the mean value of temperature, <Q> i3 the mean value of absolute humidity, and
L° is the outer scale dimension. The dimensionless parameters AT and A are given by

Q
AT-<T>-§% x 1076, (2)
P,Q
aN -6 .
A = X x 1078, )
Q Wp g

where N is the refractivity of the atmosphere. A third equation involving where P is atmospheric pressure
must also be considered but pressure fluctuations are shown in Reference 3 to have a negligible ef<ect on
refractive index fluctuations at all frequencies of interest. The refractivity N is given by:

N = (a-1) x 10° = (77.6 *K/mb) & + (171 x 107 °x/g/n3)§ , (5)

where P is in millibars, T is in degrees Kelvin, and Q is in g/n’. This equation neylects terms which re-
present dispersive contributions to the real part of the refractive index in the neighborhood ot millimeter

wave absorption lines. Keferences 3 and b6 show plots ot the refractivity which support tne fact that aispersive
contributions are at most a few percent in the frequency regiuns between lines, and theretore they would not

have an important contribution to turbulence phenomena. Combining tquations (3), (4), and (5) finally gives
for AT and AQ:

AT--wa"’. ()

Ay = (171 x 107 kg’ $ x 107
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The contributions of the parameters ° ¢ and ik to the log amplitude variance afe¢ considered nexliplioie
because they contain a parameter BQ given vby:
1 Ll (
B & e —
. Q ., w)(N)TP ’

vhere B 1s the atmospheric absorption coefficient. In the low-trequency window regions, thls parameter 1s
considered negligible, as is borne out by calculations displayed graphically in keterences J und .

Finally, it is necessary to devige some gort of value for the cross-correlation term in rqudtivn (Z).
Hill, et al.” suggest that an order-of-magnitude estimate for ¢, is

TQ
) 2 2\ 112
¢ c ¢
<'r§< 5 "t 7 = 7 ’ ¢
Y T\t @

assuming a correlation coefficient of + 1. For calculations in this paper, the positive siyn was cnosen
because data were taken on sunny days when the surface was a source of both numidity ana neat - implying
that humidity and temperature fluctuations would have a strong positive correlation.

Using the above results, it is possible to substitute into kquation (2) and calculate values of CQZ based
on substituting values of g 2 ob:ainid from chart recorder tracings of field measurements. A later section
treats the comparison of values of C .~ determined in this way at Y4 and 14U GHz, and also compares the rre-
quency and range dependences of fie18 measurements to those given by Equation (2).

Degcription of Experiments

Two sets of measurements are used for comparison with theory in this paper, namely the propagation tests
mentioned earlier that were conducted at White Sands Missile Range, MM, and those conducted at Burlington,
VT. For both sets of tests, meteorological data including temperature, humidity, wind speed and direction,
and optical Cu2 were generally available; but unfortunately many of the sensors for the uurlington measure-
ments were damaged in a storm the night before the measurements were made. Measurements of Cg~ and L1q were
not available for either case, which emphasizes a serious need for making dedicated measurements or wmilli-
meter wave turbulence effects. Both sets of turbulence data were obtained incidental to other propagation
tests. A system designed for making such dedicated measurements is described in Reference 7.

Figure 1 is a sketch of the experimental arrangement used for the White Sands tests, which were conductea
at 94 and 140 GHz over a 2 km path in the desert. The transmitters used for both frequencies were tree-
running klystron oscillators with about 50 mW power output. A precision rotary vane attenuator was used to
calibrate several levels of attenuation for the Y4 GHz system, but it was necessary to calibrate tne l4u stz
attenuation by simply blocking or unblocking the transmitter. The transmitters were lUUi modulated with a l
kHz square wave to facilitate the use of phase sensitive detection. both transmitter ana receiver antennas
were horn-lens combinations with beamwidths of 2 degrees for each frequency, and measurements were made
simultaneously.

Superheterodyne receivers were used tor both frequencies. The Y4 GHz receiver used a tundarental mixer
with a local oscillator near 94 GHz, while the 140 GHz receiver used a harmonic mixer pumped by a 7U Ghz
klystron. Phase sensitive detection with lock-in amplifiers was used for both channels, with tne | knz
reference from the transmitter modulator transmitted over twisted-pair line to tne receiver. under tnese
conditions, it was necessary to reduce transmitted power to avoid saturating the receiver. Keceiver outputs
were recorded on a dual channel chart recorder.

Two different systems were used to make the Burlington measurements, The first system usec transmitter
and receiver vans separated by about 600 m, and operated at frequencies of 94, 14U, and 220 (Hz. The trans-
mitters were based on the pulsed extended interaction oscillator tube built by Varian Canada, and the re-
ceivers were simple video detectors. Cassegrain antennas with 60 cm diameters were used tor both transmitters
and receivers. Unfortunately, the data obtgined with this system did not have sufficient xain to pernmit
accurate determinations of the values of Ox from the recorder tracings. Uata from the second system were
therefore used for the comparison to be discussed in the next section.

The second systeam included pulsed radars at 35, 95, 140, and 217 GHz which used IMPATT transmitters ana
local oscillators. This system used corner cube reflectors at ranges ot 152 and 6lU m to generate returns
and was originally designed to measure absolute atmospheric attenuation at these Irequencies. tigure . 1s a
schematic diagram of the second system.
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Comparison of Theory and bxperiment

The seasurements sade at White Sands Missile Range were divided into a number of separate "events” in
which an explosive charge was detonated in the propagation path and the subsequent deterioration ot milli-
meter wvave signals was observed at the receiver. Measurements of turbulence effects were necessarily
confined to times slightly before and after these events, because the primary purpose of the experiments was
to observe propagation through dust. Unfortunately, there ware only five events in which both the Y4 and i«
GHz systems operated simultaneously well enough to meaningfully compare turbulence effects.

In comparing theory and experiments, measured.values of JYZ. P, T, and Q were substituted into bquations
(2), (3), (4), and (5) to determine values of Cy° for both Y4 and 14U GHz. Table I gives values of para-
aeters used to make these calculations. CTZ was determined from asasurements of optical scintillation by
using the relation

2
2 Cul 62
CT - Top x 10 R (.2}

where C 2 is the visible aayelength index of refraction structure parameter, and P iu measured in millibars.
Table I gives values of J obtained from chart recorder tracings and values of C_° determined using
tquation (10), for each event. Simultaneous dsta at Eh. two frequencies were not gbtained for Events A-l and
s-1, as indicated in the Table. Figure 3 compares C)" determined in this way from 94 and L4V LHz measure-
aents for each of the five events for which simultaneous data were obtained. The solid curve has unity
slope, and all of the points should, of course, lie on this straight line for ideal agreement with theory.

It is also possible to compare measurements of the frequency dependence of the log amplitude variance to
theory. The log amplitude variances calculated at the two frequencies are related by

7/6
ox2(140) = \L2 | 02 (94), (11
according to Equation (2). Figure 4 shows the comparison between values of this parameter measured at the

two frequencies for the five events. Again, the points should lie on the straight line given by Equation
{11).

The variance of angle-of-arrival fluctuations for a spherical wave is given byu

2 2 -1/3
0, =050 ‘r (12)

“here r is antenna spacing and o, is measured in radians. Although angle-of-arrival fluctyations were not
measured at White Sands, it is of interest to determine their magnitude using values of C calculated from
quationz(Z). In making this determination, note that the factor in parentheses in this gquation involving
€., CQ , and CTQ is just the millimeter wave an. Figure 5 is a plot of peak-to-peak (b60,) angle of arrival
quctuations versus C ° using values of this parameter derived at 94 GHz. Since 0A2 in millimeter wave

4tmospheric windows i8 approximately independent of frequency, by Equation (12) neglecting dispersion, the

PO RT A

GUF £ reuiiiit L & LS L A i et

cesults in Figure 5 may be taken as a representative prediction for millimeter wave windows. Values of C 2
@re noted on the curve, although this curve is not intended to compare theory and experiment. It is simpfy
intended to show expected values of angle-of-arrival for the observed range of an. An antenna spacing or .
r-] m was used for these calculations. f
2
That the values obtained for CQ2 are reasonable can be seen from the following plausibility arguments., If .
wilter vapor were thoroughly mixed 'so that its density fluctuations were driven solely by temperature fluctua- !
tivns, the following relation would hold
2 .
ce®t? o emdY ) ;
<Q> <T> ’ (13) i
2 ) .
S oL i '
(Q)Z <T>2
2
S ow?
2 2 : .
CT <T> ;
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However, in the case of very strong humidity (1ucluntton-3,
((6g22>1/2 - 100 <(4T22>1/2
@ <
°f C 2 4 2
Q - 10 <Q> )
c_rz <T>"

Table Il gives calculated valugs of CQZ/C 2 for each of the events ErCIt!d. In compagéng,thg average value
>f this ratio, which is 0.55 g°/a -°K< tI the average value of <Q>"/<T>" =~ 8.65 x 10 g /m ~°K in Table I,
one obtains

c? 2
L~ o0 22 25 e
¢, >

which is a reasonable result, indicating that the values of C 2 obtained in this way are plausible.

Q

Finally, the frequency and range dep’ndence. of ze measured at Burlington were compared to experiment at
35, 95, 140, and 217 GHz. Values of 9, obtained from the chart recorder t;?gings are plotted as a function
of frequancy for the 610 m path in Figure 6. The best-fif curve having a v depe? gpce was drawn through
these points (virtually a straight line). A change in 0," corresponding to (L /L) was then gcaled
downward on the graph, and a second straight line was drawn parallel to the fifst. Values 9; o," for a
range of 152 o were plotted on this graph. As seen in the figure, the agreement with the v 6 dependence is
very good for the longer path, but not as good for the shorter. It is possible that near-field effects
contributed to errors in the latter data. Also, these data were unaccountably noisier than the long path
data. However, Fig!te 6 shows that the agreement between theory and experiment for the frequency and range
dependencies of 0x 1is generally good.

Future Measurements

A dedicated millimeter wave turbulence measuring facility with several appropriate meteorological sensors
is being assembled by Georgia Tech and NOAA with support (rom the U.S. Army Research Office. This system
will consist of bistatic transmitter and receiver systems housed in trucks and will probe all of the
ataospheric windows and absorption lines in the range 118 GHz to 340 GHz.

The transmitter will be a phase-locked klystron oscillator with an offset paraboloid antenna mounted in a
step-van. Four receivers with separations varying from 1.4 to 10 m and pumped by a single local oscillator
will be used to measure turbulence induced phase and amplitude fluctuations, from which the atmospheric
mutual coherence function can be derived. These resulis will also give the log amplitude variance and the
nagnitudes of phase fluctuations from which the angle-of-arrival of the transmitted wavefront can be
deternined. The receivers will be mounted in a semi-trailer van and will use horn-lens antennas. Power from
the single phase~locked klyatron local oscillator will be distributed to the four receiver mixers by a system
of optical beam splitters and beam waveguides. The propagation path is expected to be about 2 km in length.

A complete set of meteorological instrumentation will proviie a:Qospheric data coincident with the
measured phase and amplitude fluctuations. Measurements of CT , C "CT , temperature, humidity, wind speed
and direction, and aerosol parameters will be made. Data acquisitgon and some limited preprocessing will be
accomplighed by &« microprocessor-based computer system, which will simultaneously store atmospheric
parameters and turbulence data on tape. Provision is also being made to record measured results on chart
recorders and CRT terminals to continuously monitor the data acquisition process.

This facility is expected to be operational in the fall of 1982 with frequency coverage from 118-174 GHz,
vith the other frequencies being added later. Reference 7 gives a detailed description of this measurement
system.

Lonclusions

This paper compares theory to experiment based on two sets of millimeter wave propagation measurements
obtained with limited meteoralogical data. Agreement in all cases is generally good, but it {s again
eaphasized that dedicated millimeter wave turbulence measurements must be made before realistic conclusions
can be drawn. At the present time, only scattered data are available. The millimeter wave turbulence
weasuring facility discussed briefly in the preceding section is designed to meet the need for more detailed,
dedicated measurements.
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Due to the nature of the sessurements discussed in this paper, sose care should be taken in relating thes
to sctual eituations or in using them to design millimeter wave systems. Allthough the agreements achieved
have been generally good, they may be fortuitous. It does appear, however, that the magnitudes of the
effects are great enough so that turbulence should be considered in the design of sillimeter wvave systess.
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Tadle 1 Table I1
Parasters Used in Calculstions 2 2 2.2
Based on White Sande Dats Values of C.°, o7, and C)"/Cy
- 2 2 2 6 2
Frequancies 94 and 140 GEz Events C,z('l - = 2/3) Oy CQ 1Cy (;2/- -
94 GHz 140 GHz
Path Langth L 2 ka -3
A-1 0.109 1.19x10 0.77
-5
A Outer Scale Dimension L° .58 B-1 0.545 1.20x10 0.066
; - -3 0.163 9.32x10™% 1.14x107? 0.41
; A -3.22 x 10 - -
t B~4 0.0436 2.12x10 1.76x10 Q.41
g A 5.03 x 107° 3-6 0.0218 1.862107% 4.96x107¢ 0.72
) -1 0.0654 2.66x10” 3.12x20™ 0.32
! < 209K - -
D=2 0.00654 1.46x10 ° 2.12x10 1.20
@ 8.5 g/n’ 2 2 2
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1. INTRODUCTION

VWIPNE LN -

Abstract. Increasing emphasis 1s being placed on the study of the effects of
atmospheric turbulence on the propagation of milimeter and submilimeter
waves because of the potential usefuiness of these frequency bands in both
military and civilian applications. The characterization of millimeter wave turbu-
lence effects is more complicated than that of the optical propagation case
because of a strong dependence on the humidity structure parameter CQ as
well as on the temperature structure parameter C, In addition. there 1s a
dependence on the cross-correlation of these two parameters, denoted by Cr.
Measured results on the effects of atmospheric turbulence on milimeter wave
propagation, which include both amplitude and phase fluctuations, are very
limited and have generally been obtained incidental to other propagation mea-
surements. However, comparison of these limited experimental resuits with
theory has shown good agreement. This paper compares scattered results
measured at 35, 94, 140, and 220 GHz to theory, and shows that agreement in
most cases is plausible. A future experiment specifically designed to character-
ize millimeter wave turbulence, with special emphasis on measurement of the
pertinent atmospheric parameters, is also described.

Keywords: obscurastion effects on electro-optic. infrared, and millimeter wave systems
performance; millimeter wave propagation; millimeter wave instrumentation; millime-
ter wave turbulence measurements; atmospheric measurements. angle-of-arrival
fluctustions.

Optice! Engineering 22(1), 032-039 (Jenuary/February 1983).

In considering the effects of atmospheric turbulence at millimeter
wavelengths, for example, the contribution of the'absolute humidity
fluctuations, measured by the structure parameter CQZ. must be
considered in addition to the fluctuations in temperature, character-
ized by the structure parameter C,-z. Furthermore, the cross-correla-
tion of these quantities, Cyo. which may be either positive or
negative, must also be included in the analysis of millimeter wave
turbuience effects. These effects include fluctuations of both inten-
sity and angle-of-arrival, and both of these phenomena wiil be
treated in some detail in this paper.

In the fall of 1978, millimeter wave propagation measurciuents
were made by Georgia Tech at both 94 and 140 GHz at White Sands

" . X
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The recent increase in interest in the use of millimeter waves for both
civilian and military applications has caused some emphasis to be
placed on the study of the effects of the atmosphere on radiation in this
frequency range. Attenuation by oxygen and especially water vapor,
scattering by aerosols. and perturbations by atmospheric turbulence
are among the subjects being studied at several laboratories. One
would expect all of these effects to be different for millimeter waves
than for either the microwave or the infrared. visible spectrum because
of the peculiar problems associated with the propagation of radiation
of intermediate wavelengths through the atmosphere.

Invited Paper SP-1M recenved Aup 111982, revised manusenpt receised Sep 20, 1982,
ducepted lor publication Sep 20 1952 recenved by Muanagiag Editor Oct 26 1982 Thay
paper v a4 revision of Paper 10512 which was presented at the SPIE weminar on
Atmuospheng Fifects va blectro-Opuc, Intrared. and Millimeter Wave Syatems Pertor-
mance. Aug 27 I8 19%E San Dicger CA The paper presenied there appean (unreler-
eced) i SPIT Proceedings Vol WS
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Missile Range, New Mexico, overa 2 km path.! Humidity. tempera-
ture, and !hc visible wavelength index of refraction structure
parameterC were also mizasured. Significant intensity fluctuations

were obscrved at both frequencies during these tests. These Quctua-
tions could be explained plausibly by a theory of turbulence etfects
developed by Armand et al..” who included the effects of the struc-
ture functions of both temperature and humidity in their calcula-
tions, although the cross—correlation of these parameters was not
adequately treated. A treatment including this cross-correlation has
been given by Hilletal .} whose theory also gives plausibic agreement
with the White Sands results. as will be shown {ater Nubseguent
mcasurements were made durtng winter propagation tosts near Bur-
lington. Yermont. at frequencies of 35 95 130 and 220 GHy ¢
However. littie supporuing turbulence related meteorologivdi data
are available because turhulence results were obtained nodentai te
the propagation measuremeats The observed ettecis o! turbulenie
showed good agreement with the expected theoretical dependenae ot
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MILLIMETER WAVE ATMOSPHERIC TURBULENCE MEASUREMENTS: PRELIMINARY RESULTS & INSTRUMENTATION FOR FUTURE MEASUREMENTS

the log amphitude vaniance on both frequency and range, as will be
discussed later. The results of these Burlington and White Sands
measurements. together with a discussion of their comparison to the
theory of Hill et al.. are treated in this paper.

Since a complete characterization of the atmosphere was not
available because of limitations in instrumentation, it was necessary
to make some improvisations in the comparison of theory and exper-
iment. For the White Sands measurements, the log amplitude var-
1ance was determined from the chart recorder tracings for both the 94
and 140 GHz propagation links. The values of this parameter were
then substituted into the equation for log amplitude variance derived
by Hill et al. to deduce the values of the absolute humidity structure
parameter CQ which according to theory would have caused the
millimeter wave effects observed. This parameter (along with CT )is
the only factor in the equation not measured at White Sands An
assumpuon was made about the relationship between C C,—2 and

that provides a value for the cross-corrclatnon as will be
ex;ﬂamed later. The resuit of the calculation is that plausible vaizes
for C are obtained. For the Burlington measurements, values of
the log amplitude variance o2 were determined from chart recorder
traces for four different frequencies vand two different ranges L. For
the longer range, the dependence of o 2 follows the theoretical v/
variation very well, but the agreement for the short path and thc
L'" 6 range dependence is not as good. Both sets of measurements
will be discussed in more detail in the following sections.

2. RESULTS OF THEORY

Hill, Clifford, and Lawrence? have derived an expression for the log
amplitude variance of the fluctuations of electromagnetic radiation
propagating through the turbulent atmosphere which holds for
microwave through optical frequencies and maintains the depen-
dence on CT CQ2 and Cyq. This cq.ation comprises separate
contributions from the real and imaginary parts and from the cross-
correlation cf these parts, as follows:

ol = og’ + o2 + o . (n
where R, 1. and IR refer to the real, imaginary. and cross-correlation
contributions, respectively. For spherical wave propagation, the real
part of a)‘2 is given by

L =3
= 012K 6 |1 — ( )
0.124k’ SLL 1 —-273 Lk

¢! Co’ ML
- A + AQ? +2A0A; ———— |-
( T 7> T <Q>? Aofr T30
where k is the wave number 2 A. <T> s the mean valur ot
temperature, <Q > is the mean value of absolute humidity anc 1 s

the outer scale dimension The dimensionless parameters A, and A,
are given by

A T~ 'a\') .
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- R .t
A() Q A0 ) it
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P
N =(n— 1)X10® = (776°K mb)T

+(I.7IXIO“°K‘g/m3)$~ (<4

where P is in millibars, T is in degrees Kelvin.and Qising m' Thi
equation neglects terms which represent dispersive contributions to
the real part of the refractive index in the neighborhood of miilhimeter
wave absorption lines. References 3 and 6 show plots of the refractiv -
ity which support the fact that these terms contribute at most 4 few
percent in the frequency regions between lines. and thercfore thes
would not have an important contribution to turbuience phenom

ena. Combining Egs. (3). (4). and (5) finally gives. for A, und A

A; = —=NXI107¢ ;

(1.71><|03°K,g/m3 —?—)XIO‘“ _

Aq

The contributions of the parameters g, and g, tv the g ume
tude variance are also considered neghgibie because they con
parameter BQ given by

B. = 1 <0O> 38)
e = T < \3g T.p

where B is the atmospheric absorption coefticiers ir -n-
quency window regions, this parameter isconsidered aey w ™
borne out by calculations displaved graphicaiiy r Ko,

Finally. it is necessary 1o devise some sor’ v uc
correlation term in Eq. (2). Hil! et ai * suggey "ha o
magnitude estimate for Gy 18

_Ge  _ (& <
<T><Q>  ~\«Q> -1

assuming a correlation cocthicient o
paper. the positive sign was hoser hes g ove 0
davs when the surface was » «ous- “
unpiving that humidits and ‘empe-a
strong positive corrcatior
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output. A precision rotary vane attenuator was used to calibrate
several levels of attenuation for the 94 GHz system, but it was
necessary to calibrate the 140 GHz attenuation by simply blocking or
unblocking the transmitter. The transmitters were 100% modulated
with a | kHz square wave to facilitate the use of phase sensitive
detection. Both transmitter and receiver antennas were horn-lens
combinations with beamwidths of 2 degrees for each frequency, and
measurements at the two frequencies were made simultaneously.

Superheterodyne receivers were used for both frequencies. The 94
GHz receiver used a fundamental mixer with a local oscillator near
94 GHz, while the 140 GHz receiver used a harmonic mixer pumped
by a 70 GHz klystron. Phase sensitive detection with lock-in ampli-
fiers was used for both channels, with the | kHz reference from the
transmitter modulator transmitted over twisted-pair line to the
receiver. Under these conditions, it was necessary to reduce transmit-
ted power 10 avoid saturating the receiver. Receiver outputs were
recorded on a dual channel chart recorder.

Two different systems were used to make the Burlington mea-
surements. The first system used transmitter and receiver vans separ-
ated by about 600 m and operated at frequencies of 94, 140, and 220
GHaz. The transmitters were based on the pulsed extended interac-
tion oscillator tube built by Varian Canada. and the receivers were
simpie video detectors. Cassegrain antennas with 60 cm diameters
were used for both transmitters and receivers. Unfortunately. the
data obtained with this system did not have sufficient gain to permit
accurate determinations of the values of o 2 from the recorder
tracings. Data from the second system were therefore used for the
compansons 10 he discussed in the next section.

The second system includcd puised radars at 35.95, 140, and 217
GH/ which used IMPATT transmitters and local oscillators. This
system employed corner cube reflectors at ranges of 152and 610 m to
generate returns and was originaily designed to measure absolute
atmospheric attenuation at these frequencies. Figure 2 is a schematic
diagram of the second system.

034 / OPTICAL ENGINEERING / January/February 1983 / Vol. 22No. 1
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Fig. 2. Disgram of system used for Butlington tests.

4. COMPARISON OF THEORY AND EXPERIMENT

The measurements made at White Sands Missile Range were divided
into a number of separate “events” in which an explosive charge was
detonated in the propagation path and the subsequent deterioration
of millimeter wave signals was observed at the receiver. Measure-
ments of turbulence effects were necessarily confined to times slightly
before and after these events because the primary purpose of the
experiments was to observe propagation through dust. Unfortu-
nately, there were only five events in which both the 94 and 140 GHz
systems operated simultaneously weil enough to meaningfully com-
pare turbulence effects.

In comparing theory and experiments, measured values of axz. P.
T, and Q were substituted into Egs. (2), (3). (4). and (5) to determine
values of Cq? for both 94 and 140 GHz. Table I gives values of
parameters used to make these calculations. C,2 was determined
from measurements of optical scintillation by using the relation

2
2 = 2 ——Tz 6
Crt = G2 sgzxi108) (10)

where C,? is the visible wavelength index of refraction structure
parameter, and P is measured in millibars. Table [ gives values of
0,2 obtained from chart recorder tracings and values of C;? deter-
mined using Eq. (10) for each event. Simuitaneous data at the two
frequencies were not obtained for Events A-1 and B-1, as indicated in
the table. Figure 3 compares CQz determined in this way from 94
and 140 GHz measurements for each of the five events for which
simultaneous data were obtained. The solid curve has unity siope,
and all of the points should, of course, lie on this straight line for ideal
agreement with theory.

It is also possible to compare measurements of the frequency
dependence of the log amplitude variance to theory. The iog ampli-
tude variances calculated at the two frequencies are related by

140

7.6
2 = { — 2
ox(l40) = (94> oy (94) , (i

according to Eq. (2). Figure 4 shows the comparison between values

TABLE 1. Parameters Used in Calculations Based on White Sands
Data

Frequencies 94 and 140 GHz

Path length L 2 km

Outer scale dimension L, 25m

A, -3.22x10™*

Aq 5.03x1075

<T> 289K

<Q> ’ 85g/m?

G2 Calculated from optical C,,?

C? Calculated

0,2 Determined from recorder tracings
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TABLE I1. Values of Cy%. 0 2, and C? /Gy’
Evers CA K2 m273) 0? Co/CR g2 /m® oK?)
94 GHz 140 GHz
A 0.109 1.19x107? 0.77
8-1 0.545 1.20x107* 0.066
B-3 0.183 9.32x10™* 1.14x1073 0.41
8-4 0.0436 2.12%107* 3.76x10™* 0.41
8-8 0.0218 1.86X107* 4.98x%10™¢ 0.72
D-1 0.0654 2.66x10™* 3.12x1074 0.32
D-2 0.00854 1.46x107* 2.12%1074 1.20
*Note: Vaiues of Co2/Cr2 were calculated by dividing CqZ, determined by averaging 94 and 140 GHz results, by Cy2
ot ]
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Fig. 3. Comparison of Cg? determined from 94 and 140 GHz °
measurements. 2 ]
of this parameter measured at the two frequzncia for the five events. —— - —_— _ —_
Again, the points should lic on the straight line given by Eq. (11), and ) H M M H w0 12ee
do fall fairly close to it. This is consistent with the findings of Cole et o)
al.,* who looked at the frequency dependence of oy 2 between 35and .
110 GHz.

The variance of angle-of-arrival fluctuations for a spherical wave
is given approximately by?*

= 034 LC2r '3, (12
where o, is measured in radians, and where r may be interpreted as
the spacing of the small antennas or the width of a large antenna.
Although angle-of-arrival fluctuations were not measured at White
Sands, it is of interest to determine their magnitude using values of
the millimeter wave C, 2 calculated from Eq. (2). In making this
determination. note thul the factor in parentheses in thls equation
involving Cr2 2 and CrQ is just the millimeter wave C . Figure 5
is a plot of peak-to-peak (60, ) angle-of-arrival ﬂuctuauons versus
Cn using values of this parameter derived at 94 GHz. Since oAz
millimeter wave atmospheric windows is approximately independent
of frequency, by Eq. (12) neglecting dispersion, the results in Fig. §
may be taken as a representative prediction for millimeter wave
windows. Values of C, are noted on the curve, although thiscurve is
not intended to comparc theory and experiment. It is simply intended
to show expected values of angle-of-arrival for the observed range of
Cn 2. An antenna spacing of r = | m was used for these calculations.
That the values obtained for CQ2 are reasonable can be seen from
the following plausibility arguments. If water vapor were thoroughly
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‘}\Lﬁa ) ~ s & >‘;“ ,‘. \.. “

q"‘| |“‘.‘; .l‘.‘)‘,‘i‘ t\'l

Fig. 4. Comparison of 5,2 determined from 94 and 140 GHz mea-
surements.

-mixed so that its density fluctuations were driven solely by tempera-

ture fluctuations, the following relation would hold:

<(6Q)2>l/2 _ <‘m2>112 a3)
<«Q> 000 <T>
and
Coz C’Tz
Q> <T>? a4
or
Co?  <Q>?
_Crz =12 (15)

However, in the case of very strong humidity fluctuations,*

<BQF>12
<Q>

100 <(5TE>!?
<T>

(16)
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Table 11 gives calculated values of Cn2/ C2 for each of the events
treated. In companng the average value of this rano, which is 0.55
#/m8 °KZ, 10 the average value of <Q>2/<T>? = 8.65X%10~*
g£/mb *K2'in Table I, one obtains

Cq <Q>?
— —_
cl 640 =y (18)
which is a reasonable result, indicating that the values of CQ
obtained in this way are plausible.

Finally, the frequency and range dependenm of 5,2 measured at
Burlington were compared 1o experiment at 35, 94, 140, and 217
GHaz. Values of a,2 obtained from the chart recorder tracings are
plotted as a function of frequency for the 610 m path in Fig. 6. The
best-fit curve having a »’/® dependence was drawn through these
points (virtually a straight line). A change in axz corresponding to
(L,/L,)'"/® was then scaled downward on the graph, and a second
stralght line was drawn parallel to the first. Values of 0. ? for a range
of 152 m were plotted on this graph. As seen in the figure, the
agreement with the /' depcndence is very good for the longer path,
but not as good for the shorter. It is possible that near-field effects
contributed to errors in the latter data. Also. these data were un-
accountably noisier than the long path data. However, Fig. 6 shows
that the agreement between theory and experiment for the frequency
and range dependences of ax2 is generally good.

5. FUTURE MILLIMETER WAVE MEASUREMENTS

Since there is a lack of properly instrumented experimental results on
millimeter wave turbulence and some indication that turbulence may
significantly affect the performance of millimeter wave systems,
Georgia Tech is undertaking a three-year program. with support from
the U.S. Army Research Office, to make dedicated measurements of
these effects using apparatus specifically designed for this purpose.
This apparatus will measure the most general c*.aracteristic of electro-
magnetic propagation. namely. the mutual coherence function. and the
remainder of this paper is a detailed discussion of the methods to be
used for these measurements. In addition. thorough meteorological
characterization will be done. as will also be described.

To obtain a nearly complete description of the effects of turbulence
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Fig. 8. Comparisan of the traquency and range dependence of 0,2 to
theory.
on millimeter wave propagation, it is desired 10 measure the function

F(r.) = V(T,.0V, (T, + T.0)

= p(T. T 0BT T (19

where V, and V, are the complex signal amplitudes from two anten-
nas, t |s time, é is relative phase. and r is the spatial separation
between the two antennas. The vector r locates the centroid of the
receiver antenna array in space. Note that the time average of Eq.
(19) is the mutual coherence function' if the ergodic hyvpothesis.
which states that a time average may replace an ensemble average, is
used. Futhermore, it is assumed that the field is statistically_home-
geneous and isotropic in the measurement plane so that F( r.t) =
F(r.t) depends only on the antenna spacing at a given time. This
hypothesis and this assumption are supported by results obtained in
optical turbulence measurements. In the determination of F(r . t) the
measurement time is longer than many periods of the propagating
frequency. but is short compared to the period of the highest fre-
quency fluctuations.

Actually, the assumption of statistical homogeneity is not really
correct for the entire vertical plane containing the measurement
apparatus because the atmosphere naturally changes with height
above ground. Moreover, angle-of-arrival effects may differ for
antennas separated by a vertical space as compared with the same
separation in a horizontal direction. Provision is made in the pro-
posed experiment to sense this effect, as described later in this paper.

The apparatus of Fig. 7 may be used to measure F(r ,1) for a given
value of r. Note that the power measured by the receiver will be!®

(Val2 = 1V, 12 +1V,12 + 2|V, IV,] p(r) cos[ay — B(N] . (20)
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::1.7. Schematic diagram of spparatus which may be used to measure
e.t).

where the time dependence is implicit. The parameter a, is a stepwise
variable phase shift that is varied to provide a means of measuring 8
and p. and V,, is the signal corresponding to a;,. The time dependence
is retained m Eq (20) because the circuitry is capable of making
measurements in a time short compared to the period of the highest
frequency atmospheric fluctuations. By varing a,, in steps through
the range 0, m/2, m, and 37/2, a set of four equations is obtained
which may be solved for p and 8 to give

1 IV”F _|Vz7o|z .

= tan~
A Volf =1V,

@n

(IVol? ~1Vigal?)? + (IVgol? = 1Vang?)
161V, 12 [V,]?

]’ =

(22)

The quantities IVol2 l 379]% are measured by varying a as noted,
and the quantities |V,| md IV,|? are measured by sequentially
blocking the two channels and making individual measurements.
Note that all of these measurements must be made in a time short
compared to the period of the highest frequency of atmospheric
fluctuations, but these timing requirements are well within the capa-
bility of available coaxial switches, phase shifters, and a micro-
processor used for making the calculations indicated above. The
advantage of this technique is that the receiver acts simply as an f
voitmeter, and the phase dependent parameters are ratios of real
measured quantities.

The above apparatus may also be used to measure the |mensn§
and an}le-of-amval fluctuations. The intensity is simply either| V|
orIVzl which are both needed for determination of p(r). To deler-
mine angle-of-arrival, note that the quantity B(r) is the instantaneous
phase between the antennas. Assuming that the angle subtended by
the antennas is small. it is possible to show!! that the angle-of-arrival
@ is related to the phase difference between antennas by the relation

B = krl . 23)

The apparatus discussed above then measures intensity and angie-of-
arrival fluctuations in addition to F(r ,t) and mutual coherence
function (MCF).

In deriving Eqgs. (21) and (22) from (20). four different discrete
phase shifts are assumed. Note that it would be possible to calculate
p(r)and B(r) by using only two phase shifts. namely. 0° and 90°, but
values derived in this way are strongly dependent on the measured
intensities| V|- and| \’2|2 indicating that the two receivers should be
carefully balanced to give accurate results. The four-phase shift
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Fig. 8. Diagram of beam waveguide system to be used for local oscillator
distribution. The reflectivity and transmissivity of the wire mesh beam
splitters will be varied to apportion the p st equaily to the four
mixers.
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Fig. 8. Schematic disgram of the four turbuk
system being fabricated at Georgia Tech.

approach eliminates much of this dependence and thus makes
receiver calibration easier.

A fairly serious shortcoming of a two-antenna svstem is that it
gives F(r.t), intensity, and angle fluctuations for only one spacing.
but measurements at several different spacings are rcquired to
determine how these parameters vary with r. For complete character-
ization of F(r.t) itis necessary to use a multiple antenna svstem with
many different spacings. In particular. a four-antenna system with
six possible spacings will be used. with the maximum spacing being
about 10 meters. Since a commeon local osciltator (1.O) must be used
for all four receivers, it will be necessary to use an opucal beam
waveguide!® for transmission of the low power LO over these dis-
tances. Figure 8 is a diagram of such 4 bcam waveguide. which 1»
expected to have a loss of about 4 dB over the longest path between
antennas.'’

The four receiver antennas witl be mounted onan 1 beam which is
in turn mounted in a semitrailer truca and will theretfore sense phase
vanations n the honzantal plane. A f{ifth antenna will be mounted
orthogonal 10 the other 1our and will have hmited abibhity to sense
vertical planc varrations< with only one possible spacing. Figure9iva
schematic of the measurement system, showing the transmitter van,
the receiver trailer, and the meteorological measurement stations.

Mecasurements will be made at selected frequencies in the 110 1o
170 and the 220 10 340 GHz bands. This combined coverage includes
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the oxygen absorption at | 18 GHz, the transmission windows at 140,
220. and 340 GHz, and the water sapor absorption at 325 GHaz.
Measurements made near the peaks of absorption limes may show
damping of fluctuations. This was shown earlier in measurements by
lzyumov'* and preliminary consideration has been given to theories
which may explain it.! Further measurements will provide an addi-
tional perspective for improvemems of the theory.

The receiver will use subharmonically pumped balanced mixers,
in which the LO frequency is an integral submultipte of the signal
frequency. In this way. the local ascillator kiysiron tubes will need
only to cover the range 55 to 85 GHz to provide coverage of the 11010
170 and the 220 to 340 GHz bands.

The transmitter will use klystrons operating in the range 110 to
170 GHz for the low band and will double these sources for the high
band. To provide for narrow receiver bandwidths which contribute
to good sioise figures, both transmitter and receiver klystrons will be
phasc-locked. and the receivers will employ double conversion witha
narrow band filter in the second intermediate frequency band. Table
11§ gives expected ranges under various conditions for each of the
frequencies to be used.

The phase shifting implied in Fig. 7 will be done at the inter-
mediate frequency. and the phase shift switching will be micro-
processor controlled. as will all data gathering, preliminary
processing. and storage. Both millimeter wave and atmospheric data
will be stored simultaneously on the same tape.

6. ATMOSPHERIC MEASUREMENTS

To make meaningful measurements of the results of turbulence on
millimeter wave propagation, it is absolutely essential that the perti-
nent atmospheric parameters be carefully measured. The turbulence
related parameters Cy2, Co?, and Cyq, which combine to give the
millimeter wave refractive index structure parameter an. are espe-
cially important and are also difficult to measure. Other parameters
of a more conventional nature that must be measured are wind speed
and direction, temperature, and dew point. If measurements are
made in turbid weather, characterization of particle sizes and densi-
ties is important.

The temperature structure parameter is measured in a fairly
standard way by using two finc wire probes, separated by a distance
of a few centimeters. These wires each carry a small current, and their
resistances are strongly dependent on temperature, so that they can
be calibrated as very sensitive temperature probes. For small
temperature changes. the differential current through the probes is
proportional to the differential temperature between them. In this
way, the temperature structure parameter is

2
CTZ = (A_T> . (24)

3}

Thne apparatus may be calibrated by individuaily comparing the two
probes to a thermometer of known accuracy.

The humidity structure parameter is more difficult to measure
than the tcmperature parameter. The best approach appears to be the
Lyman-a hygrometer described by Buck.'s which makes use of the
strong ultraviolet absorption of the hydrogen Lyman-a spectral line
by water vaporat a wavelength of 121.6 nm. The Lyman-a hygrome-
ter consists of a hydrogen lamp source and a nitric oxide ion chamber
detector, separated by a distance o1 0.3 to 5 cm. The detector drives
an electrometer, whose output in turn feeds a logarithmic amplifier.
The humidity structure parameter CQZ is measured by using two such
hygrometer sensors separated by a distance of a few centimeters, and
s given by

. AQ ¥
(U- = (-Q.) . (25)

3

To determine C, g it is necessary that the C;? and C,? sensors
samplc the same volume of space as nearly as possible. so the sensors

TABLE lil. Maximum Ranges for 20 dB Signal-t0-Noise Ratio

Transmitter Range (km)
Frequency power
|GHz} output (mW) Clear Rain Fog
118 100 19.8 7.9 9.2
140 100 25.8 8.1 95
170 . 100 9.8 5.0 43
230 5 12.2 49 42
280 5 56 43 31
333 5 34 1.7 1.5
340 5 52 20 18

must be placed on the same mount. The parameter CTQ is the
cross-correlation of C; and Cq and is given by

_ <[tn-T@][Qen - ®]>
23

Cro (26)

where r is the separation between sensors, and the brackets denote a
time average. Note that Cr, can be negative, whereas C;2 and C,?
are positive definite. This is a further indication of the importance of
considering this cross-correlation in determining the effects of turbu-
lence on millimeter wave propagation.

As a check on the performance of the C;2 and C,? sensors. the
optical refractive index structure parameter C2 will also be mea-
sured. This measurement will be made using an optical scintitlometer
developed by Wang et al.'¢ This device actually determines an by
measuring the variance of the log-amplitude of a propagated optical
beam and makes provision for rendering the effects of saturation of
scintillation negligible.

The remainder of the atmospheric parameters are measured by
generally accepted techniques using standard instruments. The outputs
of all of these sensors will be recorded simultaneously with the millime-
ter wave data to avoid errors in data coincidence. Depending on the
flatness of the measurement site and the proximity of trees and build-
ings. it will be necessary to duplicate the C;? and C* measuring
apparatus several times over the path. For nearly homogeneous prop-
agation paths. only one or two sets of instruments may be required.

7. CONCLUSIONS

This paper compares theory to experiment based on two sets of mil-
limeter wave propagation measurements obtained with limited meteo-
rological data. Agreement in all cases is generally good. but it is again
emphasized that dedicated millimeter wave turbulence measurements
must be made before siringemt conclusions can be drawn. At the
present time, only scattered data are available. Due to the nature of the
measurements discussed in this paper, some care should be taken in
relating them to actual situations or in using them to design millimeter
wave systems. Although the agreements achieved have been generally
good, they may be fortuitous. 1t does appear, however. that the magni-
tudes of the cffects are great enough so that turbulence should be
considered in the design of millimeter wave systems.

This paper also describes a planned experiment that is capable of
measuring intensity and angle-of-arrival {luctuations, as well as the
mutual coherence function, for millimeter wave propagation up to a
frequency of 340 GHz. The experiment wiil make use of a series of
klystron oscillatorsin such a way that the number of these expensive
sources is minimized. The MCF can be measured for antenna spac-
ings up to 10 m by using a beam waveguide for distributing the local
oscillator power to the individual receivers. A total of four receners
1s planned. giving six possible antenna spacings tor determination of
the MCF.

Measurement of the turbulence related atmospheric parameters
Cy3.Cy .and Cyq wilt also be made. as well as the optical C,". Other
atmospheric parameters 10 be measured include wind speed and
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directioq, temperature, humidity, and dew point. For measurements
in rain and fog. particle size distributions as well as rain rate will be
measured. All of these atmospheric data will be stored on magnetic
tape. simuitaneously with the millimeter wave data.to avoid errorsin
data coincidence. The experiment will be microprocessor controlled
as far as possible. All of the phase switching functions, preliminary
calculations, and data measurement will be handled by the processor.

Preliminary calculations show that angle-of-arrival fluctuations
may be of more significance than intensity fluctuations because the
fade margin of most systems is likely to be adequate for the latter
effects. Based on caiculations in this paper, angle-of-arrival peak-to-
peak deviations are expected to be in the range 50 to 250 microradians.
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Near-Millimeter-Wave Sources of

Radiation

ROBERT W. MCMILLAN, SENIOR MEMBER, IEEE
Invited Paper

This paper describes coherent sources of radiation useful in the
near-millimeter-wavelength spectrum, generally taken to span the
range of about 80 to 1000 GHz, however, both optically pumped
and discharge pumped lasers are excluded from this treatment,
since these devices are adequately covered elsewhere. Included in
this discussion are solid-state sources such as IMPATTs and Gunn
devices, tube sources such as klystrons, magnetrons, and
backward-wave oscillators; and newer sources including TUN-
NETTs, gyrotrons, and relativistic electron-beam devices Because of
the large amount of material to be covered, the treatment is limited
to a brief description of each device and an enumeration of its
capabilities, no attempt is made to give a detailed discussion of
device physics, as references are available for this purpose. Phase
and frequency control of near-millimeter-wave sources is becoming
increasingly important because of applications of this spectrum to
Doppler radar, communication, and measurement systems. The
paper concludes with a presentation of phase and frequency con-
trol results for both tube and - olid-state sources.

L. WNTRODUCTION

There are three basic types of near-millimeter-wave
(NMMW) sources: 1) solid-state sources such as Gunn and
IMPATT diodes, 2) vacuum-tube sources including klystrons,
magnetrons, and gyrotrons, and 3) laser sources including
both discharge a:.d optically pumped devices. Technology
in all three source areas has been advancing rapidly for the
past ten years, with tubes such as the extended interaction
oscillator (EIQ), the backward-wave oscillator (BWO) or
carcinotron, and the gyrotron being rapidly improved. These
devices are capable of usable power outputs into the
hundreds of gigahertz, and the capabilities of the gyrotron
and related devices as high-power, high-frequency oscilla-
tors are just beginning to be realized. Solid-state sources
such as the Gunn oscillator and the IMPATT (Impact loniza-

Manuscrnipt received August 18, 1983, revised September 14, 1984
Support for the measurements reported on in this paper was
provided as part of an atmospheric research program funded by the
US Army Research Office under Contract DAAG?29-81-K-0173

The author s with Georgia Tech Research Institute. Georgia
Institute of Technology, Atlanta GA 30332, USA

tion Avalance Transit Time) diode continue to advance
rapidly and are being complemented bv newer sources
such as the TUNNETT (Tunneling Transit Time) and MITATT
(Mixed Tunneling and Avalance Transit Time) oscillators. At
one time, solid-state sources were exclusively relegated to
perform as local oscillators, but recent advances in IMPATT
technology have led to coherent radar transmitters that
perform well in the 90-GHz range, and it appears that a
140-GHz transmitter capable of useful power output could
be built with existing technology. NMMW lasers are also
becoming increasingly useful, and these devices are dis-
cussed in a separate paper in this issue by Tobin [1]

The usefulness of both tube and solid-state sources has
been greatly enhanced by improved methods of phase and
frequency control. Both injection and phase-locking tech-
niques are used to generate the high coherent power out-
puts required for Doppler radar systems. Solid-state- and
tube-type amplifiers in the near-millimeter wave spectrum
are used to generate coherent outputs by excitation with
lower power phase-locked sources

Power combining of solid-state sources is used to gener-
ate useful transmitter power in the NMMW spectral range
This approach provides compact and reliable transmutters
operating from low voltages, and allows for the fabrication
of all solid-state systems at near-millimeter wavelengths
Circuit-level power combining is used exclusively at the
frequencies of interest, but chip-level combining may be
feasible for future sources. Power combining is discussed
briefly in Section Il

Sections Il and 1l of this paper treat solid-state and tube
devices, respectively. Section 1V discusses phase and
trequency control of near-millimeter-wave sources, and
Section V gives some conclusions reached during this study.
No attempt is made to provide a treatment of NMMW
device physics, as such a treatment is beyond the scope of
this paper. Rather this paper attempts to give the reader an
understanding of device capabilities through a discussion of
power, frequency, bandwidth, and other characterstics
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Fig. 1.
drift (a) and double-dnft (b) structures, respectively

which would aid him or her in making the best choice for a
given source application. References are provided for those
who wish to study these sources further.

1. SOUD-STATE SOURCES

Solid-state near-millimeter-wave sources include IM-
PATTs, Gunn-effect oscitlators, TUNNETTs, MITATTs, and
harmonic generators. Gunn devices are also called trans-
ferred-electron oscillators , . £Os) because of the way in
which negative resistance is generated in these sources by
transfer of carriers from a high-mobility energy band to one
of lower mobility, as will be discussed shortly. A brief
description of the operation of each of these solid-state
sources will be given, followed by a discussion of device
capabilities. The field-effect transistor (FET) i1s not discussed
because its highest frequency of operation to date is about
70 GHz, however, these devices may be capable of operat-
ing at frequencies greater than 90 GHz in the near future

IMPATT Oscillators

As the name implies, IMPATT oscillators employ impact-
wonization and transit-time properties of semiconductor
structures to give negative resistance al microwave frequen-
cies. Typically, a p'-n-n* device structure is biased slightly
into avalanche breakdown by an external voltage [2]. (3]
Avalanche electrons, generated by impact iomzation near
the p* region, dnft across the nregion with a tranat hime
determined by the device parameters. This tranat time
causes the current to lag the voltage, and ocaillation 1
possible 1f this delay exceeds one-quarter cycle 1t v as-
sumed that the high-frequency components of the
thermal-noise voltage start these oscillations which are
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Schematic diagram of two manifestations of IMPATT device fabrnication (4], single-

then sustained by the negative resistance behavior of the
device. An excellent discussion of IMPATT theory has been
given by Kuno (4], [5] and by Kramer [6] who also gives an
extensive hist of references to this subject

Fig 1[4} is a schematic diagram of two manifestations of
IMPATT device fabrication. fig. 1(a) shows the single-drift
structure discussed above, and Fig. 1(b) shows the so-called
double-drift structure. In the single-dnft device, which 15
characterized by a p*-n junction, only the n region contrib-
utes to IMPATT operation, but in the double-drift structure,
which has a p-n junction, both p and n regions contribute
to operation. As might be expected, the single-drift device
is better for higher frequencies since the mobility of elec-
trons, which are the primary current carriers in the drift
region, is greater than that of holes.

IMPATTs are packaged as shown in Fig. 2 [4], with the
indicated structure being sealed for devices used up to 110
CHz and open for reduced parasitics [5] for higher finquen-
cies Fig. 3 [4], [5) shows how the device of Fig. 2 is typically
mounted in its waveguide circuit.

The state of the art in IMPATT power output capability as
of October 1982 is shown in Figs. 4 and 5 (7], [8] for pulsed
and CW devices, respectively. These figures are a compila-
tion of published data from Hughes, Plessey, and Raytheon.
The regions of £ ' and f - slope are caused by thermal and
circuit imitations respectively 4]

tfhicencies of IMPATT devices approaching 8 percent at
140 GHz have been reported Fig 6 shows the efficcencies
of both double- and ungle-dnft IMPATT. at frequencies up
to 140 GHz, as measured by Gokgor et al [9]. This figure
shows the roll-off in double-drift efficiency caused by hole
mobnlity himitations at about 100 GHz, an effect that does
not occur for single-drift devices until frequencies have
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Fig. 2. IMPATT diode packaging techniques {4].

exceeded approximately 140 GHz. The upper frequency
limit of these devices is about 300 GHz, and operation at
frequencies up to 255 GHz has been demonstrated Limita-
tions of IMPATTs are based on the ability of the semicon-
ductor to dissipate heat from the small volumes required

IMPEDANCE
TRANSFORMER

for high-frequency operation. An efficiency of 0.5 percent
at 230 GHz has been achieved for IMPATT oscillators [6]

Since IMPATTs depend for their operation on avalanche
breakdown in a semiconductor junction, they are inherently
broad-band, noisy devices. For many applications, such a<
receiver local oscillators, this noise output is prohibitive,
but it is possible to phase lock these diodes so that they are
useful in mary applications. Methods of phase locking
IMPATTs will be discussed in Section IV

Single-port CW IMPATT amplifiers capable of power out-
puts equal to that of equivalent oscillators have also been
devised [6]. An IMPATT device is configured as an amplifies
by using a three-port circulator as an input device as shown
in Fig. 7. Pulsed amplifiers are more difficult to stabilize,
and injection-locked oscillators generally replace amplifiers
for puised applications.

Gunn Oscillators

The Gunn oscillator is a solid-state device which depends
on the bulk properties of the semiconductor for 1ts oper-
ation, unlike the IMPATT which is a junction device [2], 3]
Its operation is based on electric-field-induced differential
negative resistance, caused by a transfer of conduction
band electrons from a low-energy. high-mobility energy
valley to a higher energy low-mobility valley. A bulk sem
conductor exhibiting differential negative resistance s in-
herently unstable, since a random fluctuation of carner
density within the semiconductor causes a momentary space
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Fig 3. Five methods of mounting IMPATT devices in waveguide circuits showing meth-
ods ot matching to the higher waveguide impedance (4] [5] Similar mounting methods are

used for Gunn oscillators
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Fig. 7. An IMPATT configured as an amplifier or injection-
locked oscillator {8]. A similar configuration is used for Gunn
amplifiers.

charge which grows exponentially in space and time. These
negative-resistance-induced space-charge fluctuations move
through the bulk device, giving rise to microwave oscilla-
tions. Fig. 8 is a simplified schematic diagram of the energy
levels in a GaAs Gunn oscillator.

The upper frequency limit of GaAs Gunn oscillators is
about 110 GHz, a limitation impesed by carrier mobility.
However, Gunns made from InP have exhibited power
outputs approaching 100 mW CW and 250 mW pulsed at
100 GHz, and appear to have an upper frequency limit of
about 200 GHz {10]-[14).

Since Gunn sources depend for operation on bulk rather
than junction semiconductor effects, and do not operate in
the avalanche mode, they are much quieter than IMPATT
devices. for this reason, they are generally usetul as receiver
local oscillators. It is also possible to phase lock these
devices in the same way as IMPATTs are phase locked, as
will be discussed in Section 1v.

Fig. 9 [6] shows the CW power output and efficiency
achieved as a function of frequency for GaAs Gunn oscilla-
tors. These devices are not generally operated in pulsed
mode because the pulsed power output is not much greater
than that of the CW mode. Fig. 10 shows the power output
achieved as a function of frequency for CW inP Gunn
devices. Table 1 [14] shows the CW performance of several
InP Gunn oscillators in the 89-100 GHz range, and Table 2
{14] shows InP pulsed performance in the range 89-94 GHz.

Indium phosphide Gunn devices have shown great prom-
ise as amplifiers, and have exhibited full waveguide band
performance at the lower millimeter-wave frequencies, al-
though 90-GHz amplifiers have not yet been built. The

Table 1 Performance of CW InP Gunn Oscillators [11]

Frequency Power Qutput Efficiency
(GH2) (mwW) %
855 125 33
89.6 107 35
901 100 28
931 91 30
932 79 28
945 71 25
948 68 25
949 63 24
1005 44 15
877 35 47

Table 2 Performance of Pulsed InP Gunn Osaillators [11]

Frequency Power Qutput Efficiency
(CH2) (mw) (%)
898 240 27
90 215 27
00 248 27
898 255 14
Q03 236 13
898 195 36
Q37 155 33
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amplifier configuration is single-port, as shown in Fig 7 for bt
IMPATT amplifiers. One limitation on broad-band amplifier Al
performance is that imposed by the circulator, because ;:‘\."'
::»— o these devices are not available in broad-band low-loss .-::
00 b o versions which match amplifier performance »
300 |- 0o
200 ° TUNNETT and MITATT Oscillators by
r aP The TUNNETT [15] is a potentially useful sohd-state mille- ;-‘.\'
wo | meter-wave source which uses quantum-mechanical tun- tﬁ'-
- neling to generate carriers which in turn generate millhime- “-'\
o ter waves through negative-resistance tranait-time effects :'\-"; ,
3 sop These devices are still in the experimental stage. but show C .
- i promise of combining the capability of the IMPATT oscilla N P
§ tor with the quiet operation of the Gunn dewvices The :{\.
& 20 MITATT oscillator uses a mixture of tunneling and impact .:,:.‘
ionization effects to generate carriers K
ol TUNNETTs have been fabricated by Nishizawa et al |16] \':
GaAs MOBILITY /" which operate at 338 GHz with an efficiency of 012 per ek
LY | cent. Elta et al. [17] have reported the fabrication of a " .
Sr J MITATT which had a CW output power of 3 mW at 150 A
Adodd Ll L CHz. Pan and lee [15] emphasize that TUNNETTs and -:i ,
° 20 50 100 200 500 600 MITATTs should operate most efficiently in the range 100 to Sy,
800 GHz, and their calculations predict an etficiency of 5 é""-"
FREQUENCY, GH: o
Fig. 10, Predicted power output as a function of frequency percent at 500 GH; TUNNETTS are difficult to fabncate Dwind
for CW InP Gunn devices (sohd line} The arcles indicate because of th(_? required abrupt junction doping profile 18],
pertormance achieved by CW GaAs Gunn oscillatore for but these devices have the potential for good efficiency at CN
comparison submillimeter wavelengths [19] .::.\;:
e
e
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Power Combining Methods for NMMW Solid-State Sources

In the frequency range up to 14C GHz (30-140 GHz for
the purpose of this discussion) much of the power output
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Fig. 11. Power output of a cross-guide multiplier over the range 90-124 GHz [21). This iy
curve represents an efficiency of 20 percent over this range. !:g:
4 :‘?e
1 o,
Harmonic Generators :l“.
Solid-state diode multipliers are also useful millimeter- F4
wave sources, whether driven by solid-state or tube-type %
oscillators. Multipliers in a crossed-waveguide configuration :::‘
have long been used for spectroscopic applications, where \‘;
power requirements may be only on the order of a few ‘:‘i
. microwatts. This arrangement is inherently broad-band. and .l::
may typically cover the entire bands of the waveguides 2
used in the device. Useful power outputs at frequencies
greater than 600 GHz have been obtained using this ap- !':
. proach. ik
. . . . . LY
The basic cross-guide multiplier has been greatly im- Fig. 12. Photograph of fix-tuned narrow-band doubler ca- "H(
proved by Archer et al. [20], [21], who used a suspended pable of 15-percent‘ efficiency in doubling from 915 to 183 ;.‘
substrate quartz stripline filter to couple the fundamental GHz with 100-mW input. Y]
power to a Schottky-barrier varactor diode situated in the 9
\ output waveguide. By optimizing tuning and bias for each X
operating frequency. they were able to achieve a conver- . . . vy
sion loss of about 20 percent over the output range 90-124 deficiency of solid-state sources relative to tub(*‘typo 1
GHz as shown in Fig. 11. If the tuning and bias are held sources has been overcome by the use (.)f power combin- Y
fixed, a minimum conversion loss of 10 percent is achieved ipg. When considered on the bases of reliability and circuit '!\
over the output range 80-120 GHz. Fix-tuned varactor mul- simplicity, a power-combined solid-state source might be a »
tipliers have recently been used with good results. These better choice for an NMMW system§ application than a Ry,
multipliers are two-port devices in which fundamental tube-type source. This section briefly discusses the methods (
. . : , {
power enters one port and multiplied power exits from the of power combining which have proven Us?fu' 'n NMMW W
other port. They are caretully tuned to suppress higher applications; namely. resonant cavity, hybrid, spatial, and c'{
harmonics and are therefore very efficient, but are also not resonant cap deches‘ . ) '::
tunable over a range greater than a few tenths of one Resonant-cavity combiners are. based on a design by O]
percent. Efficiencies of 35 and 15 percent, respectively, have Ku;okawa and Magalhaes [22] originally used for {(-band N
been obtained in doubling from 70-140 GHz and from IM A|TT c;sqllators In- lh:jS device, t‘he '"d'v'd_”(;l os;ullators: ;‘:'
90-180 GHz for input powers of 43 and 100 mW. The are placed in an 9vers-ze rectangu ar waveguide a distance .'.:
70-140 GHz result was obtained using a solid-state oscilla- of d)‘ﬁ/ilapaf"’ with tﬁ_e end devucgs p?aced Af‘/.J from.(ho :‘;:4
tor. Fig. 12 is a photograph of the 90- 180 GHz device. end wall or from an iris, as shown in Fig. 13. This combiner o

has high efficiency (~ 90 percent), is amenable to use at !

)
frequencies up to 300 GHz, and has built-in isolation be- :"
tween diodes [23]. However, bandwidth is limited to a few N
percent because of the diode spacing requirement, and the R
number of diodes that can be used at the higher frequen- \“,
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Fig. 13. Resonant cawity power combiner used for solid-
state oscillators {23}

cies is himited because the number of cavity modes in-
creases with waveguide dimensions. Vanations of the
Kurokawa combiner have been used with IMPATTs to gen-
erate 205 W pulsed from two diodes at 92.4 GHz with
82-percent combining etficiency, 40 W from four diodes at
80-percent efficiency at the same frequency, and 92 W
pulsed from four diodes at 140 GHz with 80-percent ef-
ficiency [23). This design has also been scaled up to 217
GHz to give 105 W from two diodes with a combining
efficiency of 87 percent [24]). A modified Kurokawa com-
biner has been used by Thoren and Virosthos [25] to gener-
ate 1.3-W peak over a 10-percent mechanical tuning range
at W-band (75-110 GHz).

Hybnd-coupled combiners are generally used as ampli-
fiers or injection-locked oscillators, and these circuits offer
5-percent bandwidth and inherent isolation between
sources. Fig. 14 is a schematic diagram of this type power
combiner. Power injected at port 1 is split between ports 2
and 3 where it is amplified. The amplified power combines

INPYT ouTPVT

HYBRID COuUrLER

4

SOuURCE SOuRCE
! 2

Fig. 14. Schematic diagram of a hybnd coupled power
combiner configured as an amphbifier {23] I port 1 s
terminated, this circuit may be used to combine osaillators
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in-phase at port 4 and out-of-phase at port 1 if the sources
are properly matched. If port 1 is terminated, it is possible
to combine oscillators using this technique. it is also possi-
ble to use sources combined by another method, such as
the resonant cavity method, as the sources on ports 2 and 3
of the hybrid. At W-band. a hybrid combining scheme was
used to combine four two-diode combiners to give 63-W
peak [26).

The combining efficiency 4 for a two-source hybnd cir-
cuit configured as an amplifier is given by (27]

_ 1 +1007'% +(2cos8)10 /%
2[1 + 0P

where D is the power difference between sources in de-
cibels and @ is the phase angle dewiation from the proper
phase relationship required for optimum combimng. The
phase error is more critical than the power difference in
attaining good efficiency, since greater than 50-percent
combining efficiency can be achieved for a wide range of
power differences if the phase deviation is kept below 30°
[23]).

Spatial combiners use radiating elements having the
proper phase relationship to combine power from many
such elements in space. This approach was first demon-
strated at UHF frequencies, but has not been extensively
used at NMMW frequencies except recently by Wandinger
and Nalbandian, [28], who combined the output of two
Gunn oscillators in a Fabry-Perot resonator at 60 GHz to
achieve 54-percent combining efficiency. This work s men-
tioned because of the possibie application of this technique
to higher frequency sources. Such quasi-optical techniques
have proven useful for solving NMMW circuit probiems on
many OCcasions.

Cap resonators sometimes used for mounting Gunn oscil-
lators may be used to combine these devices Such a
combiner is shown in Fig. 15, in which two resonant cap
structures are mounted 1in a common waveguide with a
common moveable short. It is also possible to place both
oscillators under the same cap. This technique has been
used to combine four 90-GHz InP Gunn oscillators to give
260-mW power output and 93-percent combining eff:-
ciency. Table 3 [14] shows results obtained at 90 GHz for
two- and four-diode resonant cap combiners in several
different cases.

There are several other combining techniques that are
not presently used in the NMMW spectrum. but which
should be useful in these bands after further development
In particular, chip level combining [29], [30]. which has been
successfully used up to 70 GHz, shows some promuse 1f the
thermal and parasitic problems can be solved Reference
[23] is a useful synopsis of both microwave and NMMW
power combining techniques

Table 3 Performance ot CW ?2- and 4-Device Combiring
Circuits Using InP Gunn Osallators (1]

Numher of - frequency  Power Output  Hiicenas Combining
Devices (GHIL) (MW) V) Eft (Vo)
/ 856 170 »2a 93
/ a0 3 150 R B
2 Q18 q- 1 108
4 ao ¢ 260 16 91
4 R AR 230 IR} 07
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Fig. 15. A cap resonator arrangement used to combine
solid-state oscillators [23].

. VACuum-TuBE SOURCES

To complement and extend the capabilities of the early
tube sources such as the klystron and magnetron, several
very interesting and useful vacuum-tube sources for the
near-millimeter-wavelength range have become available
fairly recently. These sources include the extended interac-
tion oscillator (EIO) and its amplifier version (EIA), the
backward-wave oscillator (BWQ) or carcinotron, the
gyrotron; and such fairly exotic sources as the ledatron,
the peniotron, and relativistic electron-beam devices. Each
of these sources will be discussed in this section. with
emphasis on those generally available for systems appli-
cations.

Most NMMW tubes suffer from limitations similar to
those imposed on solid-state sources; namely. the
frequency-determining elements become small with in-
creasing frequency so that fabrication is difficult and heat
dissipation problems are severe. This problem is also mani-
fested in the design of electron guns for NMMW tubes. The
ratio of cathode area to electron-beam size should be kept
below about 120 for reliable tube design {31], yet higher
frequency linear beam tubes generally require smalier elec-
tron beams of higher density for useful power output.
Furthermore, currently used tungsten-matrix cathodes
should be operated with a loading of less than about 3
A/cr? for long tube life Fortunately, new cathode materi-
als, such as the tungsten-indium matrix have become avail-
able during the last few years, so that emission loadings of
up to 10 A/cm’ for long time periods may be used in the
future

As cathodes become smaller, gridded electron guns be-
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come more difficult to build. An example of this problem
occured in the early EIOs, which were cathode-pulsed
devices. The electron optics problem is made more severe
by the defocusing effect of the control grid. Grid designs in
which the grid is mounted on the surface of the cathode,
actually embedded in the cathode surface, or bonded to
the cathode, offer good promise for solving many of the
electron gun problems associated with NMMW tubes.

The Magnetron

Magnetron oscillators have been widely used in radar
transmitters, usually at frequencies lower than the near-mil-
limeter-wavelength region. In recent years, magnetrons have
been developed which are capable of power outputs of 3
kW at frequencies as high as 95 GHz (32}, and these devices
have been used in systems operating in this frequency
range. The frequency/power capabilities of the magnetron
were actually extended upward tq 115 GHz and 3.3 kW by
the Columbia University Radiation Laboratory as early as
1954.

The multiple cavity magnetron traveling-wave oscillator
operates on the principle that electrons, spiraling into the
anode of the tube, contribute energy to an electromagnetic
wave which travels around the anode containing the cavi-
ties. Power is extracted from this traveling wave in one of
these cavities. Magnetrons are not widely used as millime-
ter-wave sources above about 70 GHz because they suffer
from the basic limitation of having the frequency-determin-
ing elements, which are the cavities, integral with the
anode. At the higher millimeter frequencies this anode
cavity structure becomes very small, resulting in greater
difficulty in cooling the tube, and erosion of the cavities
giving reduced output. At very high frequencies, the del-
icate anode structure will not withstand the anode currents
required to give useful, reliable output. The 95-GHz source
mentioned above has an expected life of 750 h, and prob-
ably represents the useful upper frequency limit of current
magnetron technology.

The Reflex Klystron

The reflex klystron has historically been a very useful
millimeter-wave source, and remains the source of choice
for many millimeter applications. Klystrons are available
which are capable of 100 mW at 140 GHz, and a few have
been constructed which give a few milliwatts of power at
frequencies as high as 220 GHz [33]. These tubes are espe-
cially useful as local oscillators because they are inherently
quiet and are not difficult to phase lock. These teatures also
make klystrons useful as laboratory spectroscopic sources
for millimeter applications.

Klystrons are velocity-modulated tubes in that a nega-
tively charged reflector causes electrons to periodically
“bunch up,” giving rise to a moving periodic charge varia-
tion and therefore electromagnetic radiation. As with the
magnetron, the kiystron suffers from the limitations of
having a very small delicate cavity at the shorter wave-
lengths, which also must collect the electron-beam current.
This limitation results in very high frequency klystrons being
short lived, expensive, and sometimes noisy, but it appears
that they will continue to be used mainly for the applica-
tions named above, although Gunns and IMPATTs are re-
placing them in many areas. Fig. 16 shows the output power
capability of these tubes as a function of frequency (33}
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The Extended Interaction Oscillator (EIO) 108 = o _:‘s.‘;‘-
- - v tL
: . . - AN
The EIO is a comparative newcomer to the family of o LI
millimeter-wave sources. A similar device was sold by Oki - e
of Japan in the early 1960s, but during recent years, Varian i L
e . - @ PULSE (PEAK POWER) . I.l '
of Canada has been building millimeter-wave EIOs at fre- L DCW (AVERAGE POWER) X '0:
quencies up to 260 GHz [34). Both pulsed and CW versions l.o,:;
of this tube are available. Pulsed EIOs can currently be :‘:w:_
purchased which have power outputs of several kilowatts at 10? ~ '?o.".-'
4 40 GHz varying down to 100 W at 220 GHz. EIOs designed _ - ’
for CW outputs of 50 W at 100 GHz are also available. Fig. £ - ’i:;‘if
17 shows the achieved power outputs as a function of 3 ~ : \l‘:
frequency for pulsed and CW EIOs [35]. Other typical ranges E'; i ) ‘:l.
are: pulse duty factors up to 0.01, pulse lengths between 2 E I ‘a'.:s
ns and 25 us, and repetition rates limited by the capability H KA :.‘
of the modulator. The EIO can be mechanically or electron- s vl - “
ically tuned in frequency over ranges of 2 GHz for mechani- % E -
cal tuning and 200 MHz for electronic tuning at a center g [ "-:::-
frequency of 95 GHz. § - :'o"
EIOs overcome the limitation of klystrons and mag- ] - ‘at.‘t:
netrons, caused by delicate frequency-determining struc- 5 L ::..:::.
tures having to collect beam current, by allowing the elec- § i
tron beam to pass through the structure, be modulated by ° o L %
it, and collected on the other side. The frequency-determin- E A
ing element in this case is a periodic or slow-wave struc- C ey
ture, generally machined from copper with a small hole for X B
electron passage. Since only stray electrons are collected by $:,:
this element, the tube can operate at high beam currents .:‘:.:.
despite the fact that the structure is very delicate. Millime- ( hall
ter-wave power is generated by the modulation of the . L 4 s aaald YT ey
electron beam as it passes through the periodic structure. 10 100 1000 ";\:v_
Fig. 18 is a schematic diagram of an EIO. Limitations on this FREQUENCY (GM1) - ..\Q:
type of tube are imposed by the small size of the Fig. 17. Achieved power outputs for CW and pulsed ex- Y
frequency-determining elements, and by the electron-optics tended interaction oscillators [34) B
a“‘i‘.f
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Fig. 18. Schematic diagram of an extended interaction
oscillator. In higher frequency tubes, the drift tube cavity is
small and difficult to fabricate.

problem of focusing a high-current electron beam through
a small hole. A significant advantage of these tubes is their
very long lifetimes. The 95-GHz version is guaranteed for
1000 h with an expected lifetime of greater than 5000 h.

The Extended Interaction Amplifier (EIA)

The EIA is the amplifier version of the E1O, although it is
more mechanically complex due to the need for three
frequency-determining structures instead of the one used
by the EIO. These ladder networks are used on the input,
output, and in the interaction region in between. ElAs are
not currently available at frequencies greater than 95 GHz
or in CW versions, although some work has been done on a
pulsed 220-GHz tube of this type [36]. Currently available
95-GHz ElAs have a small-signal gain of 40 dB and a saturated
gain of 30 dB. Fig. 19 shows the gain, power output, and
bandwidth achieved for a particular 95-CHz EIA. Both EIOs
and ElAs have recently been improved by the addition of a
control grid which allows for pulsed operation with a
1-2-kV modulator pulse instead of the 15-kV cathode pulse
required for earlier versions {37]. This improvement greatly
simplifies modulator design for these sources and results in
improved frequency stability in the case of the pulsed EIO
because the tube frequency is strongly dependent on
cathode voltage variations, which are difficult to control
during a 15-kV pulse that may be only several ters of
nanoseconds long.

The EIA is an RF amplifier, rather than a resonant-cavity
oscillator, and thus can amplify fow-tevel signals with com-
plex waveforms such as frequency chirp, FM /CW, frequency
agile, or phase coded. Good radar MTI performance should
be possible. Solid-state transmitters can provide these com-
plex waveforms at least up to 100 GHz, but the advantage
of an EIA transmitter wouid be that the output power
would be as much as two orders of magnitude higher. ElAs
have mechanical and electronic tuning bandwidths similar
to those attained by E1Os. -

The Backward-Wave Oscillator (BWQO)

The BWO or carcinotron is a very versatile near-millime-
ter-wave source because of its capabilities in the areas of
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x
-
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N
-
w
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Fig. 19. Power output of a pulsed extended interaction amphfier near 93 GHz [36]. The
two curves are for 0.5- and 2.5-W inputs and represent small-signal and saturated gains,
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Fig. 20. Schematic diagram of a typical backward-wave oscillator. This drawing does not
show the external magnet which focuses the electron beam through the slow-wave

structure.

broad bandwidth and high power {38]. Tubes of this type
have been fabricated which are capable of covering an
entire waveguide band with useful power output at fre-
quencies up to 170 GHz [39]. Alternatively, power outputs
of up to 1 W are available in 10-percent bandwidths at 300
GHz [40], and Soviet workers have reported useful oper-
ation of BWOs at frequencies up to 1200 GHz [41]). BWOs
with full-waveguide band capability may be incorporated
into broad-band sweepers and frequency synthesizers [42].
A disadvantage of these tubes is that they require a multi-
ple-output, well-regulated high-voltage power supply for
successful operation.

Like the EIO, the BWO uses a periodic or slow-wave
structure as the frequency-determining element. Fig. 20 is a
schematic diagram of a typical BWO. In the backward-wave
oscillator, the signal builds up from the collector, where it
encounters the electron beam density-modulated by the

and bandwidths of about 10 GHz [6], [43]. At near-millime-
ter-wave frequencies, however, machined structures similar
to those used with EIOs and BWOs are used, and band-
widths are limited to about 1-2 percent [44], although
power outputs of 100 W CW or average have been achieved
at 95 GHz. Availability of NMMW TWTs is currently limited
to this frequency, although Kramer (6] has published a set
of curves shown in Fig. 21 which show achieved and
predicted performance up to 100 GHz. Kramer also gives an
excellent synopsis of TWT theory of operation. Problems
with high-frequency operation of TWTs are again caused by
fabrication of the very small periodic structures and by
removal of heat from them.

The Gyrotron

The gyrotron is a high-power millimeter-wave vacuum-

-4

. . e .
earlier signal and the periodic structure. There is therefore tube oscnllator. that uses stimulated cyclotron emission of 'y':“_-
feedback via the bunched electrons of the density-mod- elgctiromagnetac’ wzve§ by:lex.:trons }45]' [%].hThus tube is an :vl'j
ulated beam, and the resulting electromagnetic wave prop- axially symmetric device having a large cathode, an open Ly

agates in a direction opposite to that of the beam. The
value of the beam current then determines the degree of
feedback. When a certain value is exceeded, the feedback
energy is so high that the tube oscillates. In this way the
signa! is amplified until it reaches the output which is
situated near the input to the slow-wave structure. Limita-
tions on the BWO are again imposed by the small size and
delicate nature of the periodic structure, and by the associ-
ated electron-optics problem.

The Traveling-Wave Tube (TWT)

The TWT and its amplifier version the TWTA, are linear-
beam tubes that are roughly similar in operation to the €10
and the BWO in that they use periodic or slow-wave
structures to determine the frequency. At frequencies up to
50 GHz, this structure takes the form of a helix, and such
tubes have average power outputs of several hundred watts

MCMILLAN NMMW SOURCES OF RADIATION

cavity, and an axial magnetic field. Electrons are emitted
from the cathode with a component of velocity perpendic-
ular to the magnetic field so that they are caused to spiral as
they are accelerated through the magnetic field to a collec-
tor. This spiraling occurs at the cyclotron frequency of the
electrons, and it is this frequency that is radiated by the
tube. Harmonics of this frequency may also be radiated.
The coupling between the electron beam and the millime-
ter-wave radiation allows the beam and microwave circuit
dimensions to be large compared to a wavelength, so that
the power density and related circuit dimension problems
encountered in almost all other NMMW tubes are avoided
[47). As a result, gyrotrons are capable of very high output
powers and efficiencies. However, the large circuit dimen-
sions generally contribute higher order output modes which
may not be compatible with conventional millimeter-wave
techniques. Workers in the Soviet Unmion have obtained 22
kW CW at 2 mm, 210 kW pulsed at 24 mm, and 1.2 kW (W
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magnet (PPM) focused tubes.

at 0.9 mm, with efficiencies as high as 30 percent [31], {43].
In the US, workers at Varian have achieved 205 kW CW at 5
mm.

Fig. 22 [48) is a schematic diagram of a gyrotron oscillator
showing the cathode, anodes, cavity, collector, and output
window. Fig. 23 is a detail drawing of the cathode region
showing the spiral electron trajectories which result from
the electrons being emitted nearly perpendicular to the
axial magnetic field direction. Since the output frequency w
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Fig. 21. Demonstrated and projected TWT output power for pulsed (solid circles) and CW
(concentnic circles) devices [b). Projections are shown for solenoid and periodic permanent

is related to the magnetic field 8 by

eB
w-—
m

where e/m is the ratio of electronic charge to effective
electron mass, NMMW frequencies are seen to require very
high magnetic fields, necessitating the use of superconduct-
ing magnets for frequencies greater than about 60 GHz [47].

Amplifier variants of the gyrotron, called the gyroklystron
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Fig. 22. Schematic diagram of a gyrotron oscillator [47] Afso shown s the magnetic field
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Fig. 23. Detail of the cathode area of a gyrotron showing electron trajectories, equipoten-

tial lines, and the magnetic field near the cathode (47},

CATHODE

Fig. 24. Schematic of a relativistic electron-beam device [50]

and the gyro-TWT, are under development in this country
[47] and have been successfully operated at the higher
microwave frequencies. It is likely that further development
in this area will lead eventually to useful NMMW devices.

Relativistic Electron-Beam (REB) Devices

Relativistic electron-beam (REB) devices have been em-
phasized by workers in this country, mainly al the Naval
Research Laboratory [49]-[51]. Probably the most successful
device of this type operates on the principle of scattering of
a low-frequency high-power electromagnetic wave by a
relativistic electron beam. High-power millimeter-wave
radiation is thought to be generated by a Doppler shift
which occurs when the low-frequency radiation is scattered
by the relativistic beam. Another type of REB uses an
undulator arrangement to perturb the passage of the high-
energy electron beam, thus causing acceleration and subse-

MCMILLAN NMMW SOURCES OF RADIATION
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quent emission of electromagnetic radiation. Fig. 24 [50]
shows a REB device of this type which uses an iron ring as
the undulator.

Because of the high currents and necessarily high accel-
erating voltages, REB devices are limited to pulsed oper-
ation. Peak output powers of up to | MW have been
obtained. in addition to being limited to pulsed operation,
REBs require tigh currents and high acceleration voltages,
which make them very large and therefore useful onlv in
the laboratory. Many workers in this field, however, feel
that REB devices can be scaled to tractable sizes by careful
design

The Ledatron

Another type of vacuum tube which avoids the decreas-
ing size and increasing power density problems inherent in
the periodic structures of BWOs, E10s, and TWTs is the
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ledatron [52). This device uses a Fabry-Perot interferometer
as the resonant element and takes advantage of the fact
that these resonators are several orders larger than a wave
length and are therefore much easier to fabricate. Two
differet modes of interaction between the electron beam
and the resonator are used in the ledatron. In the
Fabry-Perot mode, the beam interacts directly with the
standing-wave pattern in the resonator, but in the surface-
wave mode, the interaction is between the beam and a
backward wave contained in the surface wave guided by
the diffraction grating, which forms one element of the
fabry—Perot resonator.

Although the maximum predicted frequency of the
ledatron is 3 THz, experimental models have been con-
structed which operate at 60-80 GHz with 100 mW of
output power. It is expected that the ledatron will eventu-
ally find its place as a submillimeter-wave oscillator with
power output up to 1 W and a tuning range of 30 percent.

The orotron is a variant of the ledatron which operates in
the Fabry-Perot mode. Manifestations of this tube which
have been built by Harry Diamond Laboratories (53}, [54} in
this country use a curved output coupling mirror so that a
semi-confocal interferometer is formed. Fig. 25 is a sche-
matic diagram of this device.

TPUT COUPLING
AND WAVEGUIDS

$MOOT
REVLECTING ELECTRON
Minsos COLLECTOR
ELECTRON
po—— BEAM
7|
\
Lypeeecd
/ REFLECTING
FLECTRON DIFFRACTION GRATING
GuUN AND MifROR

Fig. 25. Schematic diagram of an orotron oscillator [54).

Other Tube-Type NMMW Sources

The peniotron is a variant of the gyrotron in that a
cylindrical electron beam with a large initial transverse
velocity component executes cyclotron motion in a longi-
tudinal magnetic field [32]. In the peniotron, however, the
interaction region is a longitudinal double-ridged wave-
guide, and the angular frequency is twice the fundamental
gyrotron frequency. The theoretical conversion efficiency
for transverse beam energy is nearly 100 percent, and a
94-GHz 1-kW amplifier is under development.

The ubitron is a relativistic electron-beam device which
uses a spatially periodic magnetic field to produce a spa-
tially undulating electron beam which interacts with the Rf
field in a circular waveguide {32], [41]. As with other REB
devices, the ubitron has good potential at NMMW frequen-
cies, but initial work has been carried out at 54 GHz, where
150 kW with 5-percent efficiency have been obtained.

The orbitron [32), [55] is a very simple MMW oscillator
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that consists only of an aluminum cylinder (a beer can was
used for the prototype) with an axial wire situated in a
partial vacuum, as shown in Fig. 26. A positive pulse applied
to the wire ionizes the low-pressure air, producing elec-
trons attracted to the central wire. Electrons with a trans-
verse velocity component will then orbit the wire, with
attraction opposed by centrifugal force. Pulses of MMW
power up to 54 GHz have been produced by this device,
and other configurations are under investigation. The
orbitron offers the great advantage of electrostatic confine-
ment, with no external magnetic field required.

IV. PHASE AND FREQUENCY CONTROL OF NMMW SOURCES

Increasing use of millimeter-wave frequency bands for
communications, radar, and measurement functions has
created the need for more sophisticated and higher
frequency methods of precisely controlling the frequency
and phase of sources of radiation in these bands. The
availability of higher frequency sources and more sensitive
receivers has pushed functional millimeter-wave tech-
nology to the limit of usefulness as determined by the
atmospheric transmission bands, and phase-locking tech-
niques have been used in laboratory experiments to lock
lasers at frequencies as high as 28 THz [56], resulting in
determinations of the speed of light to nine significant
figures and providing methods of precisely determining the
values of other fundamental physical constants. it is prob-
ably safe to say that no other physical quantity has been
measured with the precision with which frequency has
been measured using phase-locking techniques. The reason
for this precision of course is that a fairly ordinary crystal
oscillator, which may have a long-term stability on the
order of one part in 108, can serve as a reference for phase
locking a millimeter-wave source, whose frequency is then
known to the same accuracy. This accuracy can be greatly
improved upon by using, for example, a commercially avail-
able rubidinm frequency standard with an accuracy of one
part in 10", Coherent radar systems have for years relied on
phase or injection-locked transmitters as well as
phase-locked receiver local oscillators to give the level of
frequency control required for determination of target
velocities by the Doppler effect. Furthermore, the very
sophisticated methods of data processing resulting in target
detection in the presence of clutter rely heavily on precise
methods of frequency and phase control of transmitter and
local oscillator.

Several methods of frequency and phase control are used
for NMMW sources. The frequency discriminator may be
used to control frequency to approximately a few parts in
10°. The phase lock will control frequency to the accuracy
of the phase-lock reference, which may be as good as one
part in 10", as mentioned earlier, and will also control the
relative phase of the source and reference to an accuracy of
a few degrees, after a suitable warm-up period. The most
powerful phase-locking techniques combine the wide cap-
ture range of the discriminator with the precise phase
control of the phase lock to result in a frequency control
system that has excellent frequency stability and better
immunity to perturbations which cause loss of phase lock.
Injection locking of solid-state sources is also a useful
technique, and this approach is usually used in conjunction
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Fig. 26. A drawing of the orbitron, a millimeter-wave oscillator which needs no external

magnetic field [S5).

with phase or frequency locking. Each of these methods of
phase and frequency control will be discussed in the fol-
lowing paragraphs.

Phase and Frequency Control Fundamentals

A block diagram of a basic phase-tocking system is shown
in Fig. 27 [57), [58). The output of the voltage-controlled
oscillator (VCO) mixes with that of the reference oscillator
in a phase detector mixer to generate a phase error signal,
which is in turn fed back through the loop filter to control
the phase of the VCO. The VCO is a phase integrator and
its transfer function is K,/s where K, is the VCO constant

in rad/sec - V and s is the Laplace transform differentiation
operator. K, is the phase detector constant in V/rad and
F(s) is the (generally active) loop filter transfer function,
chosen to give the best combination of phase-lock-loop
frequency stability and phase noise performance.

Frequency control of a VCO is effected by a discrimina-
tor, which is a device that has an output voltage propor-
tional to the difference between the VCO frequency and
some reference frequency. Since discriminator error voltage
is proportional to frequency and not phase, frequency-con-
trol loops are not as “tight”” as phase-control loops, and the
frequency errors are therefore greater.

It was mentioned that the combination of a frequency-

d; (s PHASE K, (®,- &) Loor
—L - OETECTOR 4 % FILTER
K, Fis)
Dys) veo v,
-t ()
Ko/s

Fig. 27. Block diagram of a basic phase-locked voltage-controlled oscillator.
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Fig. 28. Block diagram of the Henry [59] phase and frequency control circuit. The devices

represented by crossed circles are mixers.

and a phase-control loop provides a very powerful phase-
locking method. Such a circuit has been devised by Henry
{59), who designed his circuit to lock klystrons used for
radio-astronomical applications, although the same tech-
niques apply to millimeter-wave sources in general. Pickett
[60] has modified Henry’'s circuit to operate with a digital
phase-frequency detector. Fig. 28 is a block diagram of the
Henry phase lock showing the phase- and frequency-con-
trol loops. Assuming that the source is not locked, it will
generally be oscillating at a frequency such that the dif-
ference between the IF and the reference oscillator is out-
side the capture range of the phase-lock loop. in this case,
the discriminator captures the tube and pulls it within range
of the phase lock, where the discriminator is disabled. in
this way the phase- and frequency-control loops do not
interfere with each other but act in a complementary way
to combine the wide capture range of the discriminator
with the precise frequency and phase control of the phase-
lock loop.

Another approach to extending the capture range of the
phase-lock loop involves activating a sweep-search mode if
the source loses lock. Since most phase-lock loops have
much narrower capture range than sources have electronic
tuning range, a source will likely remain unlocked if it is
unlocked because of a perturbation or upon initially appiy-
ing power. If this occurs, the sweep-search mode is initiated
to sweep the source through the proper frequency repe-
titively until lock is regained. The sweep is usually a 1-Hz
ramp that is applied to the frequency control input of the
source when diagnostic circuitry senses that lock is broken.
Fig. 29 is a block diagram of a circuit used extensively to
lock solid-state oscillators [61], which incorporates a

sweep-search mode for wide frequency capture range. The
sweep-search circuitry is incorporated in the loop electron-
ics and driver block

Injection locking is a method of phase control in which

:: '\"'l’

power from the reference oscillator is injected directly into
the output of the oscillator to be controiled by means of a
circulator {62). It is generally used for pulsed sources, be-
cause the methods of phase control discussed earlier are
more easily used for CW sources. The rationale for injection
locking is that radiation from all oscillators builds up ini-
tiaily from broad-band noise in the device. The injected
signal provides a coherent basis for this buildup, causing
the source to oscillate in phase with this reference signal.
The reference signal is a phase-locked oscillator generally
controlled by the methods described earlier.

The frequency of a phase-locked source is characterized
by both short- and long-term stability. Long-term stability is
almost totally determined by the quality of the reference
source, and is usually specified as parts per million of
frequency deviation per unit time. Times for this specifica-
tion are usually long—1 h, or one day are common specifi-
cation times. Short-term stability is determined by the qual-
ity of the reference source, the inherent FM noise of the
phase-locked source, and the response of the phase-lock
loop. Short-term stability is usually characterized as phase
noise, which is a measure of the FM noise in a given
bandwidth at a given frequency displacement from the
carrier. It is normally measured in decibels below the carrier
peak, and for convenience, the specified measurement
bandwidth is sometimes chosen to be 1 Hz.

Another property of phase-locked sources is that such a
source can never have a better phase-noise spectrum than
its reference oscillator; in particular, it is not difficult to
show [57] that the phase noise of the NMMW source can
never be better than 20log N plus the phase noise of the
reference, where N is the frequency multiplication ratio.
Fig. 30 shows the relationships between reference phase
noise and NMMW source phase noise. At {requencies at
which the phase-lock loop has control, the 20log N rela-
tionship is maintained, as shown. When the loop begins to
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Fig. 29. Schematic diagram of a circuit used extensively to lock solid-state oscillators [62).
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FREQUENCY DECADES
Fig. 30. Relationships between phase noise outputs of reference oscillator and NMMW

source
lose control, the phase margin of the loop decreases be- the phase noise reverts to that of the unlocked source,
cause of phase shift in the loop filter and transport lag, and again shown in the figure.

the phase noise of the locked NMMW soutce may actually

Phase-loc G
be worse than that of the unlocked source, as shown in the se-Locking Results

figure. However, it is possible to minimize the phase noise Fig. 31 shows the spectrum of a phase-locked Gunn
peak by careful design. When the loop totally loses control, oscillator, locked using the circuit of Fig 29 The corre-
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Fig. 32. Measured phase noise of 34-GHz Gunn oscillator showing relationships between
the reference source, the phase-locked oscillator, and the free-running oscillator {62).

sponding phase noise spectrum of this source is shown in
Fig. 32, which also clearly shows the relationships discussed
in the last section. It has also been possible to lock an
IMPATT oscillator at 116 GHz using this circuit [63]). The
phase noise of a reflex klystron oscillator at 116 GHz is
shown in Fig. 33 {64) and photographs of the spectrum of
this source are given in Figs. 34 and 35, which show near-
carrier and broad-band results, respectively.

By using the phase-locking techniques discussed above,
it has been possible to build broad-band sophisticated
IMPATT-based frequency synthesizers at frequencies up to
W-band (70-110 GHz) [65), [66). A full waveguide band
synthesizer based on the BWO has also been built for
U-band (40-60 GHz) [42), with indications that the same
techniques could be used up to D-band (110-170 GHz)
Fig. 36 is a block diagram of such a synthesizer. The desired
frequency is entered into the microcomputer, which sets
the frequency of the reference synthesizer to the proper
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value and also generates a coarse frequency control voltage
for the source through the D /A converter. This latter volt-
age pulls the source frequency within range of the phase-
lock loop which captures it and locks it to the desired
trequency. In the U-band synthesizer mentioned above, a
discriminator was used to augment the capture range of the
phase-lock loop. Also, the IMPATT-based synthesizer uses
bias tuning of the source, whereas the BWO svnthesizer
applies the coarse frequency control voltage to a ditlerent
tube electrode than the phase control voltage.

Injection-locked IMPATT oscillators have been used in an
all solid-state pulsed coherent W-band radar [67]. Fig. 37 is a
block diagram of the transmitter output stages which have a
peak output of greater than 10 W, and Fig. 38 shows the
spectrum of this transmitter. Note that this spectrum de-
parts little from the theoretically ideal sin? x/x? for a rectan-
gular pulse.

Injection priming of E1O tubes has also been used to
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Fig. 36. Schematic diagram of BWO-based full-waveguide- -
band 40-60-GHz frequency synthesizer [4.)

L)
improve the spectrum of this source [68]. [69] The term »
“priming” instead of locking is used because generally not A
enough power is available for true injection locking of this
device. Besides improving the spectrum, imjection priming
has been shown to effectively eliminate start-up jitter in the
£10. allowing output pulsewidths as short as 2 ns
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V. CONCLUSIONS

ks

P

it 15 safe to say that solid-state and tube-type NAMMW
Fig. 35 Broad-band spectrum of kiystron oscillating at 116 sources have advanced in power and trequency ¢ overage to
GHz [65] Horizontal (2-MHz) and vertical (10-dB) scales are the point of being useful in all of the atmospheric windows
shown Similar resuits were obtained at 140 and 173 GHz. in which realistic systems can be built (up to about 340
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Fig. 37. Block diagram of a pulsed 94-GHz 10-W injection-locked solid-state transmitter

{68.

Fig. 38. Spectrum of pulsed 94-GHz 10-W injection-locked
solid-state transmitter [68]. This photograph was made with a
pulsewidth of 60 ns and a PRF of 100 kHz . The spectrum
analyzer was set for 300-kHz bandwidth, 20-MHz /div hori-
zontal scale, and 10-dB/div vertical scale.

GHz). If NMMW lasers are considered, this limit of system
usefulness has been exceeded; however, lasers may still be
used in many laboratory applications not affected by the
atmosphere. Advances in solid-state sources have brought
reliability, simplicity, and long life to systems that were
previously very complicated or nearly impossible to build
using tubes. On the other hand, the power and frequency
capabilities of tube-type sources, based on fairly recent
advances, have been improved to the extent that there are
still many functions which only tubes can perform. How-
ever, it should be noted that more bandwidth capability is
needed for both solid-state and tube-type NMMW sources.

Frequency and phase control of NMMW sources has kept
pace with other advancements in these devices. Improved
harmonic mixers and better methods of phase locking have
contributed greatly to this advance. It is a fact that higher
frequency sources generally have broader noise band-
widths, necessitating continuing improvements in phase-
locking techniques to provide coherent NMMW sources.
Phase locking provides the basis for the most accurate
measurements of physical quantities ever made.

Existing NMMW sources will continue to improve, and
new approaches in both source and source-utilization tech-

A

P

nology will continue to be found. As these advances are
made, the ideal simple, reliable, broad-band, high-power
NMMW source will be more closely approached.
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Atmospheric Effects on

Near-Millimeter-Wave Propagation

RONALD A. BOHLANDER, ROBERT W. MCMILLAN, SENIOR MEMBER, IEEE, AND JAMES |. GALLAGHER,

FELLOW, IEEE

Invited Paper

Utilization of the near-millimeter-wave band is limited by atmo-
spheric effects on propagation. Although this paper is restricted to
clear-air effects, it is pointed out that these phenomena, which are
molecular in origin, are also present to a significant degree in
adverse weather. The paper surveys theoretical and observational
knowledge concerning absorption, emission, refraction, and turbu
lence effects in clear air and in the spectral range 90 to 1000 GHz.
Modeling practices are also reviewed.

f. INTRODUCTION

The effects of the atmosphere have been paradoxically
both a hindrance and a boon to the development of near-
millimeter-wave technology. For many years, this spectral
range was handicapped, not only by formidable develop-
ment problems, but also by concerns about atmospheric
attenuation which is significantly higher than at longer
wavelengths. A resurgence of interest in near-millimeter
waves came about in response to problems at shorter wave-
lengths. Infrared systems, while able to operate in both day
and night, are frequently unable to perform through clouds,
fog, or smoke. Near-millimeter waves are able to penetrate
these obscurants with reasonable compromises in range
and angular resolution. Activity in near-millimeter-wave
propagation research has increased in recent years in re-
sponse to needs for better definitions of the fimitations. In
addition, it is recognized that certain processes in molecular
physics or atmospheric optics can be studied with special
advantage in this part of the electromagnetic spectrum.

A number of commendable reviews have appeared (e g,
[1}-17D which examine in some detail the available litera-
ture. The present review will not attempt to repeat their
critical efforts but rather provide a relatively terse account
summarizing what is known and what are the frontier
issues. The review will cover effects of importance in the
frequency range 90 to 1000 GHz and will be divided in two
parts to be published separately. In this first part, the effects

Manuscapt received September 10, 1984, resised September 13
1984 The on-going imvestigation by the authars i the areas 1e
viewed in this paper s supported by the U'S Armv Research Offfice
under Contracts DAAG-29-80-K-005 and DAAG-29-81-K (173

The authors are with Georgra Tech Research Institute Georgra
Institute of Technology, Atlanta, GA 30332 USA

of molecular absorption, emission, and refraction and those
due to turbulence will be covered. These are normally
thought of as clear-air phenomena, but they are also an
important component of adverse weather effects, which
will be reviewed in a later paper.

I, MOULECULAR ABSORPTION

A. Theory

The major molecular absorbers in the near-millimeter
wavelength region are H.O and O.. A few minor con-
stituents can be seen weakly, such as O.. and have been
the subject both of ground-based and high-altitude investi-
gations (e.g.. [8]. [9]). However, these have a negligible
impact on utilizations of the band for communications,
radar, and the like. Molecular absorption at these frequen-
cies occurs principally through the excitation of rotational
transitions, and its strength is usually determinad by the
size of the molecule’s electric dipole moment. Molecular
oxygen is the weaker of the two principal absorbers be-
cause it 1s a homonuclear diatomic with no electric dipole
moment. it is able to make relativelv weak transitions since
it exists in a triplet-sigma ground state with two uncoupted
(electron) spins, which give the molecule a magnetic mo-
ment. Absorption due to oxvgen shows up clearlv not from
its intrinsic strength but from the large concentration of O,
in the atmosphere. The water molecule on the other hand
has a strong electric dipole, and in spite of the light atoms
in the molecule, the spacing of the absorption resonances is
relatively close due to the molecule's bent shape and the
consequent asymmetry of its rotational inertia. Absorption
resonances of both oxygen and water molecules are shown
in the calculated spectrum in Fig. 1. The level of absorption
between these resonances has a considerable contribution
from the wings of strong resonances of water at higher
frequencies

An important tool in modeling atmospheric absorption is
the compilation of atmospheric  absorption resonance
parameters which i« maintained by the Air Force Geo-
phvsics Laboratory [10], parallel efforts should also be recog-
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1 used in the infrared. For many years, collisional line shape :’ :
- formulas have been used which were derived [16}-[18] with
’ af: a simplification known as the “impact approximation” in ‘.
‘ e which it is assumed that collisions occur in infinitesimal ':of_
z intervals of time. This can give a fairly accurate picture of :c:
> the line shape within intervals of frequency equal to a few 'n:.
2 times the linewidth since this regime corresponds to time '.!v:
E‘ intervals of the order of the time between collisions, or '.,'p,‘,
« longer. (One can think of collisional line broadening as a
kind of modulation process.) The details of the events )
S S ‘ within collisions begin to have an effect on the line shape Og:
) 200 400 800 800 1000 as the frequency difference from a given line center ap- ) )
proaches the reciprocal of the collision durations. Recent h', {
FREQUENCY (GHz) work has made progress in methods to include the finite "

A e S
"“:‘!'\\.'\“‘l'-‘t'!‘t‘!‘c"‘t‘., t“ ':l"ﬂsl

Fig. 1. Atmospheric absorption coefficient for a horizontal
path near sea level calculated with the model in [37]. Solid
line is the total predicted for absorption by water and
oxygen molecules in the atmosphere. The positions of oxygen
lines are indicated with arrows. The dashed line shows the
continuum component of the model calculated with (2).
Conditions assumed. T = 288 K, dry air pressure P, = 1013
kPa (1013 mbar), partial pressure of water vapor e = 1.7 kPa
(17 mbar, i.e., saturated). After [37].

nized [11], [12]. A word about nomenclature is appropriate
here. The term resonance, to denote regions of peak molec-
ular absorption, is physically more satisfying, however, the
convention in spectroscopy is to call these peaks “lines,”
and this paper will comply to avoid confusion with the

duration of collisions in the theory [19], [20], and some
general constraints on the shape of lines far from line
center have been clarified. For frequencies distant from a
given line by more than the reciprocal of typical collision
durations, some type of exponential decrease is required in
the line shape formula [21]. This represents less absorption
in the far wings of lines than has been heretofore predicted
by impact approximation formulas and is understandable as
a smoothing of the modulation process. However, the in-
clusion of a mean collision duration is not the last hurdle to
the development of an adequate theory, as may be seen
from an appreciation of the physics of the collision process
as well as from comparisons of observation with prediction.

The problem faced in understanding atmospheric spectra
is that the water molecule, the prime absorber, undergoes

Ilterf:'turr\e T}:e A,Ft,GL tab(l;:; comgnse exte'nsuvle :'Sts of rl]m:: molecular interactions complicated by relatively strong at- e
:)::'a'g ; '? enss 'efsf',"f" t s,(an .ener§y evets from w '; tractive forces which are to some degree not sphenically .'_4‘::
» apsorption coethicient at a given lrequency » may be symmetric due to the shape of the molecule. Attractive o

calculated according to

interactions are believed to be responsible for the observa-

L L
R0

a(v) = qZS 2(v.5..7,) (1) tion of increased absorption between lines when temper-
o " R ature decreases. There has been a controversy about whether 1
this absorption signals the formation of dimers or should be Ny
where »,_ is the line position, § is the intensity, /(»,v,,7,,) understood as monomer line wings sensitive to the attrac- ::(:',-
is a function which describes the shape of the lines, v, is tive part of the potential energy of interaction. For simpler O,
the linewidth, and q is the concentration of the absorber. molecules (which have spherically symmetric shapes), ab- oy
As shown, a simple summation is made over all lines in a sorption caused by unbound, metastable, and bound pairs M :

band, since line-coupling effects may be neglected for
atmospheric molecules in the near-millimeter spectrum [13].

can be predicted in the correct proportions at a given
temperature [22], [23]. In general when the temperature is

P

A

Allowance is made for the temperature dependence of the low by comparison with the binding energy of molecular ;\;
line intensities with the help of tabulated energy levels, and pairs, dimers are numerous and play an important role 1 ,-:.p
for the temperature deprndence of linewidths, with the the absorption of such simple molecules. Although this l‘:.;:
help of detailed calculations for at least two temperatures condition is met for pairs of water molecules (the heat of NS
[14], [15]). Since the width of lines in the troposphere arises formation is believed to be at least as large as 012 eV as 1‘:-1;
from collisional broadening, this parameter depends on the compared with kg7 =0.025 eV {24]). the theory of the "

barometric pressure and the partial pressure of the absorb-
ing gas [14]. {15). As a result, in the gaps between lines,

relative importance of different kinds of pair interactions
has not been extended as yet to asymmetrnic molecules

d

i

absorption by water vapor has two terms, one that increases Microwave transitions of water dimers have been ob- h ‘1“
linearly with water molecule concentration (line broad- served in molecular beams [25] and are consistent with the °d
ening by air), and one that increases quadratically with lowest energy structure calculated from molecular orbatal el
water molecule concentration (self-broadening). The accu- theory (e.g., (26]). However, molecular beams provide what
racy of tabulated data on line parameters is reviewed in [10] is an essentially very cold molecular environment, and an =¥
and is generally adequate for modeling. Widths are d-fficult analysis of observed room-temperature laboratory spectra “‘\*
1o measure, but by far the most uncertain item in any shows no band structures simply related to the known ?- :
model is the shape of the lines a few linewidths away from low-temperature form of the dimer [24] If dimers do con- oA
line center, particularly when an entirely theoretical de- tribute a significant part of the ab<orption at room temper- : ;
scription s used. ature, it would appear that they must exist in many struc- d ':'
Interest in the physics of line shape has been spurred in tures different from the lowest encrgy form While theon T
the near-millimeter spectrum since much of this region’s does not yet predict how the spectrum of the dimer evolves )
utility lies in the intervals of frequency between lines, and with increasing temperature, one would expect consider B
there significant himitations are imposed by molecular ab- able changes since current calculations {26} indicate that ::.::
sorption, even more so than in those regions commonly the nonsphernical part of the potential encegy fundtion, A
AR
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which defines the particular configuration of lowest energy,
is relatively weak.

In the complementary arena of line broadening theory,
some progress is being made toward the inclusion of more
aspects of the intermolecular potential energy, but a com-
plete inclusion of what is known [26] will be a formidable
undertaking. Thus a satisfactory, completely theoretical de-
scription of water vapor absorption is not presently avail-
able, and current models of atmospheric transmission are
empirical.

B. Observations

There are several fairly recent reviews of data on the
transmission of clear air or of atmospheric constituents
measured in the laboratory [2), [6), [24], [27]. Such data are
not easily obtained as may be elaborated briefly by the
following generalizations concerning the various methods
used.

1) Spectra can be obtained with Fourier spectroscopy, but
available black-body, wide-band sources are weak, and
require liquid-helium-cooled detectors and relatively long
integration times for satisfactory results. Spectroscopy per-
formed instead with multiple or tunable narrow-band
sources sometimes requires tedious tuning operations, but
generally offers greater accuracy at a given frequency.

2) Laboratory studies have the advantage of better control
of the subject constituents, their pressures and temper-
atures, but the disadvantage of limited path lengths relative
to the kilometer size links important in applications of the
band. These frontiers have been pushed back through ex-
treme care in fabrication of open-resonator cells [28] and
through the development of large, untuned resonator cells
[29].

3) In direct atmospheric research there is relatively greater
difficulty in specifying the atmospheric conditions and, of
course, a lack of control of these conditions, but in several
on-going researches, a greater effort on characterization is
being made. There are also difficulties in obtaining an
absolute scale of transmission or absorption, since the
atmosphere cannot be “pumped out” in order to obtain
signals from the same experimental apparatus with no
atmospheric absorption and thereby to make allowance for
instrumental losses and losses due to beam divergence.
Narrow-band measurements have something of an ad-
vantage in that the beam divergence in the far field can be
calculated and experiments involving multiple paths can be
analyzed in such a way that instrumental losses are
eliminated {30]. Those who employ Fourier spectroscopy,
and many who use narrow-band sources, must settle for
relative transmission measurements from which the change
of attenuation for a given change in humidity or tempera-
ture can be obtained. When the database is large enough,
extrapolation to zero water vapor is possible [31], and an
absolute scale for the important water vapor component
can be established.

4) Slant-path radiometry has also been used to measure
emission and absorption, but the difficulty of knowing the
atmospheric constituent concentrations and temperatures
over the path complicates the interpretation of the results

Despite the diversity of methods, a consensus 15 forming
on data of sufficient quality and consistency [2], (6], [24], [27]
that an adequate basis exists to construct empincal models
useful over a fair range of clear air conditions in the atmo-
sphere. The spectrum in fig 1 llustrates such a calculation
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C. Anomalous Attenuation and Recent Work

Several significant researches have been reported since
the reviews mentioned above which have been motivated
by another controversy involving ctaims for the existence of
anomalous attenuation ascribed to complexes of water of
various sizes [32]-{34]. The conditions under which this is
said to be observable are ones of high humidity with clear
air or fog present, and ones of low temperatures in which
relatively weakly bound complexes might plausibly be
favored. Consequently, such conditions have been given
more attention in recent work. Examples of anomalous
absorption indications are given by a narrow-band labora-
tory study in a special untuned cavity at frequencies of
115-126 and 213 GHz (29], {35] and a Fourier spectroscopic
investigation of atmospheric transmission in the range
150-870 GHz [36). Both showed increases in specific at-
tenuation with decreasing temperature (below 290 K) which
were much larger than expected both by comparison with
previously observed temperature dependences in higher
temperature ranges and by consideration of the tempera-
ture dependences likely to be associated with energy levels
in the water molecule and expected intermolecular interac-
tion energies. Moreover, the absolute attenuations derived
from these experiments were considerable in engineering
terms; namely, in the range 5-20 dB/km at various frequen-
cies between about 210 and 300 GHz, values which if
correct would have a noticeable impact on applications of
near-millimeter waves. A number of results have appeared
since which do not show these effects and raise doubts
concerning their validity.

A careful laboratory study has recently appeared of at-
tenuation at 138 GHz {28]. An open resonator was used in
which care was taken to avoid adsorbed layers of water on
the reflecting surfaces which might add spurious attenua-
tion. Results were obtained for temperatures of 282 and 300
K and for various mixtures of nitrogen and water vapor. This
has been used to determine empiricai corrections to model
spectra (see below) which have been used to make com-
parisons with other data. No support for low-temperature
or high-humidity anomalies was found and agreement with
data in previously mentioned reviews [2]. [e]. [24]. [27] s
good. Reasonable agreement has also been found [37] with
new results at 110 GHz [38], [39] in which techmques were
used that were closely similar to those {29] [35] which
previously showed anomalous attenuation, although an al-
ternate analysis (39] still finds an anomalous tow-tempera-
ture effect at several frequencies between 299 and 110
GHz, its contribution to total absorption is not large

New Soviet studies have recently been described {40], [41)
of measured attenuation in the frequency range 180-420
GHz over a 1 5-km-long atmospheric path. The zero of the
attenuation scale was found by extrapolation from relative
measurements at various humidities, a method that was
mentioned earlier Excellent signal-to-noise ratios were ob-
tained, and no indication of anomalous temperature depen-
dences or unexpected spectral features were found in the
temperature range 263 to 282 K. Previous work by these
investigators [42] 1s consistent with an absence of such
effects, and recent Soviet laboratory results also support
these conclusions [41]

Although proponents of the existence of anomalous ab-
sorption caution that their observations may apply to occa-
sional nonequilibrium events [32]. the tide appears to be
running toward a belief that such conditions are either
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quite rare or nonexistent. Nevertheless, recent activity
spurred y this controversy has fostered significant 1m-
provements in millimeter-wave propagation models [28),
[37]. and further benefits can be anticipated

D. Empirical Models of Clear-Air Transmission

There have been major efforts to develop computer mod-
els of near-millimeter-wave propagation at several national
laboratories, the U.S. Air Force Geophysics Laboratory [43],
[44]; e.g., the US. Army Atmosphenc Sciences laboratory
[45), and the National Telecommunications and Information
Administration 128], [37], [46]-[48]. All have been extended
to include effects of adverse weather, which will be con«id-
ered in a later paper

In the interest of computing speed, the general practice
in these models 1s to compute the summation in (1) only
for lines near the region of interest and to add to this a term
that slowly increases with frequency. This represents all the
contnbutions due to the wings of lines at other frequencies
and due to other possible absorption mechanisms in water
vapor which have been mentioned. It has been customary
in this field to refer to this term as “continuum absorption”
although this is not entirely consistent with previous usage
i spectroscopy  Its magnitude has been determined by
fitting to observations and thus compensates for the limita-
tions which exist in current theory. In early empirical mod-
ehing efforts [49], data for imited conditions of barometric
pressure, absolute humidity, and temperature were utilized
in the fit, and thus there was inadequate underpinning to
the assumptions made concerning the dependence of the
magnitude of this term on those variables. In particular,
nadequate attention was paid to the effect of self-broad-
eming on the humidity dependence and to the steepness of
the temperature dependence in the gaps between lines. A
recent formulation of the continuum term a, [28), [37]
given by

= (0397ePT " + 3605 T * ) (2)

s much improved in this regard and 1s illustrated in big. 1
by the dashed curve Here, the water vapor pdrtial pressure
e s an kPa (= 10 mbar), the dry air pressure P, us in kPa,
frequency voas in GHzoand the continuum absorption coet-
fioent a5 n dB/kmo In another aoproach. & conting-
um has been denved from the wings of an empincaally
modihed hine chape that has been successfully titted to data
i parts of the milhimeter- and near-millimeter-wave regions
as well as to the anfrared, with only four fitting parameters
heng necessary [43)

Compansons between formulations of a,  such asin 28]
are difficult to make and assess since the Lines indluded in
the line-by-line part of a given model and the line shape
formula used are seldom the came from one model to the
next These choces can have a dramatic effect not only on
the magnmitude of the complementany continuum term. but
also, for example. on its apparent frequency dependence
Some workers show a continuum with a simple frequenacy
dependence Tike that in (7)) and others g continuum with
two or more inflection points [0] {24 [27] [43] The ap
parent temperatuce dependence of the contiaam s s
larly affected by the hines selected tor expliat cdusion o g
model calculation and may vany with froguency {24 n th
use of continuum formulds it s ool to remembeer thiat
this so-called continuum v not vet g sepacable phyacal

4 av ta® VN ad gt G0

phenomenon but rather an artifice which is added in to
simphty calculations and improve agreement with observa-
tions. Unnecessary discrepancies with observations can re-
sult when parts of a model are obtained from different
sources and happen to be incompatible. There is a consid-
erable need for future standardization of practice to avoid
this source of confusion Further work is underway on
compansons of the effectiveness of competing current
models as regards agreement with observations In the
course of the present review, 1t was noted that the recent
Soviet results [40], [41] mentioned above differ from predic-
ttons based on the model in [28). [37) by plus and minus 1-7
dB/km. depending on the frequency or conditions studied
(«e¢ Note Added in Proot on p 58)

Besides the advantages of computational speed from re-
stricting the number of lines that are calc ulated exphatly,
improvements have also been made in the speed with
which regions near line centers can be calculated [43] This
has facifitated modehing of vertical or slant paths in which
many layers are included in the calculation, some of which
are at low pressures and consequently have very narrow
lines. Fig. 2 1s an example of such a calculation for a
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P received from the atmospr..'e by o radiometer at
frequency » by [51)

P(») = kgTy(») v2drAQ/c’ 3)

where dv is the receiver bandwidth and A and { are the
effective receiver areas and beam solid angles, respectively.
If the atmosphere could be represented by one homoge-
neous slab of air, T; would be given by

) Tg=T,00 -0+ T (vt (4)

where t is the transmission through the slab, 7, is the air
temperature, and the last term is due to the cosmic back-
ground and is small.

In (4) it is assumed that the atmosphere is in thermody-
namic equilibrium, and thus its thermal emissivity, by
Kirchhoff's law, is equal to its fractional absorption (1 — ).
Gradients with height of both temperature and molecular
concentration are modeled by approximating the integral
relationship

ra(v)-fo‘”r,(z)x(v,z)dz+n(v)r (5)

by a summation over thin spherical shells in the atmosphere
which are taken to have uniform conditions. Here K(»,2) is
a weighting function which determines the contribution of
the air temperature at altitude z to the sky brightness
temperature and is given by

d
K(v,z)-gz-t(o,z) (6)
where
8(0,2) =10 O [faurras ()

if a is expressed in dB/km.

When one wishes to determine the transmission of the
atmosphere over vertical or slant paths, one can in principle
point a radiometer at a source of radiation outside the
atmosphere, such as the sun, and correct the received signal
for what 1s known of the source radiance and the antenna
coupling efficiency (both functions of frequency). In prac-
tice, these corrections are difficult and some simplifications
may be realized if, instead, emission from the atmosphere is
measured and the corresponding transmission is inferred
[52]). 1t the distribution of atmospheric temperature with
height 1s known, from radiosonde observations for example,
measured spectra of T, can be inverted through (5)-(7) to
find the transmission of the path. If the water vapor distri-
bution is also known or can be estimated, a mean radiating
temperature can be assigned by a Curtis-Godson-type ap-
proximation [50], [S3]. Then (4) can be used to obtain a
simple approximate inversion to transmission. An example
of data inverted by this means [52] is shown in Fig. 3 and
compared with a calculation based on a recent empincal
model [43}

This and other recent comparisons [37], [54], [55] between
maodels and slant-path observations have shown reasonable
agreement  The significance of these comparisons s tem-
pered, however, by the scant amount of data available
concerming the humidity and temperature profiles over the
paths studied Some workers have attempted to derive
continuum expressions for use in empirical models on the
basis of slant-path emission observations [52]. Although
these do not greatly differ in predicted absorption from the
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S
models referenced in the previous section, they should
probably be given less weight of confidence than models Q

&

{ .-;..\

based on laboratory or horizontal-path measurements where
the atmospheric conditions can be better specified.

.
There is interest, of course, in levels of atmospheric &
emission for their own sake as they impact astronomical -‘f
observations [52], [54], [55], communications (6], [56}, and
radiometric surveillance. 5:
e
B. Refraction S
.j-,,.‘\
In the near-millimeter-wave range, atmospheric refractiv- ot
ity can be described as a sum of a constant term N,, &f‘g_
derived from a sum of contributions by lines at all frequen-
cies, and a dispersion term N, due to the water and f::p‘)‘
oxygen lines in the region :4-:__, !
N=Ny+ N,. (8) -’-'::C:
(Note: refractivity is equal to the refractive index minus one é 0]
and is usually expressed in parts per million of unity, ppm, w o
equivalent to the term N-units which is frequently seen.) in .
common with the radio-frequency and microwave regions :;-:'
of the spectrum, the nondispersive term used in near-milh- e
meter-wave models [57] ."-’3-
g
N=K(P/DZ + K(e/D) 2, + Ki(e/T) 2. (9) P
depends strongly on the amount of water vapor present i) ol
the atmosphere (expressed here as the partial pressure e). s
This differs from the case in the visible or near-infrared ~

5

parts of the spectrum, where the nondispersive refractivity
depends almost entirely on barometric pressure (equal to e
plus the partial pressure of dry air P,) and temperature T.
Equation (9) i1s not an exact theoretical form but, with
K, = 7.760 K/kPa, K, = 7.15 K/kPa, and K, = 3.750 x 10*

tgg

"
>

K’/kPa. one which fits [57], [58] observations well. The ":J:
factors Z, and Z, are nearly equal to unity [58], {59] and ‘,\‘.:::

correct for the nonideal gas relation between density and
pressure. It is interesting that a small but statistically signifi-

5

cant discrepancy has been found [57] between the above .‘I:::i
values of K, and K; and those which best fit theoretical i

refractivity calculated from tables of line parameters. It has N
been suggested {57] that this indicates either an error in .~:( )
values of the strength of certain key lines in the water vapor \-i' :
pure rotation band or an effect of association by water ::'
molecules. “~

The dispersive term is calculated (37], {46], {47], {60]. [61] %
as a summation over lines, similar to (1), but with a line
shape dedved from # by application of the Kramers-Kronig -
relation A typical value of N, is 350 ppm, and by compari- o
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Fig. 4. The dispersive part of the atmosphere’s refractivity
calculated with the same model and conditions as in Fig. 1.
For these conditions the total refractivity at 0 Hz is 350 ppm.

son, the dispersive term illustrated in Fig. 4 is important
only in the vicinity of the strong lines, such as those at 557,
752, and 988 GHz. Observations of dispersion in the near-
millimeter range are thus far available only at low resolu-
tion from dispersive Fourier transform spectroscopy [62),
but no significant discrepancies with models have been
identified.

The practical effects of clear-air refractivity are to pro-
duce phenomena which may be grouped into ones result-
ing from large-scale structures in the atmosphere, such as
diurnal and weather changes, overall temperature and water
vapor gradients or inversions, tidal effects, and the like, and
those involving small-scale structures such as those pro-
duced by turbulence. The former will produce varying
propagation delays, beam bending, beam ducting, multi-
path interference, etc. Except in the immediate vicinity of
strong water vapor lines, as mentioned above, these effects
should be closely similar to those found in the microwave
region, since the refractivities in the two regions are very
nearly equal and the sizes of the atmospheric structures are
large compared with the wavelength in both cases. One
distinction may, however, be found for multipath-type ef-
fects near the ground where reflected signals off the ground
may contribute to a propagated wave. In this case, the
ground effects will differ at near-millimeter-wave frequen-
cies from those at lower frequencies due to significantly
different scattering properties. Little experimental attention
has thus far been given to these large-scale phenomena in
near-millimeter-wave propagation. Studies are being made
of the effects of small-scale phenomena, however, as de-
scribed in the following sections.

IV.  TURBULENCE

When the wind carries inhomogeneities in the atmo-
sphere through a propagation path, fluctuations in several
properties of the propagation result. In clear air, turbulence
is the cause of inhomogeneities in both the refractive index
and the absorption coefficient of the air. The refractive
variations explain the familiar visible phenomena of star
twinkling and the shimmering of distant images on a hori-
zon on a hot day. Many aspects of the effects at visible and
near-infrared wavelengths have been explored, after semi-
nal theoretical work by Rytov [63]), Chernov (64] and
Tatarski [65], and detailed reviews are available [5], [6b], (67].
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Significant work has also been done in the microwave
region (e.g., [68]), but millimeter-wave or near-millimeter-
wave studies have only recently been given prominent
attention. The possible propagation effects which may be
catalogued are fluctuations in received intensity, angle of
arrival, propagation delay, frequency, and polarization, of
which the first three may be expected to be significant at
near-millimeter wavelengths. In image formation, the phe-
nomena can be manifested as scintillation, image dancing,
and image blooming, of which the first two are important at
such wavelengths,

As pointed out in [3], turbulence effects have sometimes
been discounted for near-millimeter waves, since scattering
by turbulent eddies is a diffractive effect, which naturally is
stronger at shorter wavelengths. This is demonstrated by
the following expression for the expected log-intensity vari-
ance of a received signal [60}:

L 3] &
of, = 0.49 k7/¢'/%|1 - 2 73( 9 ) (10)
vi/k
in which k is the wavenumber 27/A, L is the propagation
path length, L, is the size of the largest turbulence eddies,
and C is the refractive index structure parameter, a mea-
sure of the spatial variance of refractive index. The reason
that turbulence effects cannot be neglected in the near-mil-
limeter-wave picture is the significant contribution by water
vapor to the refractive index that distinguishes this regime
from shorter wavelength regions, as mentioned earlier, and
the fact that water vapor inhomogeneities in the atmo-
sphere can be large. Fluctuating signal strength is not the
only propagation issue of interest. Since at these wave-
lengths, high-precision tracking and adequate image forma-
tion systems may be constructed with antennas of mod-
erate size, it is particularly of interest to know whether
fluctuations in angle of arrival may show up as significant
[69].

The near-millimeter-wavelength regime is of consider-
able interest for a number of other reasons. Some con-
troversy has arisen over the interpretation of observations
near the center of water vapor lines of moderate strength
where the refractive index must be treated as complex, as
will be discussed further in later sections. Such frequencies
are of practical interest as possible choices for controlled-
range communication links. Another distinction from shorter
wavelengths is that near-millimeter wavelengths are no
longer much smalier than turbulent eddies, but rather are
comparable with the smallest ones. This so-called inner
scale of turbulence ¢, is of the order of a few millimeters.
On the other hand, it is possible to construct antennas or
antenna arrays which are as large as the largest eddies, or
the outer scale of turbulence L, which ranges from a meter
to a few meters in size for propagation near the ground,
and possible to have propagation ranges for which the
Fresnel zone of size /X‘lz is also comparable with [,. This
has given investigators an opportunity for interesting tests
and extensions of theoretical models.

A. Theory

If one may assume that turbulent eddies are distributed
in the neighborhood of a propagation path in a homoge-
neous and isotropic fashion, the Koimogorov model [66] of
the eddy spectrum says that the refractive index spatial

PROCEEODINGS OF THE IHEE VO 78 NO 1 JANUARY 1085

d ;‘v'-{ ] 'A;' “7

SRV,
0

'I
e
1,

W
iy
:,«.




()
.?‘.'.l\\“\l :C

variance is proportional to the two-thirds power of the
separation of two measurement points Ar when Ar is
between 4 and L, i.e.,

(An?)y = CLAr3, (1)

The brackets denote ensemble averages which can usually
be replaced by time averages (according to an ergodic
hypothesis). The constant of proportionality C2, which also
appeared in (10), is the key refractive index structure param-
eter relating the turbulence structure to the resuiting opti-
cal effects. In general, the index of refraction must be
considered to be complex, and strictly, terms should be
added to (10) for the contributions of the variance of the
real and imaginary parts and for the covariance of these
components. The terms involving the imaginary part are
due to spatial variations in absorption, and it has been
estimated that, except in special circumstances, the contri-
bution of absorption to fluctuations will be difficult to
observe in the near-millimeter-wavelength range [60}, [61].
The discussion will return later to this topic, but for the
time being can be simplified by ignoring the terms involv-
ing the imaginary part of the refractive index.

Since both air density and water vapor concentration
affect the refractive index, the structure parameter C’, can
be expressed in terms of analogous structure parameters for
temperature, humidity, and barometric pressure. Pressure
variations can generally be neglected [60], and C? is given
by

7 - A G 2 __QL C'Q_

o=y ety P e )
where the A coefficients have been calculated from the
refractive index spectrum [60], [61] and Q denotes water
vapor concentration. frequently, the earth’s surface
evaporates or transpires a considerable amount of water
vapor. In these instances, the humidity fluctuations in the
boundary layer are considerably larger in relative terms than
the temperature fluctuations {60], [70], say

Co = 10‘—0'—
Qy (ry

and humidity variance dominates the refractive index struc-
ture. This can result in values of the near-millimeter wave
C:, which are larger by an order of magnitude or more than
ones in the infrared, which are mainly sensitive to tempera-
ture structure,

That this is not always the case may be seen from the
following considerations. The last term in (12) is propor-
tional to the covariance of temperature and humidity, C,,
= (ATAQ)/Ar'/?, which can generally be approximated for
the boundary layer by [60}

Co .| S G ]bn
(MCQY Ty (1]

The positive sign is usually found during the day and the
negative sign during the night, due to a change in the
direction of the temperature gradient near the ground.
Since A, is negative (i.e, refractive index decreases with
increasing temperature), the last term in (12) acts to reduce
the near-millimeter-wave refractive index structure. Under
some dry conditions, it can substantially cancel the contri-
bution of the other two terms [71] and result in a situation

(13)
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for which the value of C2 is smaller in the near-millimeter
region than in the near infrared.

A formulation was given earlier in (10) for the expected
level of intensity fluctuations that applies {60] when 1) the
wavefronts are spherical, 2) the transmitting and receiving
antennas are small relative to a Fresnel zone YAL, and in
turn, 3) the Fresnel zone is small compared with the outer
scale L,. The corresponding expression for angle of arrival
variance is [64]

o2 =054LC2p" "3 (14)

where p may be interpreted as the spacing of small anten-
nas (or the width of a large antenna) used in measuring the
angle. Since with two or more antennas in an array, one
actually measures the phase difference variance, known as
the phase structure function D,, an alternate description is

D, = (A¢’y = 1.09k*LCLp*"° (15)

where, in both (14) and (15), the dependence on p holds
when YAL <p < L, [72). At larger antenna spacings, one
can sense the outer scale by a drop-off in the slope of D,
with p. A transverse coherence length p, is sometimes used
which is the value of p for which D, = 2rad?. Since in the
near-millimeter-wave range antennas are usually smaller
than or comparable with p;, the main source of image
degradation expected from turbulence is from image danc-
ing rather than image blooming.

In early derivations of expressions such as (10), (14), and

(15), it was assumed that scattering by eddies was weak"

(i.e., that scattering angles were small) and to reinforce this
assumption, it was additionally assumed that ML <« £}, or
more simply, that A <« £,. Whereas these inequalities are
readily satisfied at visual wavelengths, they are not so in the
near-millimeter range, where A ~ £,. 1t is reasonable to ask
whether small eddies are able to sustain significant reso-
nant scattering in this regime, similar to that familiar in Mie
scattering from rain drops. However, recent work [73]-[75]
has shown that the formulas derived under the assumption
of weak scattering are still a good approximation when
A > ¢, provided that A < p, or L,,.

An important dimension underlying the phenomena dis-
cussed thus far is the spatial spectrum of turbulent eddies
and the resulting time spectra of modulations in propa-
gation. Between the inner and outer scales of turbulence,
the Kolmogorov model gives [67]

@, (x) =0033C% "/ (16)

for the spectrum of refractive index as a function of spatial
wavenumber k. For smaller scales (larger wavenumbers than
27/ ¢y), refractive index variations are smail and a Gaussian
tail can be added to (16) [65], [67]; for larger scales (smaller
wavenumbers than /L), turbulent phenomena merge
with the large-scale vanations in the atmosphere that were
enumerated in Section IlI-B and are itl-defined in form In
general, the variations in refractive index continue to in-
crease in size as the wavenumber decreases below « =
27 /L, but with some decrease in slope until some consid-
erably smaller wavenumber is reached

When a transverse wind carries the turbulence structure
through a propagation path, the spatial spectrum helps to
determine the resulting modulation spectrum for propagat-
ing electromagnetic waves. An approximation that is fre-
quently invoked is that turbulent eddies are “frozen in”,
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i.e., last for times which are long by comparison with the
time taken to cross the path. Not all eddies are equally
effective in creating modulation, and so fluctuation spectra
measured in a propagation experiment do not closely paral-
lel (16). For instance, eddies approximately equal in size to
the Fresnel zone are particularly effective in producing
intensity fluctuations, and the resulting spectrum of such
fluctuations does not fall off rapidly with increasing
frequency funtil f> £, = v(2aAL)"'/2 [76], as illustrated in
Fig. 5(a), where v is the cross wind speed. For fluctuations
in the phase difference between two receivers separated by
p. eddies of a scale similar to p are particularly effective,
and the fluctuation spectrum has the form illustrated in Fig.
5(b). In contrast, the total phase in a link fluctuates slowly
with a spectrum dominated by the largest scales in turbu-
lence and by the other large-scale phenomena which have
been mentioned. For this reason, it is not meaningful to
give an expression analogous to (15) for the overall phase
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0?10?10 10° 10' 10?
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Fig. 5. Theoretical form of fluctuation spectra for the prop-
agation of sphencal electromagnetic waves [76]. (a) Log-
intensity spectral density normalized by multiplying by the
factor f,/af,, Frequency scale normalized by dividing the
fluctuation frequency f by fy = v(2aALl) /! where v =
cross wind speed The dashed line shows expected low-
frequency behavior when absorption adds significant
fluctuations. The exact frequency where it joins the solid line
will depend on relative importance of absorption and refrac-
tion [81]. (b) Phase difference spectral density normahzed by
dividing by the phase structure function O, . Frequency scale
normalized by dividing the fluctuation frequency f by +/p.
where p is the spacing of the points with different phase (¢)
Total phase fluctuation spectral density normalized by multi-
plying by the factor 4f/af,,. The fluctuation frequency scale
s normalized as in (a)
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variance [67]. In summary, for Fresnel zones which are
typically one to a few meters in size and for receiver
antennas or arrays of the order of one to a few meters in
size, the important fluctuation frequencies are expected to
be in the low part of the audio spectrum in clear air
turbulence.

B. Observations

The preponderance of experimental efforts have thus far
been directed at intensity fluctuation effects as these re-
quire less apparatus. The frequency dependence [70], [77]
and path length dependence [70] in (10) have been verified
by simultaneous observations at multiple frequencies in
ranges covering 36 to 230 GHz and over paths of different
lengths. Expected changes when the outer scale L, happens
to become smaller than a Fresnel zone have also been
observed [77]. Less attention heretofore has been given to
verification of the refractive index factor in (10) due to the
requirement for a considerable investment in micro-
meteorological instrumentation to enable predictions of C?
to be made. This need was perceived in recent years [69]
and several significant efforts are now underway. A com-
parison of observed microwave values of C4 with ones
calculated from measured values of C%, C%, and C,(, has
shown reasonable agreement [71]. Observations have re-
cently been obtained for near-millimeter-wave intensity
fluctuations (in the range 116 to 173 GHz) as well as for
detailed micrometeorological parameters [70], [78], and a
direct test of (10) will thus be possible.

Observations of the spectrum of intensity scintillation
have also netted interesting results. The general form of Fig.
5(a) has been confirmed [79], including the expected falloff
with fluctuation frequency to the -8/3 power at high
frequencies {76]. Studies in the neighborhood [80], {81} of
the oxygen absorption band near 55 GHz, somewhat below
the near-millimeter range, have demonstrated that inho-
mogeneities in absorption in the atmosphere produce an
expected increase [81]-[83] in fluctuations at low fluctua-
tion frequencies, above those due only to the real part of
the refractive index, as sketched by the dashed hne in Fig.
5(a). One would expect similar effects to be observed near
significant water vapor absorption lines in the near-millime-
ter-wave region.

Observations have been reported, however, of effects
which have the opposite sense; namely, striking decreases
(by a factor of five) in the relative intensity fluctuation
levels in the center of a moderately strong water vapor line
near 325 GHz [84], [85], as compared with nearby regions
between lines. Attempts at theoretical treatments [85], [86],
have taken account of the fact that propagation paths have
to be much shorter in such instances due to the high level
of absorption (30 dB or more) and thus refractive scattering
can become relatively more important than diffractive
scattering. Although it has been shown that in particular
circumstances, a decrease in fluctuations can occur, present
theories predict much smaller decreases than those ob-
served [85], [86). A small departure has also been reported
[87] from the usually expected log-normal distabution of
intensity for a region of high absorption in the millimeter-
wave spectrum. There s an opportunity here for further
work to consolidate the picture of phenomena that accom-
pany high absorption, which are of more than academic
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interest due to potential applications in the communica-
tions field, for example. In further investigations, it would
be advisable to eliminate some of the existing uncertainty
through observations supported by detailed micrometeorol-
ogy of the temperature and humidity structure

Relatively little attention has been given until recently to
the important topic of angle of arrival or phase difterence
fluctuations. Apart from measurements conducted at micro-
wave frequencies [68), there were some observations near
150 GHz based on the use of a receiver which switches
between two apertures, which showed angle of arrival
fluctuations with a standard deviation of about 100 urad
[88]. The present authors, with collaborators from the Na-
tional Oceanic and Atmospheric Administration and the
U. S. Army Atmospheric Sciences Laboratory, have been
engaged in a new study in the frequency range 116 to 173
GHz that covers both intensity and angle of arrival effects
[78]. It is being conducted over extremely flat and uniform
ground cover to eliminate as many complications as possi-
ble to the turbulent structure. Simultaneous measurements
of the micrometeorological parameters that characterize
humidity and temperature structure are being made along
with observations of standard meteorological parameters.
Near- and mid-infrared scintillations are also recorded.
Measurements have been conducted in a wide range of
weather conditions throughout one year, but are at the
time of writing in only a very preliminary state of reduction.
The angle of arrival measurements are derived from a 10-
m-wide by 1.5-m-high interferometric receiver array, and an
example of results typical of summer daytime conditions
dominated by humidity fluctuations is given in Fig. 6 as a
function of horizontal receiver spacing. The Kolmogorov
5/3 power law (15) 1s shown for comparison, and one can

1.0
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PHASE ODIFFERENCE VARIANCE - Dy (rad?)

0.0t + . . e e
1 2 5 10
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Fig. 6. Obcerved phase stracture tunchion (dotey at 270 a0
Gz for dear ar with the sun sturing neac aaddas an the
cutnmer (78] The straght ine <hows the Kolmaogorom & 0t

power law tor comparisan The departare gt the Larger calues
of antenma separation s doe tao g vmnbanty betwern the size
of theee separations and the ooter woale of tarbalene
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see clearly the expected departure at larger spacings due to
the effects of the finite size of the outer scale of turbulence
[72}).

In the longer term, such studies will be useful in af-
fording the opportunity for detailed comparisons with the-
ory, but for the present they have also provided useful
orientations concerning the qualitative importance of vari-
ous types of weather in producing degradation in propa-
gation due to turbulence (or turbidity from suspended or
falling hydrometeorites). Summertime conditions when
transpiration or evaporation of humidity are strong have
provided the largest fluctuations yet seen. Over a path of
about 1.4 km, intensity fluctuations up to 40 percent peak-
to-peak and angle of arrival fluctuations of a few hundred
microradians have been observed. At the other end of the
spectrum have been fog conditions in stationary air, for
which fluctuation levels have been about thirty times lower
[78]. Generally, precipitation events have provided inter-
mediate levels of fluctuations. This may at first seem surpns-
ing since during a rain storm, fo. example, there is plenty of
available humidity and, in addition, fluctuations from
scattering by rain. Offsetting those influences which in-
crease the effect of turbutence, is a typical decrease due to
cloud cover and the removal of strong heating at the
ground. Even so, of the factors which increase the fluctua-
tions during a storm, preliminary indications appear to rank
the humidity effects as being the most important [7€;, pretty
much in line with expectation [89). This stresses the impor-
tance of the study of turbulence not only in clear air but
also as it is superimposed on adverse weather.

The discussion of turbulence effects in this review has
been confined essentially to horizontal paths fairly near the
ground where the atmospheric conditions can be reason-
ably uniform and readily characterized by in situ measure-
ments. Little attention has been given to turbulence effects
on near-millimeter-wave propagation over slant paths. One
might argue that slant-path effects will be smaller in most
regards due to shorter interactions with the layers nearest
the ground where the refractive index structure constant is
expected to be highest. The foregoing discussion has also
been restricted to spherical wavefronts as these are often
encountered in practice. However, models for plane-wave
and beam-wave cases also are available (e g.. [67], [76]. [90]).

V. CONCIUDING REMARKS

An understanding of the effects of the clear atmosphere
on near-millimeter-wave propagation s fundamental to a
wider understanding of effects in all types of weather A
few of the salient needs for further work., which were
discussed in the preceding sections, will be outhined here

1} Present models of nonresonant absorption by water
vapor, the so-called continuum between the lines are om
pincal A breakthrough to an a poor descnption of the role
of the molecular attractive forces of water e colhaon
broademing of absorption hnes and 0 dimer tormation
would be of major consequence It would provide a batter
understanding of hvdrogen bonding for a kev molecab
well as better predictions of atmosphernc aborptions ye gy
function ot temperature

2y Even wathin empincal approaches 1o predictions of
atmospberic absorption there s room for impron oo
AMuch needless confusion ances b g back of ctandarndizg on
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over the definition of what nearby lines to include in
explicit line-by-line calculations. There is little on which to
base a choice, but the procedure used by the investigators
at the US. Air Force Geophysic Laboratory [43]) has the
advantage that it is useable over a wide spectral range. An
effort to bring about standardization and a consolidation of
present observations and predictions into a format where
more thorough comparisons can be drawn would be
welcomed.

3) The discrepancy between theory and the observed
temperature dependence of the radio-frequency refractivity
is tantalizing [57]. The phenomenology of large-scale refrac-
tive effects at near-millimeter wavelengths, such as beam
bending and multipath propagation, have so far been given
little attention.

4) Greater prominence is now being given to studies of
turbulence effects. Several interesting confirmations of the-
ory have been completed and many more comparisons are
in the offing. One puzzle which has appeared is the report
of a strong diminution of intensity fluctuations near the
center of a line at 325 GHz (e g., [85]).

Important effects in adverse weather will be covered in a
future publication.

Note Added in Proof

The author recently received a preprint of an article by
H._ }. Liebe in which revisions of the model in [28], [37] are
presented. The improvements are based on revised line
data and a more refined analysis of data obtained in his
laboratory. They appear to bring the model into substan-
tially better agreement with the Soviet data [40}, [41].
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MEASUREMENTS OF PHASE NOISE SPECTRA OF

MILLIM

R WAVE KLYSTRONS il

G.W. Rosenberg**,

R.W. McMillan and V.T. Brady

Georgia Institute of Technology
Engineering Experiment Station

Atlanta, Georgia

Abstract

During a program whose objective is to
measure millimeter wave atmospheric turbu-
lence effects, the phase noise spectra of
phase-locked klystron oscillators operat-
ing at 116, 140, and 173 GHz were measured.
This paper describes the results obtained.

Introduction

This paper describes the measurements
of phase noise spectra of three Varian/
Canada millimeter wave klystrons, phase-
locked at frequencies of 116.3, 140 and
173 GHz. The phase-lock system is similar
to that designed by Henry fl], and uses a
discriminator for coarse frequency correct-
ions and a phase-lock system for precise
phase control.

Description of Phase~Lock System

Figure 1 is a block diagram of the
phase-lock system used for these measure-
ments. A nominally 100 MHz reference
oscillator is used to lock an X-band
phase-locked solid state source with an
output in the 8.0-8.5 GHz range. This
signal acts as the local oscillator for a
harmonic mixer which downconverts the
klystron output to an intermediate fre-
quency of 700 MHz. The amplified IF
signal is split into two equal signals,
one of which drives the discriminator
resulting in an error signal qQutput pro-
portional to the frequency difference
between the IF and a 700 MHz reference
signal, and the other gives an error
signal proportional to the phase differ-
ence between these two signals. The 100
MHz reference oscillator used in these
experiments was a Hewlett-Packard 8640B
tunable cavity oscillator which allows for
tuning of the klystron output. For some
of the measurements a Hewlett-Packard 105A
quartz frequency standard together with a
multiplying chain was used to generate
the 100 MHz reference for comparison to
the results obtained with the tunable
oscillator.

Results of Measurements

Measurements of phase noise were made

on the 700 MHz IF signal by using a
Systron Donner 0.01-18 GHz spectrum
analyzer for the spectral range greater
than 10 kHz from the carrier and a
Hewlett-Packard 3580 audio spectrum
analyzer to observe the near~-carrier
spectrum. For these latter measurements

30332

the 700 MHz IF was downconverted to 30
kHz. In determining the phase noise, 1t
is assumed that the AM noise of the
klystron is small compared to the FM
noise.

Figure 2 shows the phase noise spec-
trum of the 116.3 GHz klystron. The solicd
curve was measured by using the HP 105A
reference and the dashed curve with the
8640B reference. The spectra of the 140
and 173 GHz sources were measured only
with the 8640B and showed little differ-
ence from the corresponding 116.3 GHz
spectrum. These spectra do not show spurs
at 60 and 120 Hz due to the power line;
these spurs are about 20 dB above the
background level.

Figure 2 shows that the phase noise of
the 116.3 GHz klystron locked to the 86408
is significantly better than one would
expect by adding a factor 20 log N (N is
the multiplication factor) to the pub-
lished phase noise of the 8640B. Hewlett-
Packard advises that this is because the
oscillator has been significantly improved
since the specifications were published,
and that the specifications are very con-
servatively given. Locking the klystrons
to a tunable oscillator provides signifi-
cant advantages in source tunability and
phase-locked modulation capability.

Photographs of the klystron spectra
are shown in Figures 3 and 4 which shecw
the broadband spectrum of the 173 GHz
source and the near-carrier spectrum of
the 116 GHz source, respectively. The
slight asymmetry in the near-carrier
spectrum is thought to be caused by a
slight relative drift between the HP
105A and the audio spectrum analyzer
local oscillator.

Conclusions

The results of this paper show
that it is possible to phase-lock
millimeter wave klystrons so that
spectral line widths are less than 1
Hz if a high guality reference source
is used. Alternatively, the klystron
may be locked to a tunable cavity
oscillator to add tuning and frequency
modulation capability, with slightly
degraded near-carrier phase noise.
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Figure 1. Block diagram of Henry
phase lock system.
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Figure 4. Near-carrier spectrum of 116
GHz klystron with measurement
bandwidth of 1 Hz. Vertical
(10dB) and horizontal (5Hz)
scales are indicated.
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Figure 2. Phase noise spectrum of 116.3
GHz klystron measured with
crystal and cavity oscillator
reference sources.
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A MILLIMETER WAVE RADIO FREQUENCY SYSTEM FOR ATMOSPHERIC TURBULENCE MEASUREMENTS*

R.W. McMillan, V.T. Brady, G.W. Rosenberg**,
and G.F. Kirkman

Georgia Institute of Technoiogy
Engineering Experiment Station
Atlanta, Georgia 30332

Abstract

This paper describes a millimeter wave
atmospheric transmission link operating at
116, 140 and 173 GHz designed to measure
the mutual coherence function (MCF) for
transmission through atmospheric turbu-
lence. The transmitter and receiver local
oscillator are phase-~locked, and the

sequential values of 0, n/2, =, and 3n/2
and the voltage output of the receiver Uq
corresponds to each of these values.
Under these conditions, it is possible to
show that V, is given by [3]

V12 = 112 [vy12 v 2 W1 IV, a(r) cos [an - B(r)] .

receiver mixers are second harmonic types (1)
:gcggsegrﬁzzgggéﬁﬁ1202533:§:§;gn'wizge where the mutual coherence function for
, . ; : :
intermediate frequencies of 930 and 30 atmospheric propagation is given by
MHz. A 30 MHz signal combining network is(r)
uses phase shifters and video detectors to MCF = p(r)e . (2)
determine voltages proportiona} to the By varyipg a. through the indicated
parameters required for determination of sequence’, itnis possible to solve for
the MCF. p(r) and B(r) as follows:
. 2 2
Introduction 3 Mgl - WVyz! 7
8(r) » tan . (3

Atmospheric turbulence is known to
nave deleterious effects on the propaga-
tion of visible and near infrared radia-
tion through the atmosphere. At longer

wavelengths, one would not expect the 16 112 v, 12

effects to be as significant because of ) ) o
the dependence of the log amplitude The millimeter wave radio frequency P
variance of intensity fluctuations on v7/% system is designed to measure the para- Ry
where v is frequency. At frequencies for meters V2 required for calculation of ~
which atmospheric moisture has a signifi- p{(r) and g{(r). Q,
cant effect on propagation, however, the Py
absolute humidity structure parameter Millimeter Wave Link o

as well as the temperature structure para-
meter C%4 and their cross-correlation Cp
contribute to the magnitude of the index
of refraction structure parameter Cg,
where for visible and near infrared radia-
tion only CZ contributes [1]. These
moisture contributions make millimeter
wave turbulence effects significant, and
fluctuations in intensity of 1-2 dB and
angle-of-arrival of 300 urad peak over a

1 km path may be expected.

Parameters Measured

The apparatus used to measure the
effects of millimeter wave atmospheric
turbulence consists of a transmitter
Separated from a four-receiver array by a
distance of 1.3 km. The four receivers
are separated by 1.4, 2.8, and 5.6 m, so
that six possible pairs of receivers
separated by distances varying from 1.4 to

0 m are used for the measurements [2].

Wy 1= Mgl

2 2 2 2
(otr1]? - (1917 - 11g0l®) ~ + (ivgql - 1vyp17) TS

The transmitter and receiver local
oscillator are phase-locked to allow for
a narrow receiver bandwidth and resulting
improvement in signal-to-noise ratio.
Klystrons locked to solid state X-~band
sources which were in turn locked to
stable oscillators were used for both
transmitter and receiver. Phase-lccking
is not necessary to determine the para-
meters of Equations (3) and (4) but was
found necessary for calibration in addi-
tion to giving the improved noise per-
formance indicated above.

The transmitted frequencies were 116,
140 and 173 GHz, and the receiver local
oscillator frequencies were one-half of
these values since X2 harmonic mixers
were used. These mixers have conversion
losses of about 20 dB in this cross-guide
harmonic configuration. Double conver-
sion has been used, with IFs of 930 and
30 MHz. Figure 2 is a block diagram of
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Ingtead, a series of relay lenses,
termed a lens beam waveguide (4], was
chosen to distribute the LO signal, as
illustrated in Fig. 3. Twenty-one lenses,
152 mm in diameter and made of high-density
polyethylene were used, but the longest run
between the klystron and a receiver
involved fifteen. Corrugated conical horns
couple the LO signal into and out of the
beam waveguide and produce a beam with a
Gaussian-shaped field profile [4].

The lenses have a curvature and
spacing (737 mm) such that they are
confocal [4). The horn feeds were designed
such that a beam waist occurs, for a
frequency of 55 GHz, half way between the
lenses as shown in Fig. 3. At a higher
frequency, the feed pattern changes and the
beam waist shifts, but at every odd
numbered lens in a series, the beam returns
to the size that couples efficiently to the
output horns, Since all legs of the beam
waveguide have an odd number of lenses, it
works well over a wide frequency range,

The splitting of LO power between the
paths to the various receivers is
accomplished by stretched electroformed
nickel meshes, Selections were made of
meshes of different reflectance to balance
the power to all receivers at crucial
frequencies. It is calculated, from
measured lens and mesh parameters that
about ten percent of the klystron power
launched into the beam wavequide is
delivered to each receiver. Satisfactory
mixer performance has been obtained with
this system,

Conclusion

The first field testg, described
elsewhere in these proceedings [11, have
demonstrated the success of the designs
presented in this paper. A notable
achievement is the lens beam wavequide LO
distribution system with its wide frequency
range,

¢ This work was supported by
the U.S. Army Research Office under
Contract DAAG29-81-K-0173. The assistance
of our research collaborators at the
National Oceanic and Atmospheric
Administration is gratefully acknowledged.
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A Quasi-Optical Millimeter Wave Transmitter and
Recelver Array for Measurements of Anqular Scintillation
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J. M. Newton, A, Davis, and 0. A, Simpson*

Georgia Institute of Technology
Engineering Experiment Station
Atlanta, Georgia 30332

Abstract

This system, used to measure the
effects of atmospheric turbulence at
frequencies between 116 and 173 GHz,
comprises a front-fed, off-axis parabola
transmitting antenna located 1.4 km from a
receiver array. The five antennas in the
latter receive local oscillator power from
a phase-locked klystron source via a low-
loss lens beam waveguide distribution
system,

Introduction

A key part in the Georgia Tech and
National Oceanic and Atmospheric
Administration study of millimeter wave
atmospheric turbulence effects [(1-3] has
been the development of an appropriate
antenna system. The equipment may be
transported to sites of interest and has
been used at a specially selected site [1]
near Flatville, Illinois. The use of an
array of receivers allows phase differehces
in the wavefront, and hence angle of
arrival scintillation, to be measured. The
method used is described elsewhere in these
proceedings [1-2],

Transmitter

Three objectives met in the design of
the transmitter antenna are: (1) it fills
the receiver array for propagation
distances of 1 km or more; (2) it avoids
overfilling the receiver array and has
minimal sidelobes; "and (3) it gives far
field conditions at the receiver. A picture
of the design solution is shown in Fig. 1.

The primary antenna is an off-axis,
rectangular (610 X 152 mm) section of a
paraboloid reflector. As a result of the
unequal height and width, the antenna
Pattern is spread out horizontally and is
narrow vertically, efficiently filling the
teceiver array which is 1.5 m in vertical
extent and 10 m in horizontal. The mirror
was copy-turned from solid aluminum.

The primary is front fed by an E-plane
corrugated rectangular horn, without
obscuration. The corrugations have been
Included to minimize sidelobes in the feed
Pattern, and further reduction is effected
by application of an absorbing foam to the
Periphery of the mirror.

‘Present address: Emory University
Department of Physics Atlanta, Georgia 30322

As shown in Fig. 1, the antenna is
mounted on a pedestal which goes through
the floor of the surrounding van, down to a
concrete pad which provides stability in
pointing the antenna. The van and antenna
have been sited on a berm such that the
transmitter is at the same height above the
plain as the receiver array (namely 3.5m).

Receiver Array

Each receiving antenna in the array
comprises a conical corrugated horn feed, a
305 mm diameter polyethylene lens and a
large, optical quality diagonal mirror for
beam steering, as may be seen in Fig. 2.
All are mounted on a large I-beam that
rests on two pillars anchored to concrete
ground pads for stability and isolation
from the surrounding semi-trailer van.

The array may be termed non-redundant,
since any combination of two antennas,
gives a unique spacing for which the
relative phases of the signals can be
measured. The six intervals in the
horizontal direction are 1.43, 2.86, 4.29,
5.71, 8.57 and 10 meters, intervals that
are not only unique, but nearly uniformly
distributed. Preliminary results (1]
indicate transverse coherence lengths in
the propagated radiation that are within
the dimensjons of the array. Thus the array
size is well matched to the measurement
requirement. One antenna shown in Fig., 2 is
1.43 m below the horizontal row of
antennas, This allows differences in
vertical and horizontal scintillation to be
measured.

Lens Beam Waveguide LO Distribution

Provided that all receivers use the
same LO, it is possible to measure
meaningful phase differences. The mixers in
the receivers are of the harmonic type so
the LO frequencies are in the range 56 to
87 GHz. The LO sources are klystrons with
available powers of a few hundred
milliwatts, The waveguide size used for LO
components throughout this range is WR-12,

The combination of the limited power
available and the large array size over
which the LO signal must be distributed
makes it important to have high efficiency
in the LO transmission medium. However, the
losses in long runs of WR-12 waveguide may
be shown to be too high,
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clude that the system is capable of imaging over the
seven-element area used.

A calculation of the receptor spacing required
for diffraction-limited resolution yields a value of
3.0 om. Ve feel that we can decrease our spacing to
saybe 5 mm without affecting the beam patterns, and
thus get within a factor of less than two from
diffraction-limited resoclution. It should be ob-
served that the LTSA sanples the image considerably
more efficiently than any wave-guide-type feed, or a
broad-side planar antenna, since these are all basi-~
cally aperture antennas, whereas the LTSA achieves
{its narrow beam primarily due to a traveling-wave
mechanisa. The conical horn which matches our
Cassegrain reflector, for example, could not be
stacked closer than 14 sm. A comparison of
realizable feed patterns for multi-beam antennas was
recently published by Rahmat-Samii et al. [7). This

paper aasulea a beam-shape which is proportional to
(cos @)¥, and estimates the value of q for arrays of
feed elements, and different element spacings. We
have replotted their data in Figure 7, and included
our own measured data for the LTSA array, and this
graph clearly shows the superiority of the LTSA in
terms of ability to be atacked closely.

Another demonstration of the capabilities of
the imaging system was carried out by constructing a
2x2 array of LTSA's on two parallel substrates. A
program was written for the HP-85, which enabled the
system to track the source. If deliberately pointed
off the source, the system was able to correct its
pointing and return to the target within one step of
the stepping motors, an angular distance of 0.06 de-
grees.
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Fig. 1. A typical near milli-
meter imaging syvstem

Fig. 4. The seven-element LTSA array implemented for
the imaging system. The receptors have been numbered
starting at the center. Receptor vertical spacing
and spacing between suiLstrates are both 7.9 mm.
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Millimeter Wave Propagation Caused by Turbulence in Clear Air Near the Ground
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Observations were conducted over
uniform, exceptionally flat farm land in
Illinois during clear weather in July,
1983, Scintillation data were obtained at
116.30 and 172.91 GHz for a path 1.4 km
long. Rigorous micrometeorological
measurements, some of them path averaging,

were made along the path, The results of
these tests will be described.

Introduction
A recently started systematic study of
the effects of atmospheric turbulence on
millimeter wave propagation will be

described here, In the frequency range
covered, there have been few previous
studies [1] and little if any attention has
been given to angular scintillation. The
present study includes observations of both

amplitude and angular scintillation,
measurements of micrometeorological
parameters and near infrared wavelength
scintillation, and improvements in the
theoretical description of millimeter wave
scintillation. The millimeter wave regime
is interesting because the wavelengths are
similar in size to the smallest eddy sizes
in the atmosphere, and secondly because
transmission can be studied in relatively
clear regions of the spectrum as well as in
tregions of resonant absorption by oxygen
aqd water molecules, In general,
millimeter wave turbulence effects differ
from those at shorter wavelengths by
depending significantly on the
~i1Crogstructure of water vapor in the
itiosphere.

4 Site
. .Thg propagation path, near Flatville,
llinois, is 1.4 km long and crosses
uniform soybean vegetation on ground that
IS exceptionally flat (one foot or less
”flght variation). The path is about 3.5 m
f;?ve the ground. There are no raised
; Jects to disturb the wind for at least
M on either side of the path, with the
€ption of the meteorological instruments
-aJch are placed to the lee of the
Ll Pagation path for the prevailing west
'ﬂﬂds. This exceptionally unifora
_“Onment makes theoretical descriptions
| ’}&_experxment tractabie, Tne site oisu
"“t;b a full range of temperate .ane

€r for further research.

“xXC
wh

Meteorological

The overall layout is shown in Fig. 1.
Both jn s8itu and path averagingy
meteorological instrumentation (listed in
Tsh1e 1) has been provided. Data collec- -~
is coordinated through two stations located
at 400 and 800 m from the receiver van.
Near each, a rotatable tower places most of
the in sity instruments at the same height
as the propagation path., It is emphasized
that fluctdations of humidity, temperature,
and wind velocity can be measured in small
volumes and at speeds of at least 100
samples/sec. The path-averaging optical C,*
and cross-wind instrumentation (3] is a
«.car infrared scintillometer that provicues
a mneasure of the atmospheric temperature
(or density) structure and mean crosswina
speed, The laser rain gauge [4] will be
used in later phases of the research.
Presently 32 channels of meteorological
data are logged (along with 28 channels of
millimeter wave data) on a central computer
in the receiver van. Communication from the
meteorological stations is via a special
purpose buried fiber optic data link.

Millimet W Faciliti .

These consist of klystron transmitters
directed over the propagation path to a
receiver array with nonredundant antenna
separations ranging from 1.4 to 10 m. The
transmitter and receiver are separately
phase-locked for low noise. A signal
combining network facilitates
interferometric measurements from which
both amplitude and relative phase (or
angular) scintillation can be determined.
Details are given elsewhere [5, 6].

The first measurement series was
conducted during a period July 12-20, 1983
when there was clear, mostly sunny weather
every day. A second measurement series
planned for Nov.-Dec. should also have been
carried out by conference time.

The analysis of the data is now at a
preliminary stage. Data for midday
periods, when convective turbulence was
well-developed, show typical amplitude
standard deviations of about 9 percent at
116.30 GHz and 11 percent at 172.91 GHz.
These were determined -under approximately
the same conditions of temperature and
humidity fluctuations and show the expected
dependence on electromagnetic frequency
{1}, Near midnight, when the atmosphere is
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exceptionally stable, fluctuations as much
as thirty times smaller were seen,
demonstrating the low noise qualities of
the instrumentation.

Typical midday, relative-phase
standard deviations for the minimum antenna
spacing (1.43 m) were .175 and .20 radians,
respectively for the above frequencies.
These correspond to apparent angle-of-
arrival standard deviations of about 50
» rad. The variance of relative phase
increases with antenna separation to the
$/3 power in accord with the Kolmogorov
model of turbulence {2, 7} for small
antenna spacings, and increases less
rapidly at larger spacings in a way
attributable to the effects of the outer
scale of turbulence (7].

Tib,

Table 1, Meteorological Instruments

In Situ

Lyman alpha humidity gauges
Fine wire temperature probes
Three-axis sonic anemometers
Wet and dry bulb psychrometers
Vaisalla humidity gauges
Barometer

Propeller anemometer

Wind vane

Pyronometer

Weighing bucket raingauges

Path Averaging

T D ARSI W T LW o Rty

At similar times, the path-average
millimeter wave structure parameter C
may be determined to be 2 X 10-12 p~2/3 R
much larger than the infrared value
8 X 10-14 pn~2/3 ., This is not unexpected
due to the effects of water vapor, but the
calculations necessary to make a
guantitative comparison with theory (8]
remain to be carried through.

Optical an

Optical crosswind
Optical raingauge
Optical distrometer

Hork

An experimental program has begun that
promises to yield a wealth of information
on millimeter wave turbulence effects. In
turn, it is foreseen that millimeter waves
can be developed as a probe of
meteorological fluctuations that will
complement infrared probes. In the near
future it is planned to add new frequencies
and to study precipitation and fog effects.
Acknowledagments: The work reported has
been supported by the U.S. Army Research
Office under Contract DAAG29-81-K-0173 and
Grant ARO 21-82, and by the National

Oceanic and Atmospheric Administration. The Optical C and g’ Optical Rain
authors thank Mr, Leon Harms and his hﬁﬂ:ﬁ:« b » ?wn
¢ lleagues for providing the prace for rths - aths 50m eachl

measurements, and Mr. John Vogel of the
Illinois State Water Survey for assistance
with the site and for providing weighing
bucket raingauges.

Fig.l Layout of Millimeter Wave scintil-
lation experiment and associated meteoro-
logical instrumentation.
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TH6.5 FIELD ATTENUATION MEASUREMENTS AT 0.89 mm N
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)
A.J. Gasiewski, F.L. Merat, "1se Western Reserve University, 2,
Cleveland, OHLIO 44106. ! '
- .
"
Field measurements of clear atmosphere attenuation have been :t.
made at a wavelenght of 0.89 mm, using an optically pumped "
far infrared laser as a source. Absolute measurements of .
attenuation idicated 4 to ]4 8B/km above values calculated by ™
absorption line compilations. Attenuation sensitivity measure- i
ments yielded values 1.5 to 2.0 times greater that the slopes -
predicted by monomer theory. Reasonable agreement 1is obtained o",
with previously measured data by Tanton and by Ryadov and Furashov. z':
v::f
1y
B
6.6 SPECKLE PHENOMENA AT 10 um WAVELENGTH ':!
<
D.L. Jordan, R.C. Hollins, and E. Jakeman 13
Royal Signals and Radar Establishment Cat,
St. Andrews Road Y,
Great Malvern .
Worcs WR14 3PS N
United Kingdom i.
t
Scattering of radar and infra-red waves is strongly influenced by the multi- ‘
scale (fractal) nature of naturally-occurring surfaces. Measurements using ‘:l
CO2 laser radiation illustrate striking differences between scattering by gt
fractal and smoothly-varying surfaces. The influerce of speckle in coherent G\
laser radar will be discussed. §
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Atlanta, Georgia 30332 USA
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1.0 Introduction

This paper "describes
measurements of millimetecr wave
atmospheric turbulence effects made
jointly by Georgia Tech and NOAA at a
site near Champaign-Urbana Illinois,
chosen for its exceptional flatness and
absence of trees, hills or other
obstructions which might perturb the
atmospheric fields. The measurements
vere made at frequencies of 116.3,
118.75, 120.75, 142.00, and 173.00 Ghz;
and under atmospheric conditions of
Clear air, rain, fog, and snow. The
millimeter wave measurements were
supported by extensive meteorological
instrumentation.

2.0 Approach

The turbulence measurement
system consists of transmitter and
receiver systems separated by a distance
of 1.4 km traversing a field planted in
soybeans in summer and covered by
stubble in other seasons. The
transmitter is a phase-locked klystron
oscillator feeding an offset paraboloid
antenna. The receiver is a S-element
array consisting of 4 elements with non-
redundant spacing in the horizontal
plane with a Sth element placed
immediately below one of the horizontal
elements. Bach of these array elements
is a superheterodyne receiver, and all
are pumped by a common phase-locked
klystron local oscillator which is
distributed to the individual receivers
by a beanm” waveguide systenm. This
arrangement provides means for measuring
both amplitude and phase fluctuations,
thus leading to a good approximation for
the MMW atmospheric mutual coherence
function. This measurement system has
?:cn grlcribed in more detail elsewhere

’2' -

3.0 Results of Clear Air Measurements
We have found that the largest
fluctuations in both intensity and phase
occur under clear air summertime
conditions during which the atmosphere
is hot and humid. Fluctuations are
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especially large when the sun comes out
after a rainfall, or when the soybeans
are large enough to give up large
amounts of water vapor by transpiration.
Figure 1 is a copy of a chart recorder
trace showing intensity fluctuations of
a 142 Ghz signal measured on a clear
morning after a light rainfall (~3mm)
occurred the night before. Pigure 2
shows the corresponding phase
fluctuations measured between the pair
of antennas with a spacing of 10am. Large
fluctuations of this nature were common
in the summer but did not occur in the
winter despite the fact that winter
weather was generally more violent.
Smaller wintertime variations are
ascribed to much lower absolute
humidity.

4.0 Rain, Pog, and Snow Results

Some of the more interesting
results have been observed during
rainfall. The MMW attenuation generally
closely follows the variations of the
path-averaqing rain gauge except for the
fact that immediately after the rain,
the received signal remains lower than
at the beginning, presumably because the
humidity remains high. These effects are
illustrated by the chart recorder traces
shown in Figure 3, which show receiver
channels 1 and 2 measured at 173 GHz
during a heavy rain. Because of its
proximity to the strnng water vapor
absorption at 183 GHz, cthis frequency is
egpecially sensitive to higher absolute
humidity. There is some indication also
from preliminary studies of the data
that the fluctuation spectrum contains
higher frequency fluctuations during
precipitation events as expected [4].

A very interesting phenomenon
occurs in heavy fog. Pigure 4 shows
chart recorder traces made at 142 GHz
during a fog for which the visibility
was estimated to be 200 m. Note the
extreme quietness of the traces,
Measurements of phase fluctuations made
during this fog showed a similar
quietness,
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A series of measurements at 116
GHz wvas made during a snowstorm that
lasted intermittently for two days and
left an accumulation of about 30 cm on
the ground. Weather during this storm
was fairly violent, with winds gusting
to 20 m/s and with accompanying ground
blizzards. As stated earlier, the
intensity fluctuations are smaller for
this case than for the summertime
conditions represented by Pigure 1.

5.0 Conclusions

We have made measurements of MMW
turbulence effects at several
frequencies of interest under widely
varying atmospheric conditions. These
measurements are supported by extensive
meteorological instrumentation. It is
concluded that turbulence effects are
more pronounced under hot, humid
summertime conditions. Fluctuations
measured in winter are smaller because
of lower absolute humidity.
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Figure 1. Intensity fluctuations of a
142 GHz signal measured on a hot, humid
day.
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Figure 2. Phase fluctuations measured
under the same conditions as Figure 1.
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Figure 3. 1Intensity changes measured at
173 GHz during a heavy rain.
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ABSTRACT system performance, it is

Measurements were made of the
effects of falling snow on
millimeter wave transmission
during November and December 1983
and February 1984 at a specially
selected and instrumented site in
Illinois. These show intensity
fluctuations as well as angle-of-
arrival fluctuations for frequen-
cies of 116 and 173 GHz.
Transmitter and receiver sub-
systems are separated by a
distance of 1.4 km over
exceptionally flat terrain. De-
tailed meteorological measure-
ments have been made of normal
variables, micrometeorological
quantities and particulate para-
meters. Analyses of results during
sSnow are compared with results
when the fluctuations are due only
to turbulence in clear air,

INTRODUCTION

. For a full picture of the
limitations imposed by the
atmosphere on millimeter wave
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necessary to have an understanding
of the fluctuations caused by
turbulence and by hydrometeorite
turbidity. The work which will be
reported here is part of a
systematic study of fluctuations
in both intensity and angle of
arrival in the frequency range
116-173 GHz and in a wide variety
of weather conditions in all
seasons of the year. At these
frequencies, which are high in the
millimeter band, high precision
tracking or image formation may be
achievable with antennas of
modrtate size, and thus it is
particularly of interest to know
whether fluctuations in angle of
arrival may show up as
significant. There have been few
studies which have addressed this
question previously (1,2], and
generally in these, characteriza-
tion of meteorological parameters
has been scant. In the present

study an effort has been made to

&7

meteorological parameters but also
ones which characterize the
turbulence and particulates
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present in a propagation path.
For comparison and additional
information about atmospheric
conditions, infrared scintillation
has also been measured. In clear
air, the millimeter wave regime is
interesting because the
wavelengths are similar in size to
the smallest turbulent eddy sizes
in the atmosphere, and secondly
because transmission can be
studied in relatively clear
regions of the spectrum as well as
near regions of resonant
absorption by oxygen and water
molecules. Turbulence effects on
millimeter wave signals are
distinguished from those at
visible or near infrared wave-
lenths by the strong dependence on
the refractivity and density
microstructure of water vapor in
the atmosphere.

Although clear air problems
are of considerable interest, it
is recognized that the development
of millimeter wave systems is
presently motivated largely by
their capabilities in adverse
weather. Therefore, it 1is
essential also to cover turbidity
effects in a comprehensive study,
and among these are the important
effects of falling snow.
Wintertime measurements have been
conducted in the periods November
11 to December 6, 1983 and
February 11 to March 6, 1984 at a
specially selected site 1in
Illinois which will be described
below. During this time, a number
of snow fall measurements -were
obtained as well as data on clear
air, fog and rain. Due to the
considerable quantity of data
recorded to date in the program,
there has been time to take only a
very preliminary look at the
results. The objectives of the
present paper then are to acquaint
the reader with the measurement
techniques employed and to show
how the level of fluctuations
caused by snow fall compares with
levels in other types of winter
weather and with c¢lear air
turbulence in the summer.

OBSERVATION SITE

The site of the measurements
near Champaign-Urbana, Illinois

vat Cag v e
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was chosen for its exceptional
flatness and general absence of
trees, hills or other
obstructions. The propagation
path is 1.374 km long and crosses
a field which is entirely planted
in soybeans in the summer and has
stuble on otherwise bare ground in
the winter. The height of the
propagation path above ground is
3.5 meters with a variation of
about 0.3 meters. There are no
raised objects to disturb the wing
for 400 meters or more on either
side of the propagation path
except meteorological towers which
are placed in the lee of the path
for the prevailing west winds.
There are farm buildings near the
ends of the path, and on those
occasions when the wind is out of
northerly or southerly directions,
some inhomogeneity over the path
can be seen. The exceptionally
uniform conditions usually found,
however, are essential to make
possible comparisons with
theoretical models of fluctuation
phenomena. The overall layout of
experimental apparatus is
diagrammed in Fig. 1 and shown in
an aerial photograph in Fig. 2.

METEOROLOGICAL FACILITIES

Both ipn situ and path
averaging types of meteorological
instrumentation are utilized :t
this site, as listed in Table 1.
Two data collection stations have
been located by NOAA at sites near
the propagation path and 400 and
800 meters from the receiver van.
These are connected by a fiber
optic link to a computer network
that records 32-39 channels of
meteorological data as well as the
data from 28 <channels of
millimeter wavelength signals. A
third station emphasizing particle
measurements was erected by ASL
near the receiver trailer during
each field test in 1984. Data
from this instrumentation has been
logged independently and only
rough time synchronization has
been required.

All of the key in situ
instruments have been placed on
towers, such as the one pictured
in Fig. 3, at the same height
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{Paths 1 Km each) (Paths 50 m each)

Fig. 1 Instrument Layout

Table 1.
Meteorological Instruments

In Situ

Lyman alpha humidity gauges

Fine wire temperature probes

Three-axis sonic anemometers

Wet and dry bulb psychfometers

Vaisalla humidity gauges

Barometer

Propeller anemometer

Wind Vane

Pyronometer

Weighing bucket raingauges !

Particle Scattering probes !
(PMS-GBPP and Glassical
Scattering)

Particle Shadowgraph probes
(PMS 2D Optical Ray Spectrometer
Probes, OAP-2D-P,C)

Visiometer (EG&G type 207 forward
scatter meter)

Path Averaging

Optical C 2

Optical crosswind
Optical raingauge
Optical disdrometer

- e gt

Fig. 2 BAerial View of Site
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Figure 3. Meteorological Tower

above ground as the propagating
millimeter wavelength beam. Those
probes which must be oriented in a
particular way with respect to the
wind are mounted on rotatable
booms or stands. Fluctuations of
temperature, humidity and wind
velocity can be measured in small
volumes of air at rates of 25-100
times per second and can be used
to derive the microstructure of
Clear air. The temperature probes
are positioned in the same small
volumes as those sensed by the
high speed humidity and wind
probes, and thus important cross-
correlations of temperature with
these quantities can be derived.
Unfortunately, during precipita-
tion occurences, the high speed
humidity and temperature gauges
must be disabled for their protec-
tion, Precipitation and other
particulate counts and spectra are
obtained from probes that monitor
scattered light in small volumes
[3), from shadowgraphs [3] and
from path-averaging laser rain
gauges [4]. Results from the
scattering probes can be obtained
as often as once every second.
This may make it possible in
future investigations to derive a
iough microstructure of particu-
ates,
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Although precautions have
been taken to obtain a homogeneous
path which can be characterized by
a relatively small number of
meteorological stations, it is
important to be able to check on
the relationship of these sites to
conditions over long paths. The
path averaging instrumentation
shown in Fig. 1 affords opportuni-
ties for such comparisons. In
addition to the laser rain moni-
tors mentioned above, near in-
frared scintillometers have been
configured as path-averaging opti-
cal C and cross-wind systems
[Sl.Tﬂey provide an alternative
measure of the atmospheric
temperature (or density) structure
and mean cross-wind speed.

MILLIMETER WAVE FACILITIES

The transmitter and receiver
subsystems were housed in vans so
that they could be built and
tested at Georgia Tech and then
transported to the selected site.
Once there, semi-permanent
installations were made at
concrete implacements which gave
optically stable confiqurations of
the antennas. The reader may refer
to (6-9) for further details.

Transmitter

The transmitter comprises a
phase-locked klystron tube feeding
a specially designed antenna.
Several tubes have been obtained
in order to conduct measurements
at frequencies of 116.3, 118.75,
120.75, 142 and 173 GHz. There is
no provision for simultaneous
measurements at multiple
frequencies, and at least half a
day is required to change the
frequency of the overall system.
Comparisons of results at
different frequencies have been
possible, given the availability

of detailed meteorological data
through which similar atmospheric
conditions can be identified.
However, some types of weather
have been sufficiently infrequent
that, for example, different types
of snow have been seen at the
various klystron frequencies.

The transmitter antenna is an
off-axis rectangular section (610
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x 152 mm) of a paraboloid
reflector, front-fed by an E-plane
corrugated rectangular horn. The
shape of the antenna causes the
millimeter wave beam to be spread
out horizontally and to be narrow
vertically. This efficiently
fills the receiver array which is
10 meters in horizontal extent and
1.43 meters in vertical. Low side-
lobe levels have been achieved by
the use of corrugations in the
feed and absorbing material on the
periphery of the large reflector.
A fixed horizontal (E-plane)
polarization is transmitted for
compatibility with the receiver
where there was a slight design

preference for this polarization..

Consideration is currently being
given to the addition of
polarization versatility through
the use of optical waveplates for
future measurements. This would
enable measurements to be made of
differences in the millimeter wave
fluctuations for a few types of
polarization, differences which
might be expected particularly
during falling snow.

As shown in Fig. 4, the
antenna is mounted on a pedestal
which goes through the floor of
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the surrounding van, down to a
concrete pad which provides
stabilty in pointing the antenna.
Not shown are the boresighted
gunsight and He Ne laser used for
intial aiming, nor the high
density polyethylene window on the
rear of the van through which
transmissions are normally made.

Receiver Array

Since it is desired to
measure not only intensity
fluctuations but also fluctuations
in angle of arrival, it is
necessary to employ an array of
receiver antennas. Then by
measuring the fluctuating relative
phase of signals from the
antennas, angle of arrival
variations can be determined.

Each antenna in the array is
a 305 mm diameter high density
polyethylene lens fed by a conical
corrugated horn, Beam widths in
the frequency range covered are
between 7 and 10 mrad. The aim
point of the antennas is steered
by large optical quality diagonal
mirrors, and stable pointing is
achieved by the support structure
that comprises a large I-beam

Figure 4. Transmitter Van
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resting on two pillars anchored to
concrete pads, as illustrated in
Fig. 5. Alignment with the trans-
mitter was achieved in two steps.
Pirst, each polyethylene lens was
replaced with a smaller clear lens
of the same focal length and a
preliminary visual alignment made.
Then the polyethylene lenses were
replaced and the millimeter wave
signal levels maximized.

The array may be termed
nonredundant, since any pair of
antennas has a unique spacing for
which the relative phase of
signals can be measured. The six
intervals in the horizontal
direction are 1.43, 2.86, 4.29,
5.71, 8.57 and 10 meters,
intervals which are also nearly
uniformly distributed. Results
have shown that these array
dimensions span the range of
transverse coherence 1lengths
observed in conditions of moderate
to strong turbulence. As may be
seen in Fig. 5, one antenna is
located 1.43 meters below the
others and has been used to make a
limited number of measurements of
vertical angle of arrival
fluctuations for comparison with
the more detailed study of
horizontal fluctuations.

30

M W M R XY 1""'1.’ N N

Lens Beam Wavequide LO Distribution

Phase measurements are accom-
plished with superheterodyne
receivers at each antenna which
share a common local oscillator
signal. Post-mixer signal process-
ing will be described in a later
section, The mixers used are of
the harmonic type and klystrons at
half the frequency of the trans-
mitter produce the 1local
oscillator signals. The combina-
tion of the 1limited power
available and the large array size
over which the LO must be distri-
buted makes a high efficiency
distribution system essential.
Losses in long runs of
conventional waveguide may be
shown to be too high.

Instead, a series of relay
lenses, termed a lens beam
waveguide [10], was chosen to
distribute the LO. - Corrugated
conical horns couple the LO into
and out of the beam waveguide and
produce a beam with a Gaussian-
shaped field profile. The run
between the source and the most
distant antenna involves fifteen
lenses, and along such a run,
electroformed mesh beamsplitters
split off LO power for
intermediate antennas.

Figure 5. Receiver Van
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Signal Combining

In both the tranmitter and
receiver, the klystron tubes were
phase-locked to permit the use of
a narrow receiver bandwidth that
improves the signal to noise ratio
of reception. The klystrons were
locked to solid state X-bangd
sources which were in turn locked
to stable oscillators (11,12). A
lock of the transmitter and
receiver together has not been
implemented so only relative
phases between antennas may be
determined. Double superhetero-
dyne conversion has been used with
IFs of 930 and 30 MHz and a band
width of 3 MHz,
diagram of one channel of the
receiver array, showing also a
variable attenuator and phase
shifter used for initial trimming
of the array and calibration.
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Figure 6.

To get a measure of the phase
difference in the signals arriving
at two antennas, the signals are
mixed in a 2-way signal combiner
from which the combined output
power {(or intensity) is given by

I =

where I, and I are the
intensities at antennas 1 and 2
alone, pPis the degree of
coherence and is equal to unity to
good approximation, r is the
separation of the antennas, and
a,-B(r) is the phase difference
between the signals. In this last
quantity, 8is the part introduced
by the atmosphere and a that due
to phase differences caused by the
instrumentation. Pour different
combinations of the signals from
two antennas are made withd set
to give 0, 90, 180 and 270 degree
shifts, denoted by the subscript n
in the above equation. Then the
atmospheric phase shift g8 can be
found from

8= tan'l[(190—1270)/(10-1180) 1.

Fig., 7 shows a section of the
network where the signals from
antennas 1 and 2 are combined. The
phases of each receiver input are
shifted through 0, 90, 180 and 270
degrees by quadripole network
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51.0

Figure 7. Signal Combining Network

n= I +1I,+ 2\]1112 p(x) c<>s[arl - B(r]




modules. Each of these outputs in
turn passes into a 3-way power
splitter whose outputs are
combined with the proper ones from
the other receivers in the 2-way
combiners. This gives a total of
24 mixed signals, corresponding to
4 possible phase combinations for
each of 6 possible antenna pairs,
The 4 signal intensities Iy, I,,
etc., are also monitored. Afl
intensities are detected by
ordinary video detectors followed
by signal conditioners, amplifiers
and analog to digital conversion.
The resulting 28 millimeter wave
measurements are recorded at a
rate of 100 sets per second by a
microcomputer and stored on
magnetic tape along with
meteorological data from the fiber
optic link. A parallel processor
on the computer network calculates
B in real time for output to chart
recorders.

RESULTS
Snow

Snow fall occurred during
field tests on the occasions
briefly described in Table 2. The
storm in the period February 27-
28, 1984 was the most severe and
is the only one for which
sufficient data analysis has been
done to permit discussion here.
The frequency used at that time
was 116.3 GHz. It 1is believed to
be representative of the largest
effects seen so far.

Table 2.

Snow Dates During
Fluctuation Measurements

No Hours of Frequency
Dates Measurements (GHz)
11/13/83 1 116.3
12/02/83 2 116.3
12/06/83 3 173.0
2/27-28/84 7 116.3

The storm began at
approximately 0730 on the morning
of the 27th and continued through
the night until the following
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Total snow fall was 200-

morning.
300 mm, as recorded by a weighing
bucket rain gauge modified to
collect snow and corrected for the

known wind velocity. The wind was
approximately out of the north at
a mean speed of 15 m/s, with gusts
to 20 m/s, during the first day.
Temperatures were in the range -3
to -6 degrees Celsius, and thus
the snow was dry. Early in the
storm the snow took the form of
moderate sized flakes of a few
millimeters in diameter, but as
the storm progressed, more and
more snow was added in the form of
smaller crystals from ground
blizzards. Fig. 8 shows particle
spectra obtained from the "ground-
based precipitation probe™ [3] at
a time when the storm was well-
developed on the 27th and another
from the 28th when the snow had
subsided to mainly ground
blizzards. Due to the high wind
speed it is difficult to interpret
the shadowgraphs from the 2D
particle probes and thus hard data
on mean particle orientations are
not as yet available. However,
visual observations at the time
suggested that the gusty winds
were producing fairly random
orientations of the flakes with
respect to the millimeter wave
polarization. The high winds also
posed another problem; namely,
that it was approximately aligned
with the propagation path. Such
alignment not only leads to some
inhomogeneity over the path but
also to some difficulties 1in
theoretical interpretation, since
the disturbances causing fluctua-
tions are not carried into and out
of the beam during their lifetime,
as they would be when there is a
cross wind. This is not believed
to be a significant consideration
for the semi-qualitative results
to be discussed here. At the time
of writing, much remains to be
done concerning detailed analysis
of both meteorological data and
millimeter wave data. As men-
tioned earlier some meteorolgical
data, such as humidity and
temperature fluctuations, are not
currently possible to obtain
during storms. As it happens,
when the wind is high, it is also
not possible to measure wind
fluctuations at high data rates.
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Figure 8. Snow Flake and Ice Crystal Size Spectra.

Representative records of the
intensity fluctuations seen on two
of the antennas are shown in Fig.
9. Relative phase fluctuations as
a function of the antenna
separation are shown in Fig. 10
for different portions of the
storm and relative intensity
fluctuation levels are given in
Table 3. Curve 1 corresponds to
the time when the snow was just
beginning and for curve 2, the
storm had significantly intensi-
fied (specific snowfall rates are
unavailable at the present time).
Curve 3 obtained from data on the
28th shows results in ground
blizzard conditions and the fluc-
tuation levels are lower, The
vertically displaced antenna 5
rather than 4 (see Fig. 1) was
operational during these
operations thus limiting somewhat
the range of antenna separations
available. Generally fluctuations
associated with antenna 5 were
larger, as expected, due to its
closer proximity to the ground
where, for example, the snow
density is larger. The fluctua-
tions levels presented for falling
snow conditions were at least a
factor of two higher than those
found in clear air preceding the
storm. Without data on tempera-
ture and humidity fluctuations,
however, it cannot be said that

Table 3.

Typical Fluctuation Levels In
Millimeter Wave Propagation

Standard Deviations

Angle of
Intensity Arrival
Condition (Per Cent) (urad)
Summer Daytime
Clear Air 7.4 38
Snow
-Near Start 1.9 4.8
-Blizzard 2.4 8.4
-Ground
Blizzard 1.4 4.4
Winter Rain 1,0 3.8
Winter Fog 0.2 1.1

Based on Z20-second slices of
data; i.e., 2000 data points.

the observed increase in fluctua-
tions during snow storms are due
to the snow or to the accompanying
air. However, snow flakes may be
expected to make a contribution,
by analogy with rain models [13].

s

A

F RN
JAPWATY
iL.?;LL

!
N
4



- w e

g

- - - -

-

- - Yy

e o e ee

A,

TN IR

INTENSITY FLUCTUATIONS IN SNOW
14.3 OGN

vo—y I
A Ay Uy
IZ N

~.~‘Jnua~uvIvﬂ“\uuﬁﬂ”**‘ﬂ

I; 2000 siGnuar 3

ABLATIVE POWER, LINEAR SCALS

I 1m0 sioma

Figure 9. Observed Intensity
Fluctuations in Snow.

In the days following the
snow storm, the air remained
generally below the freezing
point, except for one brief period
of melting followed by refreezing.
This produced a layer of ice on
top.of the snow about 5-10 mm
thick, and shortly thereafter,
contributions to the level of
fluctuations due to multipath
propagation were observed., (It
happened that a change was made to
a frequency of 142 GHz at this
juncture.) Since the wind during
the storm had been out of the
north and blowing past the
receiver trailer, large areas of
80il were left bare in its lee out
as far as 300 meters., This
resulted in some variation in the
ground cover seen by the different
antennas in the array, and the
multipath effects were then
spotted as they showed up in some
antennas more than others.
Fluctuations levels sometimes
differed by factors of two. The
existence of multipath propagation
was confirmed by moving absorbers
around near the ground where the
antenna patterns were strongest
and by noting the resulting
variations in signal. Since it
was not clear how to characterize
the multipath, it was subsequently
defeated by erecting three
multipath fences made from
plywood. During the recent
exercigses in the summer of 1984,
tests for multipath were again
made when the soybean crop was a
few weeks old and both soil and
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Figure 10. Observed Phase Differ-
ence Fluctuations at
116.3 GHz as a Function
of Antenna Separation.
Curve 1 - early in snow
storm. Curve 2 - storm
well-developed. Curve 3-
storm reduced to ground
blizzards. Curve 4 -
summer clear air for
comparison. a
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leaves were visible. As expected,
no indicators of multipath effects
were found.

Clear Air

It is important to try to put
the snow results in the context of
their relation to findings for
clear air. It has been found that
the largest fluctuations in both
intensity and phase occur in the
summer when the atmosphere is hot
and humid. Fluctuations are
especially large when the sun
comes out after a rainfall or when
the soybean plants are large
enough to give up large amounts of
water vapor by transpiration.
Fig. 11 shows
fluctuations at 142 GHz measured
on a clear morning after a light
rainfall ("3 mm) the previous
night, and Fig. 12 shows the
corresponding phase fluctuations
measured between the antennas with
the largest spacing. Large
fluctuations of this kind were
common in the summer, and even
larger ones were occasionally
found with peak to peak phase
swings of two pi. However, during
dry periods such as part of June
1984, humidity fluctuations and
millimeter wave transmission
fluctuations were significantly
lower, despite exceptionally large
fluctuations in temperature (as
much as 8 degrees peak to peak in
periods of a few seconds). This
qualitatively demonstrates the
expected [14) key role of water
vapor in determining the size of
millimeter wave effects.

Since in the winter the
absolute humidity and its
fluctuations are generally much
smaller than in the summer, clear

intensity’

air turbulence causes correspond-

ingly smaller millimeter wave
effects.

Preliminary studies at SNOW-
ONE [1] and in Illinois in the
summer of 1983 when clear air was
present appear to confirm the
expectation that intensity fluc-
tuations in millimeter wave
signals depend on frequency to the
7/6 power.

The array of antennas affords
an additional capability besides

AR T R A AR AN TN AN RSN TR VR VWL LY DY UNANARAI TR
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Figure 11.

Intensity Fluctuations
of a 142 GHz signal
measured on a hot,
humid day.

Figure 12. Phase Fluctuations

measur~d under the same

conditions as Figure 11.

that of relative phase measure-
ments, It is well-established a%
visible and near-infrared wavo-
lenths that cross winds may be
measured by cross-correlating the
intensity fluctuations seen by a
pair of receivers [5], The wind
carries the turbulent eddies
across the beam and the time for
this traversal shows up as the
time delay for which the correla-
tion of intensity fluctuations is
maximum. This general technique
is the basis of the near infrared
scintillation cross wind sensors
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Figure 13. Cross correlation of millimeter wave intensity

fluctuations gives a measure of cross-wind speed.

which are operated on the site and
which were mentioned earlier.
Fig. 13 demonstrates this same
sort of analysis applied to the
millimeter wave signals seen at
antennas 1 and 2 and 1 and 3. A
clear maximum is found and the
mean cross wind speed v, ‘can be
calculated from

vc-.Sr/T

wheretis the lag time of the
maximum correlation. A value of
4.7 m/sec is found, in excellent
agreement with that obtained from
the average data from the prop and
vane sensors at the ¢two
meteorological stations along the
path, Further development of this
concept is underway to apply it
also in adverse weather when
infrared systems are shut down by
atmospheric opacity. It is anti-
cipated that in precipitating con-
ditions, some correlation may also
be found between vertically sepa-
rated antennas giving some measure
of fall rates.
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Fog and Rain

These will be treated only
briefly to complete a contextual
picture for the snow data. The
types of fog observed so far in
Illinois have been set not
surprisingly in very quiet atmos-
pheric conditions. This is born
out by the intensity fluctuations
shown in Fig. 14 and by the data
in Table 3, The visibility during
this period was approximately 200
m based on the visibility of
objects at known distances from
the receiver trailer.

A preliminary look at data on
rain has also been taken as
illustrated by the intensity
traces in Fig. 15. This shows a
relatively brief shower which had
a peak rain rate of about 60
mm/hr. Under these circumstances
the signals were below the
threshold of detection. It was
noted in rain events similar to
this that intensity fluctuations
would increase in level and fre-
guency at the start of a shower
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| and in many cases would remain
| higher after the storm than
before. One would presume that
the change in the level of fluc-
tuations is due to increased
humidity fluctuations, but further
analysis will be necessary to
confirm this. The increase in the
frequency of fluctuations is
expected from models of precipi-
tation effects [13] as well as
from normal increases in wind
speed that often occur at the
onset of a shower. The fluctua-
tion levels gquoted in Table 3 for
rain pertain to a steady rain
period in the winter; good values
for rain rate have not as yet been
derived for this particular data,
but would probably be in the
ballpark of several mm/hr.-
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DISCUSSION AND CONCLUSIONS

The relative importance of
various atmospheric conditions as
regards typical levels of fluctua-
tions in millimeter wave propaga-
tion is borne ocut by the entries
of Table 3. This suggests,
interestingly enough, that the
aiming precision of millimeter
wave systems will be most effected
by what goes on in hot, humid
climates. The largest angle of
arrival fluctuations which have
been seen so far (at 142 GHz) have
been about 400 microradians peak
to peak and the corresponding
intensity fluctuations represent
changes in signal of 45 percent
peak to peak. Smaller fluctua-
tions in the winter are found, due
presumably to there being less
water vapor present. What is
perhaps more significant for
millimeter wave system applica-
tions is that in adverse weather,
fluctuation levels are also
moderate, and indeed in fogq, they
are generally very small,

There are a few caveats to
this as regards precipitation,
however., One must remember that
the fluctuation frequencies are
expected to be higher when its
raining or snowing than otherwise
and this may effect some
millimeter wave systems involving
servo-controls differently than
the slower clear air case. One
must be reminded also that it has
not yet been possible to observe a
heavy snow with a good cross-wind
nor a wet snow fall, and such a
cases may have larger £fluctua-
tions., Moreover, the relative
sensitivities to polarization
remain to be demonstrated as
regards fluctuation level.

Much work also remains in
relating the details of the meteo-
rological data to the millimeter
results, and in making comparisons
with theory [14]. It may be hoped
in the future that millimeter
systems may take a place alongside
infrared systems for remote
probing of mean atmospheric
conditions over long paths.
Millimeter waves would be comple-
mentary in a key way on account of
their sensitivity to water vapor
and their relatively lower suscep-
tibility to blockage by fog.

- -‘\_-'.-,.‘-‘,G(,:_.:*
A."~ - ‘-*-)-

38

R s

ACKNOWLEDGMENTS

The work reported has been
supported by the U. S. Army
Research Office under Contract
DAAG29-81-K-0173 and Grant ARC 21-
82, The authors thank J. M.
Cotton, Jr., V. T. Brady, G. F.
Kirkman, M. J. Sinclair, J. W,
Larsen, M, L. Blyler, R, P. Lilly,
D. O. Gallentine, N, L. Abshire,
R. B, Fritz, W. Cartwright, G. R.
Ochs, R, J. Lataitis, J. J.
Wilson, G. M, Wwalford, R. Valdez,
T. Chavez, and G. Alvarez for
assistance with preparations,
measurements and data analysis.
Thanks is given also to Mr., Leon
Harms and his colleagues fo.
providing the place for the
measurements and to Mr. John Vogel
of the Illinois State Water Survey
for assistance with the site and
for providing weighing bucket rain
and snow gauges.

REFERENCES

1. R. W. McMillan, R. A,

Bohlander, G. R, Ochs, R. J.
Hill and S. F, Clifford,
"Millimeter Wave Atmospheric
Turbulence Measurements”
Optical Engineering, 22, 32
(1983).

2. G. A, Andreyev, V. A,

Golunov, A. T. Ismailov, A.
A, Parshikov, B. A, Rozanov,
and A, A, Tanyigin,
"Intensity and Angle of
Arrival Fluctuations of
Millimetric Radiowave 1in
Turbulent Atmosphere”", Proc.
of Anglo-Soviet Seminar on
Atmospheric Propagation at
Millimetre and Submillimetre
Wavelengths, Moscow (28
November-3 December, 1977).

3. R. Olsen, B. Rischel, and R.
Okrasinsky, "Particle Size
and Optical Turbulence
Measurements in a Snow Envi-
ronment”, these proceedings.

4. Ting-i Wang and sS. F.
Clifford, J. Opt. Soc. Am,
47, 927 (1975) and J.
Appl. Meteor. 21 1747 (1982),

5. Ting-i Wang, G. R. Ochs and
S. P, Clifford, J. Opt. Soc.
Am. §8, 334 (1978).

; {“I.;"ll' D{' ""

T
)

Ay

x,'j
£

P,
o

l{’[
W
l'LL



"'\\.\\\""'-'.\x N PSRN
::,,.. ::..::,.k IR N ., » '\v v «.'a,‘ -r f.'-r -

LRI AT L

R. W. McMillan, V. T. Brady,
G. W. Rosenberg, and G. F.
Kirkman, "A Millimeter Wave
Radio Prequency System for
Atmospheric Turbulence Measu-
rements”, Proc. 8th Intl.
Conf. on Infrared and Milli-

meter Waves, Miami (12-17
December 1983).
R. A. Bohlander, v. T.

Brady, A. McSwveeney, G. F,
Kirkman, J. M, Newton,
A. Davis and O. A. Simpson,

"A Quasi-Optical Millimeter
Wave Transmitter and Receiver
Array for Measurements of
Angular Scintillation", Proc.
8th Intl. Conf. on Infrared
and Millimeter Waves, Miami
(12-17 December 1983).

R. A. Bohlander, -R, W,
McMillan, et al. and S. F.
Clifford, J. T. Priestley,
R. J. Hill, R. E. Cupp et
al., "Observations of Ampli-
tude and Angle of Arrival
Scintillation in Millimeter
Wave Propagation Caused by
Turbulence in Clear Air Near
the Ground®", Proc. 8th Intl.
Conf. on Infrared and Milli-
meter Waves, Miami (12-17
December 1983).

R. W. McMillan,
Bohlander, D.
R. H.

R. A.
M. Guillory,
Platt, J. M, Cotton,

Jr., S. FP. Clifford, J. T.
Priestley, R. J. Hill, and
R. E. Cupp, Millimeter Wave
Atmospheric Turbulence Mea-
surements”®, Proc. 9th Intl.
Conf. on Infrared and
Millimeter Waves, Osaka
(October 1984).

39

ANy

10.

11,

12,

13.

14,

-t
(. K

G. Goubau in Millimetre and
Submillimetre Waves, F. A.
Benson, ed., London:lliffe
Books (1969),

P. S. Henry, "Frequency-
Agile Millimeter-Wave Phase
Lock System", Rev. Sci.
Instrum. 47, 1020 (1976).

H., M. Pickett, "Locking
Millimeter Wavelength Klys-
trons with a Digital Phase
Frequency Detector”, Rev,.
Sci., Instrum. 48, 706 (1977),
H. T. Yura, K. G. Barthel
and W. Buchtemann, "Rainfall
Induced Optical Phase Fluc-
tuations in the Atmosphere®,
J. Opt. Soc. Am. 13, 1574

(1983),
and S. F.

R. J. Hill

Clifford, "Contribution of
Water Vapor Resonances
to Fluctuations of Refraction
and Absorption for Submilli-
meter through Centimeter
Wavelengths™, Radio Science
16, 77 (1981),

------ - N T AL = -, -
LRC RN RN SR E N RS TN
’**“’-R”ﬁﬁﬂﬂﬁw SRR

TN =
RSN S

‘tof AL L

K.

[ ot of o ,
_‘.‘ v

%

S Ap

VN EX S

..r'
'l
co

-
—_1

‘."'n,l,, 30 LIE Rt

[N

L S \.' '



AR AN AT NN U |
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Introduction

Since 1983, Georgia Tech, NOAA and the
U.S. Army Atmospheric Sciences Laboratory
have been engaged in a program whose
purpose is to measure fluctuations in
millimeter wave signals due to atmospheric
turbulence, precipitation and fog [1,2].
Five measurement sessions have. been
conducted that have sampled atmospheric
conditions in a variety of seasons.
Frequencies of particular interest for
their potential uses in higher precision
imaging systems have been studied; namely,
116, 118, 142, 173 and 230 GHz. These span
a range of situvations including windows
between lines and regions near line
centers. The measurements have been made
over a 1.4 km path at a site near Urbana,
Illinois, chosen for its exceptional
flatness. It is important that the path
and surrounding terrain be flat,
homogeneous, and free of trees or other
obstructions, so that the turbulence will
not be perturbed by such irreqularities.
During this serdies of experiments,
rigorous meteorological measurements have
also been obtained.

At a previous conference in this series,
the equipment used and preliminary results
were described [3,4]. The following
sections briefly review the experimental
arrangements and focus on subsequent
significant improvements in the experiment
and on progress in analyzing the data.

Transaitter System

Phase-locked reflex klystrons are used as
botb transmitters and receiver 1local-
oscillators, with the exception of the
‘ecently added 230 GHz system which uses a
Phase-locked cw extended interaction
6scillator as the transmitter. Phase
locking of the sources is necessary for
threg reasons: 1) it improves amplitude
Stability of the source so that the
transmitter power variations are less than
?he Smallest atmospherically induced
luctuations, 2) it narrows the bandwidth
ind therefore improves the detection
~lgnal-to-noise ratio, and 3) it aids in
:zstem calibration because the receiver
is ond intermediate frequency (IF) output
1mnz very s;ablg sine wave. Recent
,ﬂﬁQWZEmenps in this system are described
“twhere in this conference [5].

T RTINS L LR ORI U RO K OV U R

-horizontally than vertically).

S Ga’ gat

S. Army Atmospheric
Sciences Laboratory

New Mexico 88002

The primary transmitter antenna is an
offset paraboloid with an elliptical
aperture. This gives a fan beam filling
the receiver array (which is much wider
The
transmitter is mounted on a pedestal
gsecured to a concrete pad in the ground
and is housed in a small step-van truck.
This in turn was located on a berm that
brought the transmitter height up to 3.5m,
the same as the center of the receiver
array. The transmitter was aimed through
a high density polyethylene window in the
rear door, protected by an awning.

Receiver System

The receiver comprises four apertures with
individual mixers and with separations
varying from 1.4 to 10 meters so that a
wide range of atmospheric scale sizes can
be considered in the determination of
fluctuation effects. Local oscillator
power at nearly half the signal frequency
is distributed to the harmonic mixers via
a low-loss optical beam waveguide system.
The receivers use double down-conversion,
and the second IF signals from the six
possible pairs of receivers in the array
are combined in such a way that the mutual
coherence function can be measured. Both
amplitude and angle of arrival
fluctuations are therefore determined.
These measurements are stored on magnetic
tape at a rate of 100 per second along
with readings from meteorological
instruments by the data acquisition
computer. In recent work, the ability to
vary the polarization of the transmitted
and received radiation has been added, of
possible inte-est during observations of
falling snow.

The receiver antennas are high density
polyethylene lenses aimed by gimballed
diagonal mirrors through high density
polyethylene windows. The four receivers
and the optical beam waveguide are mounted
to a large I-beam secured to concrete pads
in the ground by two pillars, The entire
receiver system is housed in a semitrailer
that is insulated, heated and air
conditioned for all~weather operation. The
mounting to the ground, rather than to the
floor of the trailer, was intended to give
the sensitive array 1isolation from
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vibrations. However, in recent analyses,
some oscillations in the phase between
antennas characteristic of vibrations in
the ground have been identified.

Meteorological Instrumentation

The parameters measured simultaneously
with the millimeter wave data have been
temperature, humidity, 3-dimensional wind
velocity, temperature and humidity
structure, and particl e size spectra.
These have been sampled at or near the
same height as the millimeter wave beam
and at three locations along the path.
In addition, near infrared optical
fluctuations were observed froa which
structure functions and path averaged wind
values were determined. Most of this data
has been relayed to the computer in the
receiver trailer by a fiber optic link.
The results are being used to facilitate
comparisons between the millimeter
wave measurements and theory [1].

Results

Analysis of the massive amounts of
propagation and meteorological data is
still underway but several significant
results can be reported. Intensity
fluctuation range from near zero in fog to
about 508 (peak to peak) of the nominal
signal intensity on a hot day with moist
ground. Short term fluctuations in rain
and snow fall somewhere in between these
two extremes.

Phase fluctuations between the most widely
spaced antennas have been observed up as
high as plus and minus pi radians on warm,
humid days, corresponding to angle of
arvival fluctuations of about 200
microradians peak to peak.

It appears that the log amplitude variance
of the fluctuations increases with
frequency as the 7/6 power, as predicted
by theory. No striking changes in this
have yet been noted at frequencies near
absorption line centers. The distribution
of intensity fluctuations appears to be
log~normal, and that of phase
fluctuations, normal, also predicted by
theory.

It has been verified that water vapor in
the atmosphere has a strong effect,
frequently causing the millimeter wave
index of refraction structure parameters
to be a few orders of magnitude larger
than those in the visible and infrared.
Some preliminary comparisons between the
observed millimeter wave structure and
that predicted from the meteorological
measurements and theory will be discussed
in the presentation. Comparisons will
also be made between the phase and
amplitude fluctuations in clear air and
precipitation.

M2,8

Conclusions

In any program of measurements of
atmospheric effects on propagation, the
question must be asked whether system
performance is seriously affected by what
is observed. On the basis of the results
obtained thus far, it may be concluded
that turbulence induced fluctuations and
short term fluctuations due to
precipitation are probably not very
serious, Intensity fluctuations affect
signal detection probability, but only at
near maximum ranges where detection may be
marginal in any case. Angle of arrival
fluctuations cause angular errors, but
this effect is most severe in clear
wea*ther where sighting methods other than
millimeter wave systems could be used.
Nevertheless, system designers will want
to consider the results of this study to
verify whether fluctuations can be
neglected. Of interest for the future is
the possible use of millimeter wave beams
in probing atmospheric structure. Their
sengitivity to water vapor will be
complementary to studies with infrared or
visible light which are more sensitive to
the temperature structure.
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Introduction

As the use of the millimeter wave
(MMW) bands incieases, the need for better
spectral control of sources also increases
becau-e of widening application of this
spectrum to Doppler radar, communication,
and measurement systems., As the millimeter
bands become more crowded, better
frequency control will become necessary to
avoid interference. There is also a real
advantage to be gained in source power
stability by phase-locking; locked sources
typically exhibit output power stabilities
of a few tenths of one percent. Phase
locking of MKW sources to a frequency
standard also provides the basis for fre-
quency measuremsents which are perhaps the
most accurate measurements of any physical
quaqﬁ?ty ever made, with accuracies of 1 X
107 being attainable. Phase-Lock cir-
cuits using both linear and digital tech-
niques are available to the MNW system
designer, and both types are discussed in
this paper along with some typical results
obtained,

Liosax Rhass-lock Cizcults

Linear phase-lock citrcuits use a
mixer for phase detection. Even though the
mixer is a nonlinear device, its output as
& phase detector is a voltage proportional
to the sine or cosine of the phase
difference betveen tvo signals, hence it
is considered linear. The phase error
voltage output (s amplified by an
operational amplifier with some desiced
compensation function and applied to the
frequency control electrode of the voltage
controlled oscillator (VCO) to be locked,
thus closing the phase-lock loop and
locking the VCO.

One of the most successful linear
phase-locking ciccuits fvnslablo is that
devised by P. 8. Henty °, who combined a
discriminator loop with a phase control
loop to give the circuit a wide frequency
capture range. The discriminator is a
frequency control loop, and as such does
not give spectral purity as good as that
attainable with phase control. The phase
loop gives excellent spectral purity, but
denerally has a narrow frequency capture
range. Hency's circuit combines these two
functions, so that the phase locking
systes has the drosd capture range of the
discriminator and the spectral purity of
the phase loop. The circuit is designed so
that the phase loop is disabled vhen the
discriminator operates and vice versa.

Digital Phase-Lock Technigues

A technique employing digital
circuits® was firgt used for MMW phase-
locking by Pickett”, and has recently been
extensively used at Georgia Tech. Figure !
is a block diagram of this phase-lock
circuit. The front end of this circuit is
an emitter-coupled 1logic (ECL)
limiter/prescaler that divides the
frequency of the incoming IF signal, which
is typically several hundred MHz.
Following this stage is an ECL counter
which further divides the frequency to the
operating range of the digital
ghalc/!requoncy detector, generally about

0 MB3z. This detector” compares the phase
and frequency of the divided IF signal to
that of a crystal reference oscillator and
outputs two pulse width modulated signals
vhose duty cycle is proportional to the
phase error. These signals are fed into a
differential integrator which serves as an
active filter for loop compensation in
addjition to smoothing the phase detector
output. The phase-frequency detector also
serves as a discriminator, since its out-
put will be at a maximum duty-cycle limit
if the source is unlocked, and the sense
of this limit is determined by whether the
frequency error is positive or negative.

This digital phase-locking technique
has several advantages over the older
analog techniques, namely: (1) since a
limiter is used, the gain of the phase
detector is independent of source (IF)
pover within the dynamic range of the
limiter, typically 25 dB, (2) the digital
system is easier to compensate, and (1) 1
convenient lower frequency cr,stal
reference is used in the digital lock.

latexfacing o High Prequency Tubes

The frequency control grid of most
MAW tubes is at high potential. Some means
must be used to sum the phase iock si139na}
with the high voltage from the t.ibe puwe:
supply. An optoisolatnr L1 3 3.3ina.
transformer are “ne _3ya; techn,jies
employed.

Using a linear optoisolator with the
output floating at high voltage, the phase
error signal can be superimposed in the
control grid. The frejuency response .f
the optoisolator usually mus®t be *anxen
into account 1n the (ocop —-ompensatinn,
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When signal transformers are employed
the IP signal is coupled across to the
high voltage. In this case, the entire
phase-lock circuit must float at bhigh
potential requicring a substantial isolated
pover supply. This technique, while Dbeing
more complicated, does have an important
advantage; the bandwidth can be much
higher.

Rhase-locking Raaults

In spite of the ease of fabrication
and the better reliability of the digjtal
phase~lock, the linear phase-lock system
appears to perform better from the point
of view of phase noise. Pigure 2 is a
photograph of the spectrum of a klystron
opotatigq at 116 GHz Jocked with the Henry
circuit?., The graticle lines ars obscured,
but the horizontal and vertical scales are
2 MRz/cm and 10 dB/cm, respectively, in
the original photograph, which has bocg
reduced for this proceedings. Pigure
shows the near-carrier spectrum of the
same source, and the scales in this case
are S5 Hz/cm and 10 dB/cm, with the
photograph similarly reduced. PFigure 4
shows the measured phase noise in the
range 10 Bz to 1 kHz of a klystron
oscillating at 173 GHz locked by the
digital system. 8ince these digital
systems have been in use at Georgia Tech
for only a short time, measured results of
their performance are limited.

Conclusions

It is possible to phase-lock a MMW
source 80 that i{ts line width is less than
one Bz, and it is also possible to tune
and modulate such sources while locked.
MNW frequency synthesizers have been built
at frequencies up to 110 GEz and a full
vavequide band synthesizer for the 40-60
Gz range has been fabricated at Georgia
tech. Linear phase-locking systems
apparently give better phase noise
performance, but are more difficult to
isplement and less reliable than the
digital circuits. It ghould be emphasized
that many applications of phase-locked
sources do not requicre the level of phase
noise performance shown in Pigures 2 and
3. In particular, applications requiring a
narrow band signal for reduction of
receiver signal-to-noise would not require
such performance. For the large majority
of applications, the digital phase-lock is
the system of choice because of its
Simplicity, ease of implementation, and
reliability.
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ABSTRACT

We report on the 1initial results of the
Flatville experiment where several nillimeter wave
frequencies in the range 116 to 230 GHz were pro-
pagated over a 1.4 km path. Extensive documen-
tation of the site meteortology allowed simul-
taneous, detailed comparisons of the propagation
phenomena with the state of the atmosphere. The
theory for amplitude and phase difference in the
single scatter approximation 1is used to explain
the observed spectra. - The agreement with obser-
vations is very close.

s
e o

INTRODUCTION

Over the past four years a tesa of scientists
\ from the National Oceanic and Atmospheric Adminis-
tration and the Georgis Institute of Technology
’ conducted an extensive set of millimeter-wave pro-
pagation wmeasurements. In five, thirty-day ses-
sfons, chosen for the widest variety of weather
conditions, we propagated millimeter wave frequen-
cies from 116 to 230 GHz over our 1.4 km horizon-
tal path {n Flatville, 1llinois. Simultaneous,

v~

THE SPECTRA OF AMPLITUDE AND PHASE DIFFERENCE FLUCTUATIONS OF
MILLIMETER WAVES PROPAGATING I¥ CLEAR AIR

S.F. Clifford, R. J. Hill, and J. T. Priestley
NOAA/ERL/Wave Propagation Laboratory
325 Broadway
Boulder, CO 80303

R. A. Bohlaander, and R. W. McMillan
Georgla Institute of Technology
Atlanta, GA 30332

extensive measurements of the meteorology allowed
detailed comparisons of the propagation effects
with the state of the atmosphere.

The details of the experiment layout and data

" processing are contained in Reference l. Figure 1

{llugstrates the propagation geometry. The beanm
propagated 1.4 km - 4 meters above an extremely
flat terrain, -chosen for fts uniform fetch {n
all wind directions. The intensity fluctuations
were measured at each of the four horizontally
spaced antennas and phase differences were
measured among all possible antenna pairs with
spacings from l.43 a to a 10 m maximum. A fifth
antenna was used intermittently to test the
isotropy of the different wave parameter fluc-
tuations. The phase-difference and azplitude
spectra described below were taken at 142 GHz
during the Summer of 1984. Other data being ana-
lyzed were taken during two winter and one fall
sessfions. This afforded us data during rain, fogx,
snow, and ground blizzards.

PHASE AND AMPLITUDE SPECTRA

Using the spherical-wave theory for propags-
tion through refractive turbulence, Clifford
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shows that the temporal power spectrum of log-
amplitude fluctuations in the single scattering or
veak turbulence limit has the form shown labeled
“theory” in Fig. 2. 1In addition Fig. 2 contains a
log-log plot of (f/f ) times the log-amplitude
spectrum W versus rmalized frequency (f/f ).
The apectrd‘ W 1is normalized to the log-amplitﬂde
variance such Xthat the area undetilshe curve is
unity. The frequency f = v/(2%AL) ', where v is
the cross-path component of windspeed, A is the
wavelength, and L = 1.4 km is the nmillimeter-wave
path length. The dotted (solid) fluctuating curve
represents the low (high) frequency Fourier trans-
form of 35 min of log~amplitude data taken at 142
GHz. The solid "theory” curve fits the data quite
well until the high frequency tail beyond log
(f/fo) = |, where aperture averaging effects arte
fmportant. The dashed curve is a plot of the
theory including aperture averaging effects;
overall, the fit to the data 1is excellent. De-
vistion at low frequencies above the “theory”
curve are most likely due to receiver aaplifier
drift. It i{s possible from the theory to estimate
the cross-path velocity from the location of the
peak. The peak 1is predicted st log(f/fo) ~ 0.43.
In the case shown the cross-path velocity estimate
from the nillimeter wave scintillations agrees
with the propeller vane to within a few percent.
(Note, the dats were plotted with f calculated
from propeller vane-measured crot-vinJ{)
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Pigure 2. Theorstical and experimental power
spectra of amplitude fluctuations.

Figure ) {llustrates the theoretical spectra
for phase difference fluctuations. 1In contrast to
the log-amplitude result phase-difference 1is very
sensitive to the “outer scale” L of the refrac-
tive index fluctustions. Consequantly, we have a
fanily of curves for different values of the
spacing p normalized to L . (L  is the size of
the largest eddy for vﬁich the assumption of
i{sotropy holds, so Lo is the order of the height
above the ground). The theoretical curves are
plotted versus normalized frequency f/f where
'l = v/p and v is the cross-path wind component.
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Figure 3. Theotctical power spectra of phase dif-
ference fluctuations as a function of the ratio of
spacing to the outer scale p/L_ and characteristic
frequency fl = v/p where v is the cross-path wind.

From our knowledge of the wind speed and the
dependence of the spectra on p/L_, we can estimate
Lo from a spectrum measured at a known separation,
€8y 0y, = 1.43 m, and use that derived value
Lo ~ 2.&'- for all further comparisons.

Figures 4 and 5 show the theoretical curves
superimposed over t'e phase-difference spectra
from the data for antenna pairs (l1,2) separated by
Pyg ™ 1.4) m and antenna pair (1,4) separated by
Pl ™ 10 me We used the value Lo ~ 2.8 m and
sefected our curves from Fig. 3 to fit the data
based on the ratios N /L = 0.51 and p ,/L = 3.5
appropriate to each antenna pair. The tegulting
fit 1is quite good. We could also estimate
crosswind from the peak of the spectrum if we knew
the accurate Lo from other independent measure-~
ments.
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Figure 4. Comparison of theoretical and measured
spectrs of phase difference for spacing o1
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CONCLUSIONS

Initial processing of the Flatville data set
has ylelded results that agree quite closely with
clear-air single scatter propagation theory for
the turbulent atmosphere. We intend to make much
more extensive comparisons in the future. We will
also analyze severe weather data and compare with
existing theories of am wave propagation in snow,
fog and rain.
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NOAA-GIT MILLIMETER-WAVE PROPAGATION EXPERIMENT
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Introduction

We describe the micrometeorological instrumen-
tation and optical scintillation {instrumentation
deployed during the NOAA-GIT Experiment in PFlac-
ville, Illinois. We describe the data validation
procedures and data processing techniques for the
micromet, optical, and mm-wave data. Results of
the data reduction are shown. The body of the
paper consists of graphs with self-explanatory
captions. The experiment set-up is shown in the
firet figure of the cowpanion paper by Clifford et
al. {n this vnlume. The mm-wave instrumentation
has been discussed elsewhere. Details of the
dats rteductinn, the aicromet {instruments, and
quantities calculated are available.

The two overlapping optical propagation pathe
are | km each; these give the path-averaged ?ptl-
cal tefcactive-index structuts parameater (cn ) as
well as the cross-path component of the wind. Two
instrumented towers were positioned at one-third
and two-thirde the distance hetween the mm-wave
receivers and transmitter. Each tower hss a prop-
vane, a three-axis sonic anemometer, & Lymsn-a
hygroseter and twvo platinum, resistance-wire ther-
wometers, one of which {s in the Lymsn-a gap and
the other (s {n the center of the sonic anemo-
meter. All the instruments were at a height of

.o m on a boom that could be rotated 1into the
wind.

The sonic weasures the three fluctuating com-
ponents of the wind, thus we obtain the vartances
2f these components, and correlation of the fluc-
tuatinng of the streamwise-component with those of
the vertical component which gives the vertical
flux of hor{sontal momentum. The time series frow
the resistance wire and Lymsn-a give us such sta-
tistics as tewperature and humldity varisnce and
“riem corcelation, the ltrnc,turo par,uton of
feapersture and humidity (C and € ") and the

Tenparatare-humidity
o

crtoss-structure paramneter
P 17 addition, correlating the temperature
vith the vartical veloctity fluctuatlons gives the
thvar flax of heat, and a eilmilar correlation of
the humtdity fluctuations with those of vertical
velacrity gives the humidity flux. Fach met. sta-
‘1in had an aapirated psvechrometer at a helght of

2 tar wean and lnng-term fluctuatinonsg of tem-
TEAture and humtdity.  Station 2 had & hacnmeter

',
'Totars]l aressure and en all-sky pvranometer for
solar flaya,

We graph every datum. This allows us to remove
any instrument failures, even those consisting of a
single bad datum 1in the time series, from sub-
sequent analysis. Data averaged to 20 s bins {s
also graphed over the roughly 38 min duration of
our data tapes so that trends can be identified.

The dats processing scheme is shown in Fig. 1.
PLATCOPY wmakes a Cyber-compatible data tape,
extracts all quantities sampled at 2.56 s rate to a
disk file, and writes the location of any gaps ia
the data to the PEDIGREFE FILE. Graphs of the
2.56-a data bsse are made to check the performance
of the instruments; Figs. 5 to 7 show a few of
these graphs. METAPE extracts all the 100 Hz and
25 Hz micromet data, calibrates it in engineering
units snd writes it to the MET TAPE. The strip-
chart programs graph the full time series over the
duration of each dats tape; times of bad data, such
as phase-lock-loss, are than entered 1into the
PARAMETERS FILE using MODPARM so that subsequent
programs can skip over bad dats. The stripcharts
are {llustrated {n Figs. 2 to 4. The METFFT and
MILFFT programs produce power and cross spectra
which are graphed and also entered in the ANSWERS
FILE. The MILDRV program skips bad data, low-pass
and high-pass filters the mm-wave data to compen-
sate for HF noise and {nstrumental drift, and wr{-
tes 25.6-s statistics to MILSUMS. METDRV does a3
similar task for the aicromet data, but filtering
is unnecessary. The 25.6 s wm-wave and micromet
statlstics are graphed over the 2400 s exent of
each dats tspe so that dats quality and sta-
tionarity are checked; Fig. 8 shows examples of
2%.6-3 micromet statistics. METRDR and MILRDR then
accumulate the statistics of & chosen stationarv
{nterval and enter the resuits in the ANSWER FILF.

The research was supported by the U.S. Arw-
Research Office under Contracts DAAG29-R1-K-01713,
DAAG29-77-C-0026 and MIPR |22-RS.

=3, McMillan, R.W., et al. Opt. Eng. 27, 1983,
and  Prnc. 9th  Int'l. fonf., an  1afrared andg
Millimeter VWaves, 463, 1984 and SPIF Tech. Svmp.
Past "85S, |9RS,

[ Rohlander, R.A., ot al. Proc. ~f Ath Int’!
Canf. wn Infrated and Millimeter Waves |9A1,

5, 11, R.)., et al. NOAA Terh, Rep. FRI 4)9-
WP hi, 19RS. Avallahle from the suthors,
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Fig. 1. This data processing
scheme 1s discussed in the
i{ntroduction.
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ig. 2. Ten seconds of 100 Hz wm-wave data from

Tape 24 of Session |. Prom bottom to top the
traces are the six phase differences from antenna
pair 1 & 2, 1 & 3, 1 & 4, 2 63, 2 & 4, ) & 4,
followed by the (ntensities at antennas 1, 2, 3,
and &, respectively.
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Pig. 3. Twenty seconds of 25 Hz sonic and propvane
anemometer dats from Tape 24 of Session |. The
bottom and top eet of five curves are from met.
sta. | and 2, respectively. From bottom to top
within each set, the traces are from the two hori-
tontal arms of the sonic with the smoother prop-
vane-derived components overplotted; the vertical
component from the sonic is the uppermost of each
set.

Flg. &. Ten seconds of [0 Hz resistance-wire

temperatures and Lyman-a humiditvy from Tape 24 of
Session |. The top three curves are from wmet.
ata. 2, the temperature within the «oni- {s the
uppermost followed bv the temperature within the
Lyman-a; the humtdity (s third fruom the top. The
two hottom traces are from the wire thermometers
at met. sta. |; the humidity trace ts niseing

because the Lyman-a was inoperable.
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Pig. 5. The cross-path wind component from the 1
km optical path nearest the transmitter. The
negative values mean that the wind is from the
west. Data are from the entirety of Tape 24 of
Session 1. The data is sampled every 2.56 s.
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Pig. 7. The absolute humidity in g/n3 obtained
from the aspirated psychrometer at met. sta. ! for
all of Tape 24 of Session 1. Sample rate was
2.56 &,
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Pig. 6. The optlical C 2. ssmpled every 2.56 s,
{tom the | m optical propagation ’nth nearest the
Tecelver. The value of logy, €, in uaits w2/

{8 shown. Dsta sre from all of Tape 24 of Session
[

Systemn Time in Seconds (or Tape °St T2%

rig. 8. 25.6~9 averages of the temperature flux
{T'w'> and the time-lagged temperature structure
partameter; both are from met. sta. | for all of
Tape 25 of Session 1. One <T'w'> {s obtained from
the resistance wire within the sonic while the
other (T'w'> is from the wire in the Lyman-g gap.
Three CT are plotted corresponding to three dif-
ferent time lags; their agreement dJdemonstrates
fnertial-range turbulence.

R A SO, R (N

L Y
".ru-.r 2 Py

(\
<7
<Ly

(4N

LN

&%

~3

SAAI

2,

ALY LS k) L2

.~ s
-.-

AT




———
» Lognormal "
« Gaussian
r .
“] k
2
§ %
3 lv
3 l.llﬂ ‘Il'“?m“

62 04 06 08 1.0 1.2 L4 1.6 L8
NORMAL [ ZED INTENSITY FOR ANTENNA |

Fig. 9. Probability density function of intensity
for antenna 1, Session 1, Tape 24, July 1983.
Gaussian and lognormsl PDFs are also shown.
Normalized intensity is scaled to unit mean value.
The PDF 1is normalized to unit area under the
histogran.
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Fig. 10. Probability density of phase difference
in radians for antenna pair 4, Session 1, Tape 24,
July 1983, A Gaussian PDF is also shovn. This
PD? is normalized to unit srea under the histo-
graa.
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outer scale.

1 i \ ]
0.020 o -
o
X
b .
v
o oo L 4
o
g July 1983 .
'E 173 GM2 |
H 1.374 km !
>
3
3 oo crad'm™ -
H 43 ¢ 840 AM !
t $.4 0 10118 AM ;
- 5.9 0 130 AM '
S4x 140 PM
4T« 150°PW !
1.9 4 65 PWM
a I
0.005 ! J
0.008 0.010 0.018 0.020 0025
0. s.nl Lm . cl
- "
Fig. 12. The normalized variance of intensity

Y
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Spectral Density and Distributions of Intensity and Phase of Millimetz: Wave Siqgnal:

Propagated through Rain, Fog, and Snow

E. M. Patterson, R. A. Bohlander, R. W. McMillan, and R. L. Mandock
Georgia Tech Research Institute, Georgia Institute of Technology
Atlanta, GA 30332

R. J. Hill, J. T. Priestley, and S. F. Clifford
National Oceanic and Atmospheric Administration, Wave Propagation Laboratory
Boulder, CO 80303

B. E. Rishel
Physical Sciences Laboratory, New Mexico State University
Las Cruces, NM 88001

R. Olsen
Atmospheric Sciences Laboratory
White Sands Missile Range, NM 88002

ABSTRACT

Spectral densities, structure func-
tions, and distributions of intensity and
phase fluctuations of millimeter-wave
signals propagated through rain, fog, and
snow have been calculated. These calcu-
lations are based on a series of milli-
meter-wave measurements made in the fre-
gquency range 116-230 GHz over a 1.4 km
path near Flatville, Illinois, during
several measurement sessions conducted
during the period 1933-198S5,

An extensive array of meteorological
instrumentation and particle size spec-
trometers were used to characterize the
atmospheric transmission path in these
experiments, and this data is available
to aid in the interpretation of the
millimeter-wave data. The fluctuation
spectra will be studied carefully to
investigate differences between the clear
air spectra and those affected by preci-
pitation and to determine which features
are uniguely related to the presence of
rain, snow, and fog.

INTRODUCTION

Clear air problems in the propaga-
tion of millimeter-waves are of
considerable interest, but for a full
understanding of the limitations imposed
by the atmosphere on millimeter-wave
system performance, it is necessary to
have an understanding of the fluctuations
caused by turbulence and by hydrometeor
turbidity. The series of millimeter-wave
measyrements at Flatville, Illinois bet-
ween 1983 and 1985 provided the
opportunity for measurements of milli-
meter wave transmission in a wide variety
of weather conditions that included rain,
snow, and fog. Supporting meteorological
data and particle microphysical data were
also available to characterize the atmos-
Pheric transmission path.
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MEASUREMENT AND ANALYSIS PROCEDURES

The millimeter-wave data consists of
intensity and phase data in the frequency
range of 116 to 230 GHz across a propaga-
tion length of 1.4 km. Only one
frequency was used at a time, and so not
all atmospheric conditions were studied
at all frequencies. MMW data were
sampled at a rate of 100 Hz. For each
data run, MMW data were collected for
each of four antennas, designated by a
number from 1 to 4, and for 6 antenna

pairs, each with different spacing.
These data were used to determine phase
difference statistics for the different
antenna pairs, intensity statistics for
each antenna, mixed intensity and phase
difference statistics, moments of the
field, probability distribution functions
for intensities and phase differences,
and Fourier transforms of the temporal
data for intensities and phase
differences.

Thc power spectra are calculated for
each of the four intensities and six
phase differences. The computer programs
also allow the calculation of cross spec-
tra between two guantities. The power
spectra are calculated by means of a fast
Fourier transform algorithm on a 4096-
point time series, corresponding to 40.96
seconds of data. A number of these
transforms (10 to 20) are averaged
together to increase the statistical
reliability. The resulting transforms
are combined to produce the power and
cross-spectra, which are averaged to 36
spectral values in 36 approximately loga-
rithmically spaced frequency bins.

Fourier components of lower fre-
quency are obtained by block averaging
the time series to 4096 points per data
tape (or time stationary interval during
which conditions were roughly uniform).
The data tapes are roughly 2400 s in
duration, so averages of roughly 0.6 sec
suffice. These block averaged Fourier
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transforms are also averaged to 36 loga-
rithmically spaced frequency bins in a
lower frequency range than the first set
described. :

MOAA micrometeorological data were
obtained at two locations along the
transmission path, whereas US Army Atmos-
pheric Sciences Laboratory(ASL) particle
data were obtained at one location. A
complete description of the data analysis
for the millimeter-wave data and the
micrometeorological data is given in [1];
the results of the ASL analysis are given
in a series of reports [2]).

MEASUREMENT RESULTS

Although turbulence in clear air in
humid conditions can produce the largest
fluctuations yet observed, we have previ-
ously commented [3] that precipitation
induced fluctuations in millimeter-wave
signals can be significant. Fog, because
it occurs when the atmosphere is very
quiet, produces the least fluctuations of
all.

The data collected during precipita-
tion events is still in an early stage of
analysis. We will concentrate here on a
consideration of power spectra determined
from millimeter-wave data measured on
February 10 and 11, 1985 in the Tape 9 to
15 data runs of Session 5. (For this
data set the Tape or T numbers refer to
particular data runs). During this time
there was a range of precipitation
encountered that included mixed drizzle
and snow, snow, and blowing snow.

Two examples of intensity power
spectra calculated from the millimeter-
wave data of this time period are shown
in Figures 1 and 2. Figure 1, T9 data,
shows the power spectrum for 230 GHz
transmission calculated for antenna 3
using the individual data point’s (solid
line) and the block averaged data (dashed
line). The two lines diverge at lower
frequencies, but the dashed line makes
use of more of the data and is more
significant statistically. The statis-
tical significance of each increases with
increasing freguency, and the two curves
do converge.

T14 data are shown in Figure 2. As
before the two curves represent indivi-
dual(solid line) and block averaged
(dashed line) data. The Tl4 data differs
from the T9 data in that there is signi-
ficantly more power associated with the
high frequency fluctuations in Tl4 than
in T9.

For comparison, T9 and T14 ASL
particle size data are shown in Figures 3
and 4. The particle size spectra showed
little variation during the individual
data runs, and so the data shown in these
figures are representative of the entite
data periods. These particle size spec-
tra, measured with the Ground Based Pre-
cipitation Probe, show that there were

’-“-'_‘II.J.' ."_-.'._.' _.>..>.
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significantly more large particles pre-
sent during the T14 data run than during
the T9 period. Althouygh there is sone
uncertainty in the T9 particle size data,
this uncertainty is not expected to alter
the basic conclusions of the size diffe-
rences in the data. It does appear in
this preliminary analysis that the larger
particles are associated with the greater
power in the higher fluctuation fre-
guencies.

We are aware that models of fluctua-
tions in millimeter wave signals due to
rain [4) have a similar shape to that
which we observed in the T14 data. we
will be working on modifying the rain
models to model the fluctuations expected
for snuw conditions., We will also
continue the analysis to determine tne
spectrum of phase fluctuations, structure
functions and distributions of intens:ty
and phase for the data considered above
and for other millimeter-wave data.
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Figure 3. Particle size spectra determined from ASL
Ground Based Precipitation Probe data for
Session 5 T9.
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ABSTRACT .
Measurements were made of the could be determined. This attenuation S,

attenuation of millimeter~-wave (MMW) could then be related to measured -
signals by hydrometeors during an precipitation parameters, including rain P
extensive study of atmospheric MMW rate data, determined by in situ and by o~
transmission properties between 1983 and gravimetric techniques, and particle ol
1985 at an instrumented site near concentration data. X
Flatville, IL. Data collected during . .
this study showed a marked correlation ATTENUATION DUE TO PRECIPITATION IN Y

between the attenuation of MMW signals RELATION TO PRECIPITATION PARAMETERS 2
and the rain rate, The purpose of this The attenuation or extinction ..
report is to discuss quantitatively the coefficient Oe is related to the -
relation between the attenuation of MMW particle size distribution by the 2,
signals and the rainfall parameters, equation Y
including rain rate, volume mixing 2 .
ratios and precipitation particle size o = wr Q (r) N(r)dr \
distributions. e e Wiy
INTRODUCTION with r the particle radins, N(r) the o~
Although clear air problems are of oy

number concentration of the particles as
a function of radius, and Qe the
efficiency factor for extinction. Q. is
determined by Mie scattering theory and

considerable interest, it is recognized
that the development of millimeter wave
‘MMW) systems is presently motivated
largely by their capabilities in adverse

L PR

; is dependent on the ratio of particle

“eather. It is essential, then to have size to incident wavelength and the

3 quantitative understanding of the complex refractive index of the

fffec:s of prepipitgtion‘on the MMW particles. A similar equation may be :,l
signal, ~This will include an used to describe the extinction of snow !
nierstanding of the fluctuations caused particles, but snow is not composed of Y
“f the hydrometeor turbidity as well as spherical particles and so the Mie .\‘-
sr irnderstanding of the attenuation of J

calculations will be only approximately
correct. A more exact treatment must
consider the effects of the shape of the

"he MMW cignal due to the presence of
"ts nydrometeors. A study of the

*

*'’erua 1on of MMW signals by rain and snow particles as wel) as of refractive .
» was not an original goal of the indices that differ from those of pure R\
1*71l.e experiments, In particular, ice. N
¢ .a.ibration of the instrumentation The volume concentration of the P\

"t stabie over long periods making water in the precipitation is given by

.rs,;%able fcr measuring long term the equation oh
“.atinn changes, However, :

.>at.2n events were often short

i .- d.ration that the relative Vol = AL e dr gy

© . iwn due o0 the hydrometeors 3 o
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The volume concentration wsay be
expressed as the mixing ratio of the
volumse of the hydroweteors in a given
volume of air. Multiplication by the
density of wvater or the effective
density of the snow will give the mass
of precipitation per volume of air. The
rain rate, R, expressed in terms of
millimeters of wvater per hour or some
othetr convenient length units, 18
proportional to

l -;— 'rJ l(r)C.(r)dr

with C, (r) the settling velocity of the
hydromseteors,

If the size distribution is
constant, the MNW attenuation will be
proportional to both the voluse
concentration of the water and the
tainfall rate., The ratio of MNW
attenuation to rainfall rate or to the
volume concentration will also change
with changes in the particle size
‘distribution.

In order to estimate the magnitude
of the effects of varying hydrometeor
sise on. MMW transmission at 230 GHz, ve
have calculated the expected attenuation
for several representative monodisperse
particle sizses., The tesults of these
calculations are shown as the solid
lines in Pigures 1 and 2. Pigure 1
shows the expected extinction at 230 GHz
as a function of th! volume
conscntration of water (cm’ of water
/cm? of air) for droplet sizes of 0.5
R, 1 em, 2mmand 4 nm diameter; rigure
2 shows the comparable MMW attenuation
as a function of rain rate (expressed in
mn/h rain) for the same droplet sizes.
For comparison, the comparable
calculations for 35 GHz are aleo shown.
While there are significant differences
in the slopes of the lincs for the
swaller droplets, there appears to be
much less difference in the calculated
slopes for particles in the 2 to 4 mm
diameter range. Similar calculations
for integrated size distributions such
as the Marshall-Palmer distribution are,
of course, planned as part of future
efforts.

MEASUREMENTS AT PLATVILLE

The measurement program for the
Flatville experiments included
millimeter wave propagation measurements
in the frequency range 116-230 GHz over
a path length of 1.4 kmn, as well as
measurements of a variety of
micrometeorological parameters and of
particle size spectra for aerosols and
for hydrometeors. Since the data did
allow the determination of the
attenuation due to hydrometeors, one of
the goals of our analysis is the
comparison of observed values with ones
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calculated fror models of rain effects
(1. Of particular interest ace the
high NN¥ frequeancy range, fer which
there are fov previous seasucerents, and
the availability of detailed hydreoseteor
characterizations. Rocte complete
discussions of the experimental
measurements are given {n Hill et al.
[2] and Bohlander et sl. [3]).

Rain rate vas seasucred in two
independent sets of weasurements.
Weighing buchkets were set up to collect
the precipitation and to record the
increase {n weight on a chart record.
Rain rate was also measured by means of
a laser rain gquage in vhich the sizes
and fall cates of the particles are
determined ip aitu, with the rain rate
determined froe these data. Por our
initial analysis, data from a single
weighing bucket as used. There ls
alvays ] question of the
reprtesentativeness of the data wvhen any
one precipitation guage is used, and so
additional data from the laser probes
and additional rain bucket data will be
used {n subsequent analyses.

Particle sizes were measured by
U.8. Army Atmospheric Sciences
Laboratory personnel using several
different Particle Neasurement Systemss
probes, including & CSASP probe for
aeroscl pearticles, & 2D-C probe for
sizing particles up to .64 mm diameter,
and a Ground-Based Precipitation Probe
and a 2D~-P Array Spectrometer for siszing
particles up to 6.4 mm diameter. The
data output from these probes is 19 the
form of particle counts per meter’ per
3ize interval from which total particle
volume and volume mixing ratios can be
calculated. Given hydrometeor fall
velocities as a function of size, the
rainfall rate can also be determined
from the data, In addition, the
ittenuation properties of ¢the
fydrometeors can be calculated by means
‘f Mie theory as discussed above, given
‘Ppropriate optical constants.

~15CUSSION OF RESULTS
. There were several cases during
~asyrement Series 3, 4, and 5 in which
! 7ariation in the intensity of the
ransmitted millimeter waves was
-b3crved that could be related to
erxation in the rate of the
.Frec ipitation or the size
.::rac:crinticn of the hydrometeors.
:xifnaly'x. is still in progress, so we
Ces not present final data., We will
;qaent some preliminary data relating
;5ru°“'"“"‘°" to rain rate and to the
o1 me mixing ratios and will indicate
vianned fyture work.
<y An example of the relation of the
.nﬂ':ttonqation to the rain data is
ten in Figure 3. In this figure the
et uation coefficient is plotted
R8st the rain rate for Session 5 T9,

—————-—————————-'—-

MW ATTENUATION DATA (PRELISNAAY)

T =

250 one !

|
!
B

A4 4 a
[

S RATE anvte

Pigure ). Preiisinesy ARG sttonuotion dets for sesalon $

plotted sqainet roila cote data. Linee of °he

sttensotios espected (ot | ond 1 o8 diaseter

dreplete sge olde ohown in the figure.
T11, TS1, and T%2 and Session 4 T76
data. (Tape or T numbers designate
individual data runs.) It appears frcm
this admittedly small sample that, while
there is some scatter in the data, there
is also a reasonadble correlation between
the attenuation coefficient and the rain
rate. We have also included in the
figure, lines that show the relations
expected for monodisperse 1 and 2 mm
particles, indicating that the
observated variation i{s consistent with
that expected for 1 to 2 mm particles.

An example of the particle size
data is shown is Figure 4 {n which
Ground-Based Precipitation Probe data
from the T9 period of Session S5 are
plotted. Attenuation coefficients
calculated from the MMW data for this
period are plotted against volume mixing
ratios calculated from the particle data
in Pigure 5. For comparison, the line
expected for monodisperse 1 mm particles
is also shown on the figure. Again, we
can say that the data are consistent
with expectations.

At the present point {n our
analysis we can say that the attenuation
coefficients are correlated with both
rainfall rate and with volume mixing
ratios and that the variation 1n
attenuation is consistent with that
expected on the basis of the particle
size distributions, 1In future efforts
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Pigure 4. A hydroseteor size distribution determined fros « ‘//
Ground-Based Precipitation Probe data collected S P
during the T9 perci. of Session S. P
- e
e

we plan to lcok at the MMW data in L 7.
relation to data from the laser rain i
guage which has higher time resolution. 00 kas . e
We will also exanine the variation of -00 1o 20 30
MMW attenuation with variation in rain VYOLUME MIXING RATIO (x10°)
rate and in hydrometeor volume ratios. Tigure 3. NEW Attenuation deta at 230 GBz measured during
We will use Mie theory to calculate the Getermines fron the Cre,chepiolups mixing cacio
expected attenuation from the measured Probe dats, The attenuation expected for 1 mm
.size distributions as well as standard finester particles as also shoun as o dashed

distributions and will use this data to
attempt to account for variations in the
observed attenuations., We will also
attempt to relate the attenuation
wmeasured during show episodes to snow
microphysical parameters and differences
between the liquid droplet data and the
- snow data in terms of the differing
properties of the snow and the liquid
precipitation.
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LINE-OP~SIGHT MILLIMETER WAVE PROPACATION CHARACTERISTICS

S.P. Clifford, R.J. Hill, and R.B. Pritz
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Boulder, Colorado 80303

R.A. Bohlander and R.W. McMillan
Georgia Institute of Technology
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ABSTRACT

From 1983 to 1985 a team of scientists from NOAA's Wave Propagation Laboratory and
Georgia Institute of Technology conducted an extensive set of millimeter wave propaga-
tion measurements. In five, thirty-day sessions, chosen for the widest variety of
weather conditions, we propagated millimeter wave frequencies from 116 to 230 GHz over a
1.4 km horizontal path in Flatville, Illinois. Simultaneous, extensive measurements of
the meteorology allowed a detailed comparison of the propagation characteristics with
the current state of the atmosphere. We report on the observations of millimeter wave
propagation characteristics during clear air and severe weather. Amplitude and phase
spectra for propagation in clear air are compared with theory derived using the weak
refractive turbulence approximation. Excellent agreement is found. Further, probabi-
lity density functions appear to be; respectively, lognormal (amplitude) and Gaussian
(phase difference), as expected from application of the central limit theorem.
Interesting meteorological observations and their millimeter wave signatures will also
be presented.

INTRODUCTION

Over the past five years a team of scientists from the National Oceanic and
Atmospheric Administration and the Georgia Institute of Technology conductd an extensive
set of millimeter-wave propagation measurements. In five, thirty-day sessions, chosen
¢or the widest variety of weather conditions, we propagated millimeter wave frequencies
from 116 to 230 GHz over our l.4 km horizontal path in Flatville, Illinois. Simulta-
neous, extensive measurements of the meteorology allowed detailed comparisons of the
propagation effects with the state of the atmosphere.

The details of the experiment layout and data processing are contained in Reference
1. (Table 1 1nd Pigs. 1-6 of this paper are extracted from Reference l1.) Figure 1
illustrates the propagation geometry. The beam propagated 1.4 km - 4 meters above an
extremely flat iterrain, chosen for its outstanding fetch in all wind directions. This
enabled us to characterize the site micrometeorology with two instrumented towers using
Monin-Obukov surface-layer similarity theory. The intensity fluctuations were measured
at each of the four horizontally spaced antennas and phase differences were measured
among all possible antenna pairs with spacings from 1.43 to a 10 m maximum. The fifth
antenna was used in a limited way to test the isotropy of the different wave parameter
fluctuations. )

A variety of meteorological measurements were obtained simultaneously with the
millimeter-wave data. Figure 1 shows the optical propagation paths which give optical
refractive-index structure parameter C,2 as well as the cross-path component of the
wind. Pigure 1 also shows the optical rain gauge, optical drop size disdrometers, and
the weighing bucket rain gauges. Two micrometeorological stations are shown on Fig. 1;
these are 4 m high instrumented towers. At these stations the mean temperature and
humidity were recorded, a prop-vane gave wind speed and direction, a three-axis sonic
anemometer gave the fluctuating components of the wind vector, platinum resistance-wire
thermometers gave the fluctua*ing temperature, and Lyman-a hygrometers recorded the
humidity fluctuations. The millimeter-wave signals, resistance-wire temperature, and
Lyman~a humidity were digitized at 100 Hz. The sonic anemometers were digitized at 25
Hz. The other instrument's signals were digitized at 0.39 Hz. Table 1 shows the great
variety of clear-air micrometeorological statistics available from our instrumentation.

Figure 2 shows a probability density function (PDF) of the measured intensity; it is
Compared with lognormal and Gaussian PDFs. At such small intensity variances (0.02)
there is little difference between lognormal and Gaussian PDFs, but the data definitely
favors the lognormal PDF. Figure 3 shows the PDF of phase difference obtained from
antennas 2 and 3, which ‘have a separation of 2.9 m. This PDF is clearly Gaussian. In
4ddition, we find that intensity and phase difference are uncorrelated.

Figure 4 shows the structure function of phase for each of our antenna pairs
(separations). The structure function is definitely less steep than the slope of 5/3
that would be predicted by a Kolmogorov intertial-subrange model. This is caused by the
Outer scale. A very simple prediction that includes the effects of the outer scale is
Shown as a solid curve for a horizontal outer scale of 2.2 m. The mutual coherence
function (second moment of the field) is shown in Fig. S. Since the log-intensity and
Phase difference are both Gaussian and uncorrelated it follows from the weak turbulence
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theory that the mutual coherence function should be equal to expl-.5(D Vg1l whey, .
and Dg are the log-amplitude and phase structure functions. We find fhat this frem
predicts the values in Pig. 5 to within 0.5%. '

In Fig. 6 we show the normalized variance of 3ntonlity versus the inert... ,
prediction for a spherical wave. Here the radio Cph¢ is obtained from the ML mer,,
logical data. We see that the intensity variance is somewhat underestimate; r,
inertial-range prediction but consistent with the phase structure functlon shown .. ,
4. This discrepency is most probably because of difficulties in calibrating the m
hygrometer.

1

PHASE AND AMPLITUDE SPECTRA

Usigg the spherical-wave theory for propagation through refractive tur’,,..
Clifford shows that the temporal power spectrum of log-amplitude fluctuationsg -
single scattering or weak turbulence limit has the form shown labeled “"theory” ,p ,
7. In addition Fig. 7 contains a log-log plot of (f/f;) times the log-amp.,.
spectrum W, versus normalized frequency (f/f,). The spectrum Nx 1S n rmalized
log~amplitude variance such that the area under the curve 18 unity. The ftra g,
fo ®= V//2mL,, where v is the cross-path component of windspeed, ) is the wavelen; .
and L = 1.4 km is the millimeter-wave path length. The dotted (solid) tluctuating
represents the low (high) frequency Fourier transform of 35 min of log-amplitude ...
taken at 142 GHz. The solid “"theory” curve fits the data quite well until the high *o.
quency tail beyond log (f/f,) = 1, where aperture averaging effects are important.
dashed curve is a plot of the theory including aperturs averaging effects; overall, .
it to the data is excellent. Deviations at low frequencies above the “"theory® cuyr..
are most likely due to receiver antenna drift. It is possible from the theory to e.r .
mate the croul-gath velocity from the location of the peak. The peak 1s predicte.:
log(f/fq) ~ 0.43. In the case shown the cross-path velocity estimate from the mi!
meter wave scintillations agrees with the prop vane to within a few percent. (Note,
data were plotted with f, calculated from prop vane-measured crosswind.;

LR

Figure 8 {llustrates the theoretical spectra for phase difference fluctuations.
contrast to the log-amplitude result phase-difference is very sensitive to the "cuter
scale®” L, of the refractive index fluctuations. Consequently, we have a family
curves for different values of the spacing p normalized to L,. (L, is the size ot tn.
largest eddy for which the assumption of isotropy holds, so Ly, 18 the order nof tn.
height above the ground). The theoretical curves are plotted versus normalized ¢;.-
quency f/f; where f, = v/p and v is the cross-path wind component. From our know.u !~
of the wind speed and the dependence of the spectra on p/L,, we can estimate Ly trom o
spectrum measured at a known separation, e.g., p)2 = 1.43 m, and use that derived vi.u-
Lo ~ 2.8 m for all further comparisons.

Figures 9 and 10 show the theoretical curves superimposed over the phase-ditfer.- .
spectra from the data for antenna pairs (1,2) separated by pj; = 1.43 m and antenna pa:r
(1,4) separated by pjq4 * 10 m. We used the value L, ~ 2.& m and selected our curves
from Fig. 8 to fit the data based on the ratios p33/L, = 0.51 and 914/l = 3.
appropriate to each antenna pair. The resulting fit is quite good. We could also es::-
mate crosswind from the peak of the spectrum if we knew the accurate L, from other inje-
pendent measurement.

MILLIMETER PROPAGATION THROUGH RAIN

Figures 11 and 12 illustrate a unique measurement of a rain event where the effects
of oscillations in rain rate were observed simultaneously by the millimeter wave l:1s
and two laser-beam rain gauges, deployed as shown in Fig. 1. An oscillating rain
rate, probably caused by a convective instability in the cloud cover, could explain the
observed temporal pattern of the rain. In Fig. 12 the rain fluctuations are compare!
with the simultaneously measured attenuation fluctuations. As expected, a very high
correlation between the two is observed. The lowest curve in Fig. 12, illustrates 1
simulated attenuation time curve that would result by assuming a sinusoidal convectiv-
disturbance propagating along the millimeter path. A more detailed description 1=
available in Reference 3.

CONCLUSIONS

The Flatville data set has been analyzed to show the effects of clear air and rain
on millimeter wave systems. We have reported only a minute amount of the available data
and show that the results agree quite closely with the clear-air single-scatter theory
for propagation in the turbulent atmosphere. We intend to make much more extensive com-
parisons in the future for propagation in clear air, rain, fog, and snow. We made a
deliberate choice to forgo analysis of other segments of the data in order to complete a
readily accessible data base for study by both NOAA/GIT and other researchers. The
completed data base should be available for study in 1987,
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Table l.--Susmary of micrometeorclogical data from tape 24,

taken at 11:30 MDT July 198)

Average Values

Humidity
Temperature
Wind speed
Wind angle
Pressure
Solar flux
Wind stress
Humidity flux

19 g/m’

3a2°c

$S.3 m/s

10°

993 mabd

948 of !ullxoun
-0.14 (-{l)

0.1 (g/m”)/s

Temperature flux 0.03°C n/s
Stability -0.0)
Square Roots of Variances
Humidity 0.72 g/m’
Temperature 0.35°C
Wind speed 1.2 m/s
Wind angle 11°
Streamwise wind component 1.1 m/s
Cross-stream wind component 1.0 m/s
Vertical wind component 0.54 m/s

Structure Parameters

c.? from optical scintillometers
from optical an

from resistance wires

from Lyman-s hygrometers

from resistance wires and
Lyman-a hygrometers

an for radio frequencies®

2. 10712 p72/3
0.03°¢c? a72/?
0.03°¢c? p~?/?

0.2 (g/m,)2 rn-z/3

0.075°C (g/m’) m~2/?

5.9 x 107}2 m~2/3

*Zvidence for oscijlli-
in Climate and Applied

*Obtained from Eq. (79) of Ref. 1, using C 1, C 2, and C from the resistance

wire thermometer and Lyman~a hygrometer with Ag and Aq 3Btained from the
radio refractive-index equation.
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Pigure 1. The instrument positions at the experiment site. The dashed and dotted line r.
denotes am~-wave propagation path (1.4 km); the long-dashed lines, the optical propaga- 9,
tion paths (1 km each); and the short-dashed lines, the optical rain gauge paths (50 m e
each). Solid lines show the flow of micrometeorological data to the data acquisition b’
system in the receiver trailer. Antennas are numbered 1 to 5 in the receiver trailer. e
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Figure 12. Detail of rain rates and millimeter-wave attenuation, 0832-0841
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Effects of Turbulence axd Inclement Weather on o
Millimeter Wave Propagation N

- R. W. McMillan, R. A. Bohlander, and E. M. Patterson
Georgia Institute of Technology ,
Georgia Tech Ressarch Institute e,
Atlanta, Georgia 30332

R. J. Hill and S. F. Clifford A
National Oceanic and Atmospheric Administration :
Wave Propagation Laboratory

Boulder, Tolorado 80303

ABSTRACT

";&‘ .l.s..l. .’ ]

The effects of atmospheric turbulence on the propagation of millimeter
wave (MMW) radiation have been less well quantified than corresponding
effects on the propagation of radiation at visible and near-infrared
wvavelengths, although the general theory of prupagation of electromagnetic
radiation through turbulence is well understood. The basic difference
betwean MMW and IR/visible radiation with regard to propagation through
turbulence is caused by the effects of water vapor on the longer
wavelengths. Otherwise, turbulence would cause minimal degradation of MMW
system performance.

This paper presents some of the results of a series of experiments
designed to characterize the atmosphere from the point of view of MMW
propagation, with emphasis on turbulence effects and the comparison of
these effects to experiment. These experiments used MMW frequencies in
four different bands and were conducted in all types of weather. Although
the emphasis is on propagation through turbulence, much data were also
cbtained on propagation through inclement weather. These results are of
special interest because they were abtained at the higher MMW frequencies,
in the range 116-230 GHz. The results of analyzing early data from these
eperiments indicate that agreement with the turbulence theory is good; the
inclement weather data also agree well in those areas where appropriate
propagation theory is available.

1. Introduction
During the period 1983-1985, Georgia Tech and NOAA have been

in a joint program which has as its purpose the measurement of the effects
of atmospheric turbulence on the propagation of millimeter-wave radiation.
A series of experiments have been conducted at a site near Urbana,
Illinois, chosen for its exceptional flatness and resultant freedom from
effects which might perturb the atmospheric effects to be observed. The
choice of such a site enables the designers of the meteorological
instrumentation part of the experiment to effectively characterize the
atmosphere with minimal instrumentation. During the five different
measurement sessions conducted for this program, results have been cbtained
in clear air, rain, fog, and snow, at frequencies of 116, 118, 142, 173,
and 230 GHz; although not all fregquencies were used under all conditions.
These frequencies were chosen for the purpose of characterizing propagation
on all of the atmospheric features of interest in the range 116-230 GHz,
including the 94 GHz window, the 118.7 GHz oxygen line, the 140 GHz window,
the 183 GHz water line , and the 230 GHz window.

' The next section of this paper briefly reviews the experimental
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arrangement, and Section 3} gives representat.\ve resiu.®s  tra.mei vne o
types of weather conditions. Sectlorn 4 Jives sore T ol oot e
recommerxis the design of a system for “he measuremens A -
to that used for determination of the visibie-wave.enr:

2. Bperiment
The apparatus used for making the MMW turri.er e =ey: to=ees
described in this paper comprise transmitter, receilver, %ta ~ . .ex™ _ © o

processing system, and meteorviogical instrumentat:on.  FiTioe | s owe sr
layout of the propagation path, including the locat.:ons ¢ “he 2o aterm,
mentionad above arnd the direction of the prevai.ing ~:nvi.  More w0 -
the experimental arrangement has been published e.sewvhere M. .- e
al., 1983, 1985: Bohlander, et al., 1983,

Phase-locked reflex klystron oscillators were used as tve! *:yui= =0

sources and as receiver local oscillators, with the exceps . v ¢~ e
GHz measurement system which used a phase-locked exteniae i roery o
osclllator transmitter source. Phase locking was necessar, e 1. L °

provided amplitude stability for better resciut:on of Surri.en e oo te =
ard frequency stability for narrow-band operation and ease of calibration.
The transmitter antenna was an offset paraboloid with ar eliiptica. shape
designed to approximately spread the beam over the externt -f the receive:
trailer with minimum spill over in both horizontal and rert:cai direc= .ons.
The transmitter was mounted on a steel pedestal set on a concre*te pad,
independent of the suspension system of the truck in which 1t was housed.

The receiver has four apertures, each of which is pumped by the same
local oscillator through an arrangement of beam wavequides. The receiver
spacings vary from 1.4 to 10 meters to account for different atmospher:.
scale sizes. Harmonic mixers are used, so that the local osc:llatcor
operates at approximately one-half of the signal frequency, result.:na in a
local oscillator range of about 58-115 GHz. The beam waveguide Lo
distribution system was found to work very well over this range. Receiver
lenses were made of high-density polyethylene, and their aperture was
chosen to be 30 cm. The receivers were double-conversion types, with the
first intermediate frequency at 930 MHz and the second at 30 MHz. This
latter frequency was chosen because of the good availability of signal
processing components such as phase shifters and attenuators, and because
it can be easily observed on a high-frequency oscilloscope for calibration
purposes.

Initial data processing is done in the signal combiner at a frequency
of 30 MHz, where each of the four antenna returns is split into 0, 90, 180,
and 270 degree phase components, and combined in such a way that the real
and imaginary parts of the mutual ccherence function result when the proper
combinations of them are made (McMillan, et al., 1983). These signals are
collected and stored by the data processing computer, which also collects
and stores data from each of the meteorological instrumentation channels.
This computer also has the capability of performing limited data reduction
functions, both on- and off-line, and of supplying real-time information to
chart recorders which are used to monitor system performance during data
runs.

The propagation range was well characterized by meteorological
instrumentation, including devices for measuring temperature, humidity,
wind speed and direction, solar flux, rain rate, and particle size
distribution. Turbulence related instrumentation included optical Ch
measuring devices, C probes, and Lyman-Alpha hygrometers for
determination of the humidity structure parameter CQ2 All of these met
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parameters were recorded simultaneously with MMW data on magnetic tape by
the computer system.

3. Results

As mentioned earlier, results have been obtained under all weather
conditions of interest for most of the frequencies for which measurements
have been made during this experiment. It is generally true that results
for a given frequency can be applied to any other frequency that is
reasonably close by using the scaling law which states th%t the log
amplitude variance for turbulence fluctuations varies as v /6, This
relationship has been shown to be true for clear-air fluctuations,
(McMillan, et al., 1983) but may not be true for fluctuations in inclement
weather. This section presents some of the results obtained, including
those abtained under both clear-air and inclement weather conditions.

Perhaps the most interesting results obtained during this series of
measurements have been obtained under clear air conditions, because
fluctuations are, perhaps surprisingly, largest in clear air. Furthermore,
the results obtained agree well with theory, whereas the theory of
fluctuations under turbid weather conditions is not well developed. Figure
2 shows a typical result obtained in clear air under hot, humid conditions
at a frequency of 173 GHz. An examination of the distribution of power in
such a trace shows that it is log-normal, with a standard deviation of
about 10% of the mean. At the time that these measurements were made, the
temperature was 32°C, and the absolute humidity was 19 g/m°.

Fluctuations in intensity ob-erved in rain, fog, and snow were smaller
than those observed in clear air. When hydrometeors are present in the
atmosphere, it is not possible to distinguish intensity fluctuations due to
changes in the index of refraction from those due to changes in the density
of these hydrometeors. Fluctuations observed in fog are of interest
because they are very small =~ almost undistingquishable from instrumental
variations, although different types of fog may give different results.
Figure 3 is a copy of a recorder trace obtained in fog at a frequency of
142 GHz.

Intensity fiuctuations observed in rain are primarily due to changes
in rain rate over the propagation path, although small-scale variations in
intensity may be caused by refractive index changes. Figure 4 shows
signals received from two of the four receivers during a heavy rainfall,
measured at a frequency of 173 GHz. During the heaviest part of this
storm, the rainfall rate was 60 mm/hr. Attempts have been made to S
correlate the attenuation of MMW signals with rain rate (Patterson, et al.,
1986).

Figure 5 shows the fluctuations in intensity observed during a
snowstorm at a frequency of 116 GHz. The storm during which thesec
observations were made was fairly violent, and much of the snow in the air
during its latter part was due to ground blizzards. It is inverest.na =
compare this figure to Figure 2, obtained for clear air. Despite %hc .-
amount of snow in the air during the storm, and the fact. that the icr: .-
of snow particles was obviously fluctuating, the MMW signal fluctuates — -
in clear air. If one considers that MMW fluctua:ions are due ma:r.. -
humidity changes, it is reasonable to expect that fluctuatio-rs &
greater during conditions of high temperature and correspror:.=:
humidity. Similarly, large signal variations have been -: = :
propagating over a field in which water from melting srcw o
even though the temperature was much lower for these measure—.:°

The spectra of MMW fluctuations under various atmosphe: .
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are also of great interest. It is generally true that the MMW spectra
observed do not agree as well with theory as the corresponding spectra
cbserved at visible and near-infrared wavelengths, and the reasons for this
discrepancy are not well understood. One expected feature that does not
appear in the spectra measured in rain and snow is a small bump at high
frequencies that one might expect from small scale fluctuations in the
density of these hydrometeors. Figure 6 is a spectrum computed from
measurements made at 230 GHz during a snowfall. The two curves are a
result of different methods of low-pass filtering the results.

4. Conclusions

Perhaps the most important conclusion that can be reached as a result
of these measurements is that the clear-air turbulence theory agrees well
with experimental results. It is also interesting to observe that the
magnitudes of variations observed under turbid weather conditions are
smaller than those observed under hot, humid summertime conditions.
Fluctuations measured in fog are especially small for the fog conditions
observed during this series of measurements, while rain and snow variations
fall between these two extremes. The main effect of rain is to attenuate
MMW radiation, and the degree of attenuation appears to be well correlated
with the rain rate. Attenuation is of less importance under other
atmospheric conditions than in rain, a conclusion that seems to be verified
by the data cbtained during these measurements. The results of this series
of measurements also seem to verify that MMW systems should perform well in
inclement weather, although rain attenuation appears to be significant. It
will be recalled that rain attenuation is essentially constant with
frequency over a wide range beginning at about 100 GHz in accordance with
Mie scattering theory.

5 The largest value of the MMW index of refraction structure Earam%ter
C,° observed during this series of measurements was 5.9 x 10712 ™ /3,
an cbservation made under hot, humid summer time conditions. Under these
corditions, the fluctuations in intensity and phase observed were about 1
dB and 1 radian, respectively, levels which probably would marginally
affect the performance of MMW syftems. It is interesting to question
whether or not larger values of C,“ than those observed in Illinois exist
under other atmospheric conditio‘;_\s, and how prevalent are these elevated
levels. If the levels of C,“ observed in Illinois cause marginal
degradation of system performance, then higher levels might cause
significant degradation to the extent of making such systems useless under
certain conditions. To assess the prevalence of high levels of an, a
system for measuring this parameter that is similar to a system already
developed for the visible wavelength range is proposed. Such an instrument
would comprise transmitter, receiver, and data processor, and could be
configured for automatic operation. In this way, values of C,“ could be
measured in places which may be of interest to the MMW system designer, but
at which this parameter might not ordinarily be measured, such as in the
tropics, desert, or Arctic regions. Such measurements, when combined with
other atmospheric studies, would also add to our understanding of the

atmosphere.
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Fig. 1. Layout of experiment showing Fig. 2. Intensity fluctuations
transmitter, receiver, and meteoro- cbserved on a hot, humid summer
logical instrumentation stations. day at 173 GHz.
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