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PROCEEDINGS COF THE

WORKSHOP OR MILLIMETER AND SUBMILLIMETER ATMOSPHERIC
PROPAGAT10N APPLICABLE TO RADAR AND MISSILE SYSTEMS
20-22 MARCH 1979

INTRODUCTION

The workshop on millimeter and submilli-~
meter wave propagation which was held on 20-22
March 1979 at Redstone Arsenal (Alabama) served
two purposes:

(1) To provide a survey of the present
state-of~the~art in a special field which re-
centiv has received increased attention by
MICCM*, the Army, and DoD.

(2) To furnish a forum where szientists
who work in diversified fields with applications
to the special topic cculd come together and ex-
change informdtion on the latest results, dis~-
cuss controversial issues or unresolved problems,
and stinmulate a better cooperation between re-
searchers in this speclal but narrow field of
work,

Thus, thes2 proceedings comprise a mixture
between old and new results. The survey papers
on the state-of-the-art were largely presented
by Invited speakers. Other contributions dealt
with the most recent result:s which may not have
found their final interpreta:ion at the time of
the meeting. The eaitors feel, however, that
they should be included as an exchange of sci-
entific knowledge cbout ongoing research or ex-
periments to stimulate further progress and re-
duce duplications in the field of research.
Some of the particular topics where solutions
are urgently needed were discussed by MIRADCOM*
per .onnel.

Users sce some benefits and advantages in
systems which operate at millimeter and submilli-
nmeter wavelengths. For example, these wave-
lengths provide better re.o ution than ionger
wavelengths nd are less sensitive to low visi-
biiitr conditions than sho:rer wavelengths.

“Effective 1 July 1979 the U'S Army Missile Re-
search & Development Coumand (MIRADCOM) con~
bined with the US Avrny '{issile Materieil Readi-
ness Command (MIRCOM} to form the US Army
Missiie Command {MICOM).

Ideal data would consist of careful systematic
measurements at many near-miliimeter wavelengths
over a period of several vears at numerous geo-—
graphic lccations. However, ideal data on prop-
agation and associated atmospheric conditions
are seldom available. But research has pro-
gressed in recent years as the workshop has
proved.

In the first session personnel from the
Advanced Sensors Directorate, Technology Labor-
atory, discuss MIRADCOM* needs. They specify
the operating regions of interect for tactical
applications and erplair the rationale for thae
selection of these regicns. The Terminal Homing
Measurements Program is described. Propagation
measurement and modeling needs in ths areas of
battlefield characterization, atmospheric trans-
mission, turbulence, aerosol backscatter, and a-
monalous effects are presented.

Sessions 2 through 6 deal withk the present
state of knowledge of millimeter and submilli-
meter propagation. Absorption by molecular
water vapor causes Severe attenuation at near-
millimeter wavelengths. Wavelengths must be se-
lected to operate in the window regions between
strong absorption bands, and classical theories
do not adequately describe the reasured absorp-
tion in window regions. Alternate methods of
explaining the discrepancies are to introduce
reasonable modifications to existing models of
line shapes or to consider the effect of water
vapor dimers. Absorption and scattering by hy-

rometeors suchk as fog and rain are considered
from both theoretical and experimental points of
view. Other particles such as dust and smoke
are discussed. Additicnal papers are concerned
with topics such as terrain effects, natural,
atmospheric emissions, refractivity gradients,
and a point of view from a system engineer.
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Session 7 includes information about
moieling and turbulence. Papers in this ses-
sion contain models of clear zir scintillation
as well as adverse weather conditions.

Sessions 8 and 9 are concerned with in-
strumentation. One paper describes the rela-
tively new method of pulse generation by swept-
gain superradiance. The xemaining papers pro-
vide information about research in atmospheric
propagation. Both active and passive systems
of measuring propagation charzcteristics are
described. Attention is also given tu instru-
mentation for characterizing the state of the
atmosphere.

This collection of papers shcws that the
workshop accomplished the goals. Information
among specialists in diverse fields was ex-
changed. The discussion included ongoing pro-
grams. It is expected that future cooperation
fostered by the meeting will reduce duplication
of effort and increase the effectiveness of fu-
ture research. Thus, these proceedings should
be useful to scientists in the fields of atmos-
pheric science, physics, engineering and chem-
istry.

The publication time for these procecedings
could have Leen considerably reduced if all au-
thors had complied with the editors' requested
time schedule and tha guidelines for manuscripts
which ware issued.

The editors wish to thank the authors who
put considerable effort into the preparation of
their manuscripts. Mrs. Clara B. Brooks deserves
special thanks for her diligence in the inevi-
table correcting and the necessary ret:ping of
the manuscripts.

December 197G.

Tr. Oskar M. Essenwanger
Dr. Dorathy A. Stewart
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MICOM NEEDS IN MILLIMETER PROPACATION RESEARCH:
INTRODUCTION TO SESSION 1

Mr. Willium C.

Pittman

US Army Missile Command

Redstone Arsgenal, Alabama

The stbject of this session deserves
some explanation. The terp MICOM Needs has
reference to the Millimeter Propagaticn Needs
to allow the ordarly evolutionary development
of Army weapon systcms using millimeter guid-
ance sensors. The session is therefore framed
from the exploratory development perspective.
There are ot couarse other sessions of the work-
shop. Achieving Army objectives in this area
will not only require strong emphasis on the
impediate needs for exploratery developrment,
but a balanced allocaticn of resources for fun-
dawental research as well, with special atten-
tion to the need to develop improved meteoro-
logical and millimeter instrumentation, and
suitabis calibration standards for this instru-
mentation. We therefore nmust not forget that
we owe a note of thanks to those far-sighted
individeals in the universities, private sector
institutions, and Government who have maintained
the research base in millimeter aznd submilli-
meter technology, often in the face of scvere
funding constraints, to resach the level of tech-
nological materity we have achieved today.

Mr. Hodgens, the tirst speaker, will pre-
sent the rationale fr~r operaticns at milliwmeter
wavelengths, propagatic: characterization needs,
and three missile guidsnce concepts, one of
which will be described in a film. Mr. Green
will then continue with the presentation of con-

cepts for air defense suppression, short range
air defense, and indirect fire. Mr. Hodgens
will then close tha first part of the session
with a summary of the propagztion needs related
to these concepts. Mr. Haraway will then take
these needs for his point of departure to pre-
sent the planr, prcblems and gaps in millimeter
propagation as part of the Terminal Hooing
Measurements progran. Mr. Anderson will sum~
marize the work in optical propagation being
done in his group, and outline the opportunities
for extending the modeling of propagation from
the optical to the millimeter and submillimeter
region.

Mr. Robert Haraway, whe manages MICOM's
Terminal Homing Measurements pragram, has been
a wember of the Joint Technical Ccordinating
Group Subcommittee on Signatures and Backgrounds,
and is currently a member of the Steering Com-
mittee on the “.obile Millimeter wave Measure-
ments Facilit; . Mr. Harmmond Green's technizal
area is Millimeter Terminal Homing Seekers and
he is a member of the ARPA Millimeter Guidance
Steering Committee. Mr. Tony Hodgens is engaged
in in-house ixdependent research on beam enceding
techniques for miliimeter beamrider, and has been
active in establishing the technical foundation
of our Millimeter Guidance Program. Mr. Huey
Anderson ie the technical group leader for the
Optical Projagation work at MTCOM.
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aerosols.  Natural envirouments include parameters
such as rain, fog, snow, himidity, ete. The
induced environments are those which are common

to all battleficelds. These mav include debris
frem artillery rounds, dust dispersed into the
atmosphere from tracked vehicles, and smoke

from brush fires. Tactical aerosols include

smoke and chaff intentionally injected into the
atmospher. by the enemy in an attempt to defeat

a sensor system,

While all of the required dataare not read-
ily available, and also are in a state of conti-
nual change, it was nevertheless necessary to
establish a set of conditions as a starting
point for estimates of system performance.

These conditions are stated in Table 3 and are
representative of typical central Germany en~
vironments. The clear air characteristics are
based on the definition of a standard atmos-
phere.

TABLE 3. BASELINE LNVIRONMENTAL CONDITIONS

CONDITION CHARACTERISTICS

TEMPERATURE 15° €
WATER VAPOR 6 g/m3
SEA LEVEL

CLEAR AIR

RADIATION

VISIBILITY 100m

FOG LIQUID WATER 0.1 g/m3
WATER VAPOR 9 g/m3
SEA LEVEL

RATE 4 mm/hr
TEMPERATURE 140C
WATER VAPOR 13 g/m?
SEA LEVEL

RAIN

WHITE PHOSPHORUS
SMOKE CONCENTRATION 0.1 g/m>
DIAMETER 1.1 MICRON

EUST CONCENTRATION 2 X 10~4 g/m3
DIAMETER 6~60 MICRON

The fog conditions rev esent thick, low visibi-
lity fogs of the radiation type. This defini-
tion encompasses over eighty percent of morning
fogs on an annual basis. The vain conditions
were chosen to include the 80th percentile sea-
sonal rain and the 90th percentile annual rain.
It should be noted that the maximum seasonal
rain occurs in July when approximately 30 per-~
cent of the dayvs with raia are thunderstorm
days. The smeoke and dust counditions were based
upon previous syscem studies.

4. MILLIMETER GUIDANCE CONCEPTS

An outline of some of the potential appli-
cations of millimeter wavelengths to missiie
systems operating in adverse environments is
presented. A brief description of each svstem
concept is given below in order to illustrate
the different types of propagation paths and
problems that might be encountered.

4.1 Direct Fire Anti-Tank

Figure 6 i1llustrates the operation of a
beamrider missile system. Target traching is
established with a precision tracking/guidance
beam once the radar has been cued by an adjunct
acquisition device. The missile is launched and
immediately acquirced by a broad concentric cap-
ture beam. An onboird rearward looking receiver
intercepts and decodes the spatially coded beam
and processing electronics intecprets the missile
position within the beam to gencrate guidance
commands. The missile is guided toward the radar
line~of-sight until it acquires the precision E
tracking/guidance beam. The missile decodes the -
precisfon guidance beam in the same fashion and <
flys the line-of-sight of the precision beam to
the target. The pointing beam is used to both
track the target as weil as provide guidance
information to the missile.
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Figure 6. BEAMRIDER GUIDANCE.

Figure 7 depicts a form of command guidance
referred to as differential guidance. Here the
radar tracks both the target and the missile
and determines their angular displacements from
the radar boresight. The radar m.asures ©; and
#, (reference Figure 7) and baseC on their vector
difference determines @4, the required correction
for the missile to fly the target live-of-sight.
Note that this concept, as opposed to the beam-
rider, does not require that the radar boresight
remain ou the target. b
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Figure 7. DIFFERENTIAL GUIDANCE - CLOS.




Both the beamrider and the differeanrial gui-
dance concepts have similar propagation paths,
i.e., near earth, relatively horiivoutal paths.

4.2 Indirect Fire

Figure 8 is illustrative of attacking ar-
mored vehicles from essentially a vertical
approach and, because the target may be beyond
line-of=-sight, the missile must opcrate autono=~
mously. This syvstem concept is called indirect
fire. A missile or missiles can be delivered
to some point in syace at which target search
begins following required maneuvers to staba-
lize the missile and to attain the necessary
velocity for the missile to perform 'ts func-
tions. A radar beam is transmittcd to search
a specified ground area for the desired target.
Upon detection and acquisition, a stable line-
of-sight is generated to provide the necessary
information to maintain track and guide the
missile to impact. In the terminal phase a
radiometric mode may be used to achieve a cen-
troid aimpoint. Since the missile must perform
during conditions of smoke, medium to heavy fog,
rain and haze, propagation phenomena must be
well understood for the near vertical traject-
ories which are not normally encounted for most
system applications.

DECELERATION MECHANISM
.~

“\ DECELERATION COMPLETE
BALLISTIC DROP

TARGET SEARCH
I\/
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Y TARGET
'

4 /// \\ACQU!SI'HON
\
/ // \ \\ TRACK TARGET
LE" "‘} \- ¢
8 0 \QX
™ R
Nm——-Zv

Figure 8. INDIRECT FIRE SYSTEM CONCEPT.

4.3 Dual Mode RF/RF Air Defense Suppression.

Figure 9 depicts an operational concept for
a dual mode RF/RF Air Defense Suppressior missile.
In this concept an attack helicopter detects
radiation from an air defense system which is a
potential threat. Information is generated
which locates the threat and cucs a missile to
the proper coordinates. The missile detects the
cadiation from the threat and after lock is
established, is launched toward the target.
Since most air defense systems operate within the
microwave region, the missile performs its
search, detect, acquire and initial tracking
functions using the target's radiated energy.
The missile will transfer to tracking operation
within the millimeter region when accurate termi-~
nal tracking is required or when the threat
"turns of f'' its radiation. It is conceivable
that a passive radiometric mode could be used
to achieve a centroid aimpoint. This particular
system concept would utilize propagation
paths similar to that for direct fire guidance.

4.4 Missile Fire Control

Figure 10 is a cenceptual drawing for
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implementation of a fire coatrol system
operating within the millimeter spectrum.
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Figure 9. DUAL MODE RF/RF AIR DEFENSE
SUPPRESSION.
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Figure 10. FIRE CONTROL SYSTEM.

For the tyvpe of systems shown, the effective-
ness will be limited to ranges of less than ten
kilometers because of atmospheric attenuation
effects upon millimeter wavelengths. However,
the advantage of this spectrum is the resolu-
tion gained by the shorter wavelengths and the
penetrability through adverse environments whean
compared with optical systems. The fire con-
trol system may be either airborne or ground
based. In the airborne case, the fire control
system may be totally self containcd within the
weapon system wherein the system provides not
only target position coordinates but also iden-
tifies the target or targets to be attacked.
Similarly for the ground based case, the fire
control radar assumes totai control over sepa-
rate launches which receive firing commands
from the fire contryol radar. As 2 third option,
an airborne and ground based system would be
integrated to provide mo-e flexibility for con-
trol of the battlefield.

4.5 Short Range Air Defense

Figure 11 1llustrates a short range air
defcnsce system using millimeter wavelengths
for the target acquisition/tracking radar.
During periods of adverse environments on the
tactical battlefield, these wavelengths can
penetrate through obscurants when optical
systems cannot provide the required performance.
The radar searches, detects, acquires and tracks
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these targets which are of a threat to the de-
fense forces. The fire control svsrem, which
may be an integral part of the vadar, deter-
mines which targets are most threatening and
commands missiles to be launched against speci-

fied targets. The propagation paths will
usually be over short ranges (less than 10 kilo-
meters) and for depression angles generally
less than 45 degrees.
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Figure 11. SHORT RANGE AIR DEFEXSE.

5.  PROPAGATION DATA NEEDS - MILLIMETER GUIDANCE
SYSTEMS.

All of the system concepts discussed in the
previous section generally have the same require-
ments as to atrmospheric propagation data
needs. The major differences in the data
requirements lie in the propagation paths for
the various syvstem$. No attempt i1s made herein
to emphaslize one set of requirements as thev will
be system peculiar.

Table & outlines the perceived propagation
needs {rom the svstem developer's standpoint.
For convenience, the requirements have been
grouped into five areas: aerosol backscatter,
atmospheric and aerosol attenuation, anomalous
absorption phenomena, turbulence effects, and
atmospheric traasmission/scattering models.

For each category, the desired effort is listed
along with a summarv of current data base pro-
blems.

The data base deficiencies outlindd
for each category have several common elements.
Experimental data are limited or nonexistent in
all areas; this is particularly true at the
higher frequencies of interest. There is a
distinct lack of data in Central European type
environments. Fer manv of the reported measure-
ments, insuftficient recording of meteorological
parameters is a vital facter which may explain
some of the data variabilitv. Aerosol particie
size distribution measurements are also lacking:
these data are necessary as precipitation rates
alone do not provide adequate data correlation.
Few neasurements have been performed te examine
the eifects of various depression angles on
millimeter wave propagation.

Specific data needs lie in the area of tur-
bulence, anomalous absorption, temperature/
humidity effects, and modeling.

A recent study (Collins, 1978) performed for
MIRADCOM was inconclusive as to the severity of tur-
bulence effects on a millimeter beamrider system;
also the combined effects of turbulence and water
vapor inhomogeneities are not presently understood.

Many experimental observations (Liebe, 1978)
have confirmed the existence of ancmalous absorption
effects. This term is generally used Lo describe
absorptica effects that currently cannot be
explained with the existing oxvgen and water
vapor absorption theory. This phenomenonhas been
frequently observed under various conditions,
particulariy at high humidities and low tempera-
tures. Currently no unified treatment of the
problem exists that has a physical basis.

No set of measurements of absorption due to
water vapor as a function of tewperature and com-
position sufficient to constitute a reliable
guide for extrapolation of the values to signi-
ficantly diffcrent conditions exists. This is
especially true near saturation. The relative
humidity is greater than 95% during heavy fog
(Middleton, 1963) and is typically 80%Z or higher
during rain.

Modeling efforts to date appear to be very
specialized, applying ouly to specific conditions.
Model validarions cannot occur until the experi-
mental data base has been expanded.

Currently, when the system developer requires
particular propagation :nformation, a thorough
literature search must be performed which
requires the expenditure of considerable time.

A suggestion is therefore made for the preparation
of a millimeter propagation handbook. The objec-
tive of this handbook would be to compile existing
propazation data in a manner easily accessible

by personnel involved in systems analysis, design
and use. The approach would entail the esta-~
blishment of an indexing system for general sub-
jects, each followed by specific categories of
effects. The handbook should be updated on an
annual basis. Figure 12 illustrates a table of
contents and a tvpical page from such a handbook.
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Figure 12. MILLIMETER PROTAGATION HANDBOOK -
EXAMPLE.
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TABLE 4.

aEm

® AEROSOL BACKSCATTER

® ATTENUATION

® TURBULENGE EFFECTS

® ANOMALOUS ABSORPTION
EFFSCTS

® ATMOSPHERIC TRANSMISSION
SCATYERING MODELS

PROPAGATION DATA NEEDS -~ MILLIMETER GUIDANCE SYSTEMS

DESIRED EFFORT

PROVICE ACCURATE DATA
BASE TO DETERMINE
ENERGY RETURN THAT
MAY CAUSE TARGET
MASKING

ANALYSIS NEEDED AS A
FUNCTION OF PARTICLE
SIZE DISTRIBUTION,
PRECIPITATION RATE
POLARIZATION,
DEPRESSION ANGLE AND
METEOROLOGICAL
CONDITIONS

DEVELOP ATMOSPHERIC TRANSMISSION
DATA BASE

AMEASUREMENTS IN CLEAR AIR UNDER
VARIOUS TEMPERATURE HUMIDITY
CONDITIONS PROVIDE ANALYSIS OF
TEMPERATURE/HUMIDITY EFFECTS

MEASUREMENTS IN RAIN FOG, SNOW,
SMOKE AND DUST WITH PARTICLE
S1ZE DISTRIBUTIONS CHARACTERIZED

SUPPORTING METEOROLOGICAL DATA
WITH MEASUREMENTS

MEASUREMENTS AT VARIOUS
DEPRESSION ANGLES

DETERMINE €Fi ECTS OF
TURBULENCE AS A
FUNCTION OF FREQUENCY

PROVINDE DATA AS A
FUNCTION OF ATMOSPHERIC
CONDITIONS

DETERMINE ATTENUATION
PHASE VARIATIGN, 7FADING
EFFECTS AND FREQUENCY
OF FLUCTUATION

PROVIDE CAPABILITY TO
MEASURE FLUCTUATION
RATES AS HIGH AS 50 Hs

ANALYZE DATA TO ESTABLISH
QRIGIN OF FLUCTUATION
EFFECTS

E€STABLISH VALIOITY OF ANOMALOUS
ABSORPTIGN EFFECTS

DETERMINE ATTENUATION TIME
EXTENT OF ABSORPTION
ATMOSPHERIC CONDITIONS
FLUCTUATION EFFECTS STATISTICS
OF OCCURRENCE, SEASONAL
OCCURRENCE AND VARIATION AS A
FUNCTION OF TIME OF DAY

PERFORM 8OTH MONOCHROMATIC
AND BROAD BAND MEASUREMENTS

PROVIDE ANALYSIS ON SOURCE OF
ANOMALOUS EFFECTS

TRANSMISSION/SCATTERING
MODELING IN MM WINDOW
REGIONS

CHARACTERIZATION IN CLEAR
AIR AND IN THE PRESENCE
OF AERQSOLS

ANOMALOUS ABSORPTION
EFFECTS TO BE EMPLOYED
WITH AEROSOL MODELS AND
ME TEQROLOGICAL PARAMETERS

12

CURRENT DATA BASE PROBLEMS

® LIMITED EXPERIMENTAL
DATA

MUCH OF DATA NOT
ADEQUATELY
CHARACTERIZED

® {ACK OF DATA IN
CENTRAL EUROPEAN
ENVIRONMENT

® CLEAR AIR EXPERIMENTAL DATA
HIGHER THAN PREDICTED BY
THEORY

® TEMPERATURF'HUMIDITY EFTECTS
NOT WELL UNDERSTOOD
FEW MEASUREMENTS

® LIMITED RAIN, €OG, SNOW DATA

AEROSOL PARTICLE SIZE
DISTRIBUTIONS NOT CHARACTERIZED

INSUFFICIENT METEOROLOGICAL
DATA

NO EXPERIMENTS PERFORMED
T0 CHARACTERIZE TURBULENCE
AND ITS EFFECTS ON
MILLIMETER PROPAGATION

® RECENT THEORETICAL STUDIES
INCONCLUSIVE AS TO SEVERITY
OF TURBULENCE EFFECTS

COMBINED EFFECTS OF
TURBULENCE AND WATER VAPOR
INHOMOGENEITIES NOT
UNDERSTOOD

® ABSORPTION IN VIINDOW REGIONS
OF TN HIGHER THAN PREDICTED
BY THEORY - ESPECIALLY UNDFR
HIGH HUMIDITY CONDITIONS

NO UNIFIED TREATMENT OF THE
PROBLEM EXISTS THAT HAS A
PHYSICAL BASIS

® LINITED DATA BAST

4
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TARGET AND ENVIRONMENTAL MEASUREMENTS PROGRAM:

MILLIMETER WAVE

PROPAGATION PLANS, PROBLEMS, AND GAPS

Robert C. Haraway

US Army Missile Command

Redstone Arsena’, Alabama

_ ABSTRACT

The foilowing is a brief overview of the
Measurements Program in Advanced Sensors Direc-
torate, Technology Laboratory, MIiCOM, ars it re-
lates to the problem of .-~essing env’ronmental
effects on sensor guidance systems., This pro-
gram is conducted in close coordination with
the research and development of guidance sen-
sors and is designed to meet senso. develop-
ment requirements for target and environmental
characteristics.

i. INTRODUCTION

This pregram was established during the
Exploratory Develcpment phase of Army laser
guidance systems. At that time, there was seri-
ous concern at all levels of Army R&D manage-
ment for the effects of the tac-ical eanviron-
ment on laser guided systems. The Measurements
Program focused primarily on the laser guidauce
problem for the first one to two years. During
that time, the technolcgy for infrared and milli-
meter-wave }and combat guidance sensors was de-
veloping rapidly and it became obvious that these
sensor development programs also requlred data
on targets and environmental effects. The »ro-
gram was therefore expanded to include the char-
acterization of targets and environmental ef-
fects in the infrared and millimeter-wave spec-
tral regions. The program objective is the de-
velopment of a data base and the definition of
the technology required for development of land
combat guidance sensors which will maintain
acceptable operztional capabilities under ad-
verse tactical conditions, including smoke, dust,
adverse weather, background clutter and false
targets.

2. PROGRAM FUNCTIONS

The functions involved in the conduct of
the program are depictel in Figure i. In gen-
eral, the effort has been about evenly divided
between in-house and contract support. f[ypi-
cally, a measurements project or task is de-
{fined in-house, and a Measurements Plan and
Scope of Work are prepared. This is followed
by the selection and installation of instru-
ments in the field, on towers, or aboard a spe-
cial mecasurements helicopter. Data are then
collected and analyzed on a quick-look basis to
insure data quality and avoid ercessive data
collection and duplication. In-depth data anal-
ysis may be accomplished either in-house or on
contract. Frequently, contracts are also em-
ployed to provide technical support for the de-
velopment gensors or seekers used ~s measure-
ment instruments.

14

Resulting data and analyses from the pro-
gram are issued through technical reports which
are distributed to the R&D community directly
and through the Defense Documentation (enter,
and the Suidance a»d Control Informarion and
Analysis Center (GACIAC).

NIWIMIROVED OPERATIONAL
TARTET CAPABLITY
DETECTION'  jme—{ FOR ADVERSE
ACOUISITION TACTICAL
TARGET
SIGRATURES
BACKGROUND FELD
CHARACTEMISTICS —] MEASUREMENTS
X o
© AIRBORNE o OUIEK 100 —
$I0KE * TOWER o IHOEPTH CONT!
busT » GROUND
ARMY R&D
oy GACIAC CLEMENTS
OTHER DOD
AGENCIES

SGUIDANCE AND CONTROL INFORMATION
AND ANALYSIS CENTER

Figure 1. Measurements program.
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Figure 2. Sensor/guidance development-

measurements interface.

3. SENSORS DEVELSMENT/MEASUREMENT INTERFACE

From the beginning, the Measurements Pro-
gram has been closelv interrelated with the
MICOM Sensor Development Prograr for weapons
guidance applicationg, as illustrated in Figure
2. As early as possible in the sensor develop-
ment process, the requirements of the antici-
pated tactical environment are identified and
field measurements initiated to provide data on
those effects which ultimately determine system
performance. The program therefore provides a
data base for sensor design and development,
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art later for madeling and simulation in the
prediction of sensor guidance syvstem periormance.

To further emphasize the close working re-
lationship between the Measurements and Sensor
Developrment Programs, it shoold be pointed out
that deveiopmental sensors are frecuently used
for measurements instrumentation. The use of
devclopmental sensors offers the advantage that
the resulting dara represent state-of -the-art
sensor performance capabilities.

4. TACTICAL PROBLEMS AND OBJECTIVXS

The general scope of the program is il-
lystrated in Figure 3. It will be noted tnat
this effcrt is designed to address the broad
science and Technology G&T) Ohjiectives contained
in the Army Science & Technoiogy Cbjectives
Guide. These objectives call f{or weapons capa-
bilities in battlefield environments, including
adverse weather, smoke and dust.

Althougl. this chart indicates primary ac-
tivity at millimeter frequencies up to and in-
cluding 94 GHz, there is also major interest in
the higher millimeter frequencies, particularly
for guidance applications such as beam-rider,
where high-resolution antenna beam patterns are
required.

p to the present time, the program empha-
sis has been primarily :n two areas: the char-
acterization of targets and background, and the
measurenents of smoke and dust effe.ts on laser
and infrared sensor guisance. Vith accelerated
efforts on development of millimeter guidance
sensors, the program will include increased em-
nhasis on assessment of miliimeter wave propaga-
tien capabilities in adverse environments.

w

DEFINING PROPAGATION TASK OBJECTIVES

As noted earlier, the Measurements Progranm
efforts have been based on the anticipated tac-
tical environment for guidance svstems under de-
velopment, in support of the MICOM R&D mission.

Consistent with this approach, in defining ob-
jectives for millimeter propagaticn werk to be
accomplished, we must begin with an examination
of current guidance systems concepts. Other
papers in this sessinn outline these concepts
and the related needs for propagation research
and analysis. 1t appears now that the initial
task is that »f defining the various areas of
work required, in a priority order directly re-
lated to the atmospheric effects most likely tc
lJimit systems performance. To illustrate, Figure
4 shows the various tactical geometries associ-
ated with systems under investigation. These
various systems applications iavelve propagation
paths which vary from the horizontal near-earth,
to those wit™ vertical incidence angles. Asso-
ciated wilh these systems concepts are design ob-
jective. including target detection and acquisi-
tion ranges, which are dependent on weather and
other environmental conditions. Other objectives
include beam pointing, resolution, and tracking
capability, which may be affected by turbulence,
which in curn may exhibit a dependence on the
propagation path angle cof incidence. Other ex-
amples relating propagation effects to guidance
applications could be suggested, but the point

to be made here is that we need to determine what
the rost significant effects on system perform-
ance will be, as early in development programs

as pessible.

6. PROGRAM PLANNING

It is known that various atmospheric ef-
fects may degrade millimeter systems performance.
Preliminavy plans include the following:

a. PROPAGATION MEASUREMENTS THROUGH VARIED

WEATAER CONDITIONS
(1) MULTIPLE WAVELENGTHS {3523/140/220.340 GH2)
(2} COMPARATIVE PERFORMANCE
(3} AS A FUNCTION OF GUIDANGCE GEOMETRY
(4)  VARIOUS GEOGRAPHIC ENVIHGAMENTS

b.  SMOKE, DUST MEASUREMENTS

COMBINED EFFECTS

<
d. SYSTEM-RELATED EFFECTS (MULTIPATH, EXHAUST PLUME
EFFECTS)

GUIDANCE SENSOR

TARGET DETECTION &
DISCRIMINATION

SBATTLEFIELD SMOKES,
HAZE, DUST

ADVERSE WEATHER

$&7 OBJECTIVES

LASER

{1.06 MICRONS
& 106 MICRONS)

TARGET REFLECTANCE OF
US & FOREIGN ARMOR.
SACKGROUNDS & FALSE
TARGETS.

DESIGNATOR & SEEKER
MEASUREMENTS

SMALL SCALE FIELD
EXPERIMENTS

SUPPORT TACTICAL SCALE
FIELD TESTS.

SMOKE/OUST
MODELING

NiGHT/FOG

ATMOSPHERIC PROPAGATION
MFASUREMENTS.

ATMOSPHERIC MODELING
ANALYSIS

INFRARFD

( MICRONS

3-5
& B-14 MICRONS)

TARGET SIGNATURES GF
US & FOREIGN ARMOR

BACKGROUNDS & FALSE
TARGETS

SEEKER MEASUREMENTS

SAME - WITH 3-5 &
8-14 MICRON
THERMOVISION &
SEEXER SENSORS

SAME — WITH 3-5 & 8-14
MICRON THERMOVISION &
SEEKER SENSORS

MICROWAVE/
MILUMETER

{20 GHz, 35 GH:,
70 GHz, 94 GHa)

TARGET SIGNATURES OF
US & FOREIGN ARMOR

BACKGROIIADS & FALSE
TARGETS.

SEEKER MEASUREMENTS

SAME — WITH 35 GYr
& 94 GH; SECKER
SENSORS.

MET. DATA TAKEN ON 35 GH:
& 94 GHz TOWER & AIRBORNE
SENSOR EXPERIMENTS

35 GHz RADAR DETECTION &
DISCRIMINATION EXPERIMENTS

CLOSE COMBAY
CAPABILITIES:
HELICOPTER BORNE
MISSILES
ANTI-TANK MISSILES

FIRE SUPPORT
CAPABILITIES

INDIRECT FIRE
PRECISION MUNITIONS
INDIRECT FIRE MISSILES

Figure 3.

Tactical problems and objectives.
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Figure 4.

Propagation path geometries.

They are eaploratory in nature, and intended to
initially 2ssess the spectral bands indicated
for the various svstem applications being con-
sidered. 1Initial plans call for comparative
measurements at multiple frequencies over the
same propagation path, z2né under neax simulta-
neous conditions. Other measurements will deal
with the effects of guidance geometry, as sansor
instrumentation becomes available. The :ollec-
tion of data in multiple spectral bands, for
widely separated geographic locations has not
been considerced feasible in the past. However,
the current development of an Army mobilc mezs~
urements facility, will offer this capability.
This facility is covered in more detail by other
papers in this proceedings, e.g., session 9.

Smok : and dust measurements will be con-
ducted at Redstone Arsenal and also in conjunc-
tion with large-scale Army experiments on spe-
cially-instrumented ranges. These normally in-
clude a wide range of laser and infrared instru-
mentation, and millimeter capabilities will be
added as available. Combined effects refers,
for example, to the combination of certain
smokes and kigh humidity, which may be more se-
vere than smoke in a dry environrent.

Finally, theie are «ystem related effects
which must Lte evaluated under carefully control-
led conditions.

7. PROBLEMS

One prohlem which has severely limited thor-
augh investigation of millimeter propagation ef-
tects on guidance systems has been the lack of
availability of millimeter instrumentation for
necessary measurements, particularly at the
shorter wavelengths. Propagation measurements
for assessing the effects of varied weather con-
ditions require the commitment of instrumentation
for extended periods of time, and of course require
sensitive, stable equipment. Current millimeter
instrumentation development efforts within the
Army will probably alleviate this problem.

Similarly, there has been a problem in the
availability of meteorological instrumentation
for characterizing weather conditions of parti-
cular concern in tactical systems application,
including fcgs and light to moderate rain. Con-~
tributing to this problem has been the interest
in collecting data at several stations along a
propagation path rather than only at one location.

System-related priorities refers to the
problem of determining or defining those propaga-
tion effects which are most critical in terms of
proposed systems applications. In other words,
we need to kuow as early as possible of tactical
lir.itations imposed on proposed svstems by cer-
tain weather ¢onditions, in order to evaluate
the poteatial usefulness of such systems.

The development of useful models for the
various weather conditions of tactical interest,
which are needed for realistic systems simulation,
is viewed here as a problem. Actually, the de-
velopment of such models will depend en the ac-
quisition of an adequate data base represecntative
of the weather conditions of interest. The prob-
lem anticipated with modeling is that of defining
sets of "typical" conditions which are of reason-
able size vet cover a realistic range of real-
world situaticnms.

The design of experiments is considered
here as a problem, from the viewpoint that effi-
cient, careful planning of field experiments is
essential in order to achieve an assessment of
plenned Army guidance systems capabilities on a
tindly basis.

EXTENSTON OF ENVIRONMENTA!L MODELLING FROM THE OPTICAL
THROUGH THE MM REGIJN

H. Anderson

US Army Missile Cornand

Redstone Arsenal, alabama

Abstract and manuscript not available.
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A SURVEY OF MILLIMETER RADIC AND SUBMILLIMETER

RADIO WAVE PROPAGATION

Archie W, Straiton

Electrical Engineering Research Laboratory

The University of Texas at Austin

Austin, Texas

ABSTRACT

The transition ir the use of radio wavelengzhs
longer than a few centimeters to those of milli-
meter and shorter lengths creates additional
transmission and reflection problems, This
paper will discuss the effects of the length of
these waves approaching (1) the rescnant wave-
lengths of atmospheric gases, (2) the size of
raindrops and other particulate matter, and (3)
lengths very small compared to nearly all radar
targets of interest.

1. INTRODUCTION

It is a pleasure to see the increasing inte -est
in the transmission of millimeter radio waves
through the atmosphere. Studizs in this field have
provided new insisht into the area of the electro-
magnetic spectrur.,,

Table 1lappeared in Barrow (1938), Light,
Photometry and Illuminating Engineering It
gives a description of the electromagnetic spec-
trum with an undefined gap between 107 Hz and
6 x 1011 Hz,

Form of Energy Hertz
Wireless telegraph wave 105 to 10'
Hertzian waves }07 to 109
4
Infrared rays b x lOll to 4 x 10l -
e 13 14 14
Visible light 4x 10 to7.7x10
15

Ultraviolet light 7.7 x lC‘14 to3x 10
Freguency of Energy

Table i

Even in 1961 an encyclopedia defined the
lower frequency limit of infrared as being inde-
Jiniteiy defined but extending to approximately

350 microns (0.35 mim) which was the limit

where heat measuring techniques could still
be used.

This defined infrared as the region where
it was possible to use incoherent heat mea-
suring instrumentation while the radio wave
region was where it was possible to use radio
instrumentation. The mysterious region in
Table 1 between 107 Hz (30 cm) and 6 x 101!
Hz (0.5 mm) was a region which could not be
studied by either approach.

The title of this meeting and the papers
included shcew that the barrier between radio
and infrared waves has been broken by
approaches from both sides, The develop-
ments of the laser and of the microwave bolo-
meter have made obsolete the definitions
bhased on coherent and incoherent systems.

The advances which have been made in
understanding and using wavelengths between
0.1 mm and 1. 0 mm have left us in a state of
confusion for a simple name for this band.
Such titles as millimeter waves and beyond,
submillimeters, or far-infrared are not very
specific and add more confusion when we
speak of wavelengths less than 0.1 mm,

We have about run out of superlatives for
radio bands when we call dekameter waves
"high frequency', meter waves '"very high
frequency, decimeter wave 'ultra high
frequency”, centimeter waves "'super high
frequency', and the millimeter waves "ax-
treme high freduency". It is hard to top
ultra, super and extreme,

There does not seem to be an acceptua
word for 1074, My suggestion is that of
dropping to the micron (10°% m) as a base and
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calling the bands above 300 GHz as shown in
Table 2.

Band Frequency Wavelength
{terahertz) (meters)

. -3 -3
hectomicron 0.3t03 10 " to 10
dekamicron 3t030 1070 to107%
micron 30 to 300 107% 0 1072

Title for Bands with A <1 m m

Tab.e 2

Tle previous comments indicate that the
spectrum under discussion at this meeting has
some of the properties of radio waves and some
of infrared.

Starting from the lower {requencies three
effects of the reduction in wavelength from those
in more conventional radio use receive the great-
est attention and will be reviewed briefly. These
are (1) the interaction of the millimeter and
hectomicron waves with the molecular rotation
energy states of oxygen and water vapor, (2) the
absorption and scattering by water drops, snow
flakes and other solid particles in the atmosphere
and (3) a change in the tvpe of interaction with
surfaces inclufing antennas, ground, trees,
buildings, targets, etc, whose dimensions become
very large compared to the wavelerngth,

2. INTERACTION WITH ATMOSPRERIC GASES

Two types of molecules have interaction with
radio waves, Some molecles including water
vapor have a permanent clzctric dipcie and others
including oxygen have magnetic dipoles. A very
simplified model is that of a spinning baton with
fixed charge separation or fixed magnetic poles.

By quantum theory, each mode of rotation is
associated with a certain energy level. Changes
from lower to higher energy levels occur when an
electromagnetic frequercy associated with the
energy changa falls on the spinning molecule. The
process is reversed when an unbalance in the upper
energy population levels causes the spin to revert
to a lower level and the molecule to radiate enesgy
at a frequency near the resonant absc rption onz.

At very low pressures the interaction of a
polar molecule and au electromagnetic field tends
to be limited ¢ a series of very narrow bands of
frequencies. Soine broadening at very low pres -
sures is caused by doppler efiects of the spinning
molecule and two closely spaced peaks instead of
cne will appear in the presence of a magnetic
field. This later situation is found ir the upper

atmosphere but is of no consequence near the
earth.

18

At very low pressures, saturation of the
molecules in the higher levels may resultina
reduction of the energy absorption rate,
Charles Tolbert of our laboratory checked this
effect at 4. 3 millimeters by measuring the
atmospheric attenuation during the day using
solar radiation and during the night using lunar
radiation. H~ found no difference within the
accuracy of measurements,

i

At pressures near ground level the only
important sousce of line broadening is the col-
lision of molecuies, A line width is defined by
the difference between the two frequencies at
which the absorbed power is reduced to one
half of the peak value. This line width is pri-
marily dependent on the pressure, the tem-
perature and the gas mixture.

In the laboratory the line width factor,
tne resonant frequency and peak attenuaation
can be measured with precision, The extra-
polation of the low pressure measurements to
the far wings of the absorption lines has re-
sulted in some discrepancy between absorption
as calculated from the line width factor deter-
mined at low pressure and the loss found under
actual field data.

Fig. 1 shows the center {requencles bet-
weern 10 and 300 CHz of pases commenly
founc in the atmosphere. T venty-one oxygen
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lines are clustered between 5 to v mm and ae &l
at 2,5 mum. One water vapor line is at 22 GH.
and one ot 173 GHz. Hundreds of other water
vapor lines are in the | to 1000 micron region.
Ozone effects are limited to higher elevations and
the ozone density is not enough to cause appre-
ciable attenuation. The other gases shown are in
smalil enough amounts so that they are 1ot major
contributors to radio transmission loss undcr
usual conditions.,

Recently our millimeter radio astronomy op-
servatory at McDonald Observatory in West Texas
was able tv detect 2 CO layer in the upper atmos-
phere at the 230 GHz line. The radiation received
from the snn a: »und 230 GHz as a function of freq-
uency is shown in Fig. 2. The receiver used had

f
10 U
40225
1 3
e 1
o 1 -o0as0
° 1
s t-o0s15 |
s 1
2 1 -.0300
r 20 Mor 73
_"__ - 1125 Elev. Arngle 43°

-3.0 -2.0 -10 0 1.0 20 3.0
AF {1 unit = . 766 mHz)

Solar Radiation Absorption by CO
Fig, 2

128 filters each with a bandwidth of 100 kilohertz.
From the half power bandwidth the height of the
layer was estimated {5 be approximately 50 km.
The line was also measused in emission with the
peak replacing the minimum at the line center,

The absorption as a function of frequency is
given in most papers on millimeter waves eithcr
in terms of the loss per kilometer at sea level or
the loss on a vertical path from sea level to outer
space. These usually assume a standard atmos-
phere which may or may not be a good repre-
sentation for a given geographical location and
time. A plot of sea level attenuation has the same
general features but with different units and num-
bers compared to the loss on a vertical path.

19

Many groups have shied awaj frcrn using fre-
quencies near the first water vapor line at 22
GHz but for many purposes such as satellite
communication, its gas loss would not be a
major deterent.

The three windows in the millimeter band
between the peaks of the absorption lines pro-
vide ranges of frequencies over which the
attenuation has relatively low values. Since
water vapor density ctanges with time and
location, it is difficult to say that one parti-
cular frequency in the window as around ¢0
GHz is optimum without taking into account the
mean water vapcr density. The intensity and
width of the lines can ke studied convaniently
in the laboratory +here temperature and pres-
sures may be controlled, Tolbert et al. (1964)

and Schulze and Tolbert (1963) reported studies
made in a 15 cm dilaneter tube 152 meters long.
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Figure 3 from their work shows
the dependence of line width and of the maxi-
mum attenuation on pressure. Note that the
linewidth is linearly dependent on pressure
and the maximum attenuation factor remazins
essentiall y constant 2s the pressure is re-
duced to about 2 mm Hg.

The precision measurements attained in
the laboratery are not possible when the tests
are made through the actual atmosphere. In

the first place, the content of the atmosphere
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is a variable quantity. Meteorologists did not know
how fast that vaper density and temperature act-
ually fluctuated until the resonant cavity atmos-
pheric refractometer was developed. This device
which measures the refractive index of the air as
determined by water vapor, pressure and tem-
perature is constantly changing both in time at cne
location and in space. We are never quite sure
what exact value should be used to associate with
radio data particularly for longer ranges. We re-
sort to models of the atmosphere which may be
excellent statistical averages but which cannot be
relied upon for a particular time v. nlace. Ter-
rain. wind directions, weather fronts, and sur-
fa.e features can all change the meteorological
factors that control the atmospheric gas absorption.

It is particularly difficult vo measure the atten-
uation of the 22 GHz water vapor line through the
actual atmosphere. The loss is so small per kilo-
meter that an extended test range must be used.
All of the variables causing erratic data frequently
mask the true value of attenuation, Since water
vapor density variation is desired, absolute
power levels measured over enough days to be
able to draw a graph of attenuation vs water vapor
densityarenecessary. To get the oxygen loss
ti.is graph must be extrapolated to zero water
vapor. This process does not lend itself to very
high accuracy because it is difficult to get high
and low water vapor density periouds in a reason-
abie time span. The measu:zment ¢f losses due
to v.ater vapor and oxygen through (ie actual
atmosphere 15 easier at frequencies where the
loss is high because of the short distances re-
quired,

The measurement of gas attenuation from
earth to space can be made by tracking the sun
or moon as 1t moves across the sky on relatively
clear days. It is assumed that the atmosphere
1s horizontally stratified so that the attenuation
will vary in proporticn to the secant of the angle
from the zenith, The usual reference is to the
ground level humidity and 2 “standard* atmo-
sphere which relates the total water vapor along
a trans-atmospheric path to the ground level
condition. This is & 1cugh approximation but
must not be relied upon for high precision atten-
uatien predictions. Extrapolation of radio atten-
uation data fron: one iocation to another is risky
as shown by the disagreement in the results ob-
tained by various experimenters in different
climatological areas.

At the sc-called windows below 4C GHz, and
around 90, and 140 Cliz, the atmospheric gases
do not become a Serious problem if paths are
length limited and when satellite paths are keprt
at 20® or higher above the horizon.

-

3. INTERACTION WITH RAIN DROPS

The most damaging factor to millimeter
wave propagation is precipiration along the
radio path, Fortunately, unlike polar gases,
rain is present only part of the time. The
interaction of an elect: omagnetic wave and a
sinzle spherical rain drop is well understood.
If th.e wavelength is many times larger than
the drop diameter, the absorption and scat-
teriig will be small. The wavelength depen-
Jdence is well known and agreement between
theo.y and measurements for homogenecus
drops has been verified. As the wavelength
approaches the drop dimensions, resonance
effect occurs and the scattering from the
drops increases rapidly, For wavelengths
much shorter than the dimensions, the rain
drops act essentially as shields which bl ck
out the fraction of the wave falling on them,
Millimeter waves over short ranges do well
in fogs because the drop sizes are s.nall com-
pared to the wavelength but optical or micron
laser beams are obliterated.

if the number and size of drops along a
given transmission path were known, the loss
could be calculated with considerable reli-
ability, Since such information is never known
accurately, it is necessary fo relate the drop
distritation to the rain fall rate on the ground.
The Marshall-Palmer and Laws and Parsons
models are commonly used to relate the num-
ber of drops of various sizes to the rain rate,
There are a number of obvious limitations to
this process. In the first place the models
are ztatistical ones and the actual distribution
will vary both with time and space. The most
common methcd of measuring rain rate is with
tipping bucket gauyes which are step by step
integrating devices. At low rain rate the inte-
gration may be over time periods which hide
the peak loss. An example of tize variability
of rain attenuation at 2. 15 mm is shown in
Fig. 4. This not only shows the scatter in
the data but also the excess of the loss over
<he theoretical values for periods of very light
rains,

For short paths with closely spaced
gauges, the agreement between averaged mea-
surements and theory may be good. However,
for longer paths the distribution of the rain is
quite variable with the heavy rain limited in
range while lighter rains are commonly more
widely distributed.

For satellite paths a knowledge of the
number .f drops and their sizes along the path
is meager. Rain gauges are almost useless for

it

il

i




i

Lol

Wl

i

L Muw Ry

| o P

e =17 NOV 1958
e - 8 APRIL 1959
+ = 3 MAY 1959

~—

ATTENUATION BASED
Ok LAW3 AND PARSONS
DiSTRIBUTION OF DROP
Sizzs

{db/am}

v a

ATTENUATION
»
+
*
w2

MEASURED
-
\\
w

”w

iKd
-

FRSCIMY';CYm RATE l’:-nl!ul
Rain Attenuation vs Rain Rate
Fig. 4
a correlation with attenuvation.

In connection with the ATS-5 satellite at 12,7
CHz observed at angle from zenith of 32*, it was
our experience that very little rain attenuation
occurs unless a thunderstorm was in the vicinity
of the receiver, No attenuation in excess of 10
dB occurrec unless a thunderhead with 1 height
of 10 km: or more was present. The height and
width of thunderstorms are roughly the same so
that a spacea diversity system provides a re-
duction in the time of a potential outage. The
probability of the individual receivers and the
combination having atteruations exceeding various
levels were measured. The space diversity re-
duced the probability of attcnuation in excess of
10 dB by going from a single receivar to spaced
receivers for which the spacing was 1! km.

The attenuation through the total atmosphere
may alse be measured by the radiation both
from the atmospheric gases and {from rain. The
correlation of the loss calculateé from such
antenna temperature data and actual measurements
is good for relatively small losses, If the atmo-
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sphere is nearly opaque, the radiometer will
see only the nearest part of the sky path and
not give a correct value of the losses.

A further complication of the rain studies
is that the drops in falling tend to flatten, This
causes greater attenuation for polarization
along the major axis. Wind blown drops be-
come canted and the maximum attenuation may
not be for horizontal polarization, However,
the differences in the rzactions of the two
polarizations of the radio waves is small com-
pared to uncertainties as to the rain rate and
drop distribution along the path.

L ]

The greatest unknown in millimeter
and hectomicron radio propagation is the lack
of adeguate meteorological information over
extended links, either between earth points or
from earth to a satellite, We cannot at this
time predict for a long pzth exactly what will
happen at a particular time. As a result, we
need to accumulate statistical data so that we
may predict the probable length of time that
attenuation greater than a certain level will be
experienced. When we consider the translation
of results from one location to anothner and that
the propagation Jdata changes with frequency,
we now have only a minimé&l amount of data for
engineering design. The Weather Bureau has
collected rain data for a hundred years but

no season fits exactly the long term statistical
sverage.

4. INTERACTION WITH SURFACES

The third aspect of the reduction of wave
length is the effect that this change has on the
reaction with surfaces, Variovus arbitrary de-
finitions for a smooth surface have been used
based on the maximum phase difference be-
tween the shortest and longest path involved in
reflection from a surface area. If we assume
that a delay of less than 1/8 wavelength will
not cause serious phase interference, we may
calcrlate the roughness in a surface as a
function of the angle of incidence, assuming
no shadowing of one part by anotner. Such
calculations are shown in Table 3 for wave-
lengths of 1 cm and | mm.

Fig. 5 illustrates this change in forward
reflection with frequency over a fairly smooth
bare ground surface {3traiton, 1952). This
figure shows that the forward reflection in-

creases as the angle approach grazing and de-
creases as the wavelength is decreased.
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Allowable Angle from Allowed dooes not return a signal to the trunsmittor as

Wavelength Path Differ normal Surface a woll defined shadow in the brightened back-
Variations ground noise,
Lem 1,25 mm 90° 0,67 mm
3o* 1,34 mm At millimoter and hectomicron wavelengths.
1o* 3,86 mm complex radar targein respond as individual
2° 1,92 em facets rather than as a whole, The termglint
1 mm 1,25 pm 90° 62 pm originally was associated with changes in
30° 124 pym phases of returns whose magnitudes remained
10° 386 ym essentially constant, For the wavelengths under
2" 1. 92 mm discussion at this conference it is more likely

that ''glint'" {s associated with changes in mag-
¢cm - Centimeter, mm - Millimeter, nitude, At slightly different angles of nbser-
wm - Mlerometer vation small changoes in angle of incidence
{rom normal to {lat surfaces cause rapid re-

Roughnoss Criteria for | em and for | mm duction in the backscatter,

Table 3
Passive measurements of surfaces alone
) or combined with active measurements may
; / ,/' | .‘"' provide valuable data, Since radiometry is
w i based on heat sources, angles of observation
& -9 and phasing aro not as important as with co~
. " \ herent radiation, Since the depth of penetration
- " ' of the ground decreases with increasing fre-
¢ - 42 quency, the shorter waves appear to come {rom
ve . rearor the suriace than do longer ones, This
ae € " is {llustrated by measuring the radiation from
(W] “ ™
5 o an area on the raoon through a lunar cycle,
§', o / - Curves for such measurements at 35 and 94 GHz
5-3;' ,/ e ! de 'g are shown in Fig. 6, It is noted the 94 GHz
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cnhanced backscattor may show an object which
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radiation more nearly follows the illumination of
the moon while 35 GHz radiation is less and re-
mains more nearly constan* inlicaving tha' the
source is further under the luna~ surface. Mea-
surement of the temperature of a smooth lake
shows it to appear very cold when viewed from
nearly normal incidence because the sky reflected
in the lake is in a region of small atmospheric
attenuation. However only a slight amount of wind
roughness of the surface made its temperature
look much warmer because the incoming waves
came from angles further from the zenith,

The point that I would like to emphasize is
: that millimeter radio wave propagation is not an
area in which measurements can be made or
results predicted with a high degree of accuracy.
Perhaps this meeting will dispel some of the
uncortainty that exists,

i, e e s i v e i st it
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RAIN EFFECTS IN THE 10 TO 100 GHz FREQUENCY R\NGE

Robert K. Crane

Environmental Research & Technology, Inc.

696 Virginia Road, Concord, Massachusetts 01742

ABSTRACT

Rain can significantly affect the opera-
tion of active or passive sensor systems
operating within 10 to 100 GHz or higher
frequencies. Reasonable models are available
for the estimation of the magnitude of the
specific attenuation and backscatter cross
section per unit volume produced by rain of
known intensity. Occurrence prediction models
are also available. Model calculations are
presented and combined with observations.

1, INTRODUCT ION

Active or passive observations of targets
on the surface of the earth at frequencies
in the 10 to 100 GHz range may be adversely
aflected by the presence of rain or cloud along
the observation path, in the vicinity of the
target, or above the target. The effects of
rain or cloud on system performance may be
simulated given the characteristics of the
system and models for attenuation and scatter—
ing by the rain. The validity of the simulation
results depends upon the veracity of the rain
or cloud model. 1In this brief report, models
for prediction of attenuation and scattering
by rain are reviewed and compared with experi-
mental observations.

Calculations of the scattering properties
of rain drops have been made many times over
the past four decades. The results of these
calculations have been used to model attenuation
effects for radar and communication systems
and to calibrate weather radar systems for use
in measuring rainfall. The adequuacy of the
calculations for the estimation of attenu-
ation over a wide frequency range has received
considerable attention. Medhurst (1965)
reviewad the results of experiments made prior
to 1964 and concluded that the measurements
and theory did not agree. He suggested that
a purely empirical approach should be used for
the estimation of specific attenuation at a
given rain rate. deBettencourt (1974) reviewed
the state of the experimental observatioas
made prior to 1972 and also concluded that
an empirical procedure should be used for the
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estimation of specific attenuation although

he could not find conclusive evidence that

the theory and observations disagreed. Crane
(1971, 1975) and Waldteufei (1973) reviewed

the available data and reached the conclusion
that theory and observation do agree and that
the theoretical relationship between specific
attenuation and rain rate should be used; they
found that the difficulties lay in the problems
of measuring the rainfall intensity along a
path. Crane (1974) in a carefully controlied
experiment showed that good agreement existed
between measurements and theory. Joss et al,
(1974) reached a similar conclusion after
careful analysis of another experiment. Today,
the adequacy of model computations for the
estimation of specific attenuation for a given
rainfall rate is generally accepted for
frequencies below 40 GHz.

A similar situation exists for the estima-
tion of the backscatter cross section per unit
volume (reflectivity) for a givean rain rate.

At frequencies below 10 GHz, the adequacy

of the theory for the calculation of reflectivity
is well established. Uncertainties in the
relationship between reflectivity and

rain rate are due primarily to uncertainties

in the drop size distribuiion that should

be used for the rain filled volume. Secondary
problems exist associated with the drop shape
distribution to be used but the corrections

for shape are enerally less than 2 dB. Crane
(1978) recently reviewed the calibration proce-
dures for the SPANDAR S-band radar at Wallops
Island, Virginia and found that with a good
radar calibration procedure, a detailed
knowledge of the drop size distribution and
corrections for drop shape, radar obsexvations
and cross section estimates based on rain rate
observations agree to within 0.9 dB rms. The
uncertainty in the comparison was primarily
associate! with difficulties in estimating the
rain rate for comparison with the radar measure-~
ments.

In recent years, models have become avail-
able for the statistical prediction of the
occurrence and severity of rain effects. Crane
(1979) has developed a climatological model
using rain rate climate regions for the world-
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wide analysis of rain effects. Comparisons
between the global model predictions and
observations result in rms deviations of the
observations about model predictions of less
than 30 percent of the value predicted by the
model, for terrestrial paths up to 60 km in
extent at 11 GHz and up to 7 km in extent

at 36.5 GHz,

Thus, it is concluded that models for
the prediction of rain effects are well
established for use at frequencies below
40 GHz, At higher frequencies the possibility
of uncertainties still exists.. The uncertainties
are primarily associated with the estimation of
the size distribution of rain and cloud
particles in the regicn of interest and are not
associated with theoretical problems.

2. ATTENUATION AND SCATTERING BY RAIN
2.1 Attenuation

Model calculations for specific attenuation
and reflectivity have been available for many
years. Crane (1966) made a series of
calculations using the standaxrd assumptions:
spherical rain drops with homogeneous dielectric
properties distributed in space in accordance
with a Poisson process. He reported the results
of caluculations made for 35, 70, and 94 GHz
using both a model drop size distribution and
a number of measured distributions. More
recently, Crane (1977) published an analysis
of the sampling errors associated with drop
size measurements which showed that a signifi-
cant fraction of the spread of the calculations
for individual drop size distributions about
calculations based on the use of the Laws and
Parsons distributions (Laws and Parsons, 1943)
was caused by sampling effects.

Calculations of specific attenuation and
of the backscatter cross section per unit
volume are presented in Figures 1 and 2 respect-
ively, for two model distributions, the Laws
and Parsons (L & P) distributions (Laws and
Parsons, 1943) and the Marshall-Palmer (M-P)
distribution (Marshall and Palmer, 1948). The
essential difference between the two distribu-
tiocns is in the number of small drops, the
M-P distribution containing significantly more
‘mall drops than L&P. The results of the
calculations show that the number of small drops
can seriously affect the estimate of attentuacion
at frequencies above 30 GHz and rain rates
above 10 mm/h.

The summary of observations compiled by
deBettencourt (1974) shows good agreement
between the theoretical estimates and observa-
tions when the observations are culled to
remove (1) observations made prior to 1950,
(2) observations made with a large separation
between the measurement path and the rain
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gauges, and (3) observations with known diffi-
culties in the interpretation of the rain gauge
data. The summary figure from deBettencourt is
reproduced in Figure 3 together with the recent
published measurements of Sander (1975). The
questionable data are marked by (X), the
acceptable data by (e). The theoretical

power law curve was based on a regression of

a large number of calculations based upon
individual drop size distribution measure-
ments reported by Crane (1971). The
theoretical data are close to the L&P distri-
bution results. The k and b coefficients in
the power law relationship between specific
attenuation and rain rate show good agree-
ment between observations and theory at
frequencies up through 100 GHz.
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Multiwavelength radar measurements by the
Ballistic Research Laboratories (BRL) at McCoy
AFB in Florida show a similar good agreement
bewween measured and estimated specific
attenuation values at both 70 and 95 GHz. The
raw observations obtained from Richard and
Kammerer (1975) together with the theoretical
calculations made using both the L&P and M-P
distributions are presented in Figure & for 70
and 95 GHz, With the exception of sore
appatently spuriously low values of specific
attenuation at rain rates between 1 and 10 mm/h,
the agrecment is good. T[he data were obtained
by comparing the cross section of a corner
reflector obscrved during rainy conditions with
the cross section expected in the absence of
rain. Considering that the rain was not measured
along the velatively short path (450 m) but only
at the target and that the measurements depend
upon the radar calibratiom, the agreement is
excellent.
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2 Backscatter

Verv little data exist for the verification
of the theory for the estimation of the back-
scatter cross section per unit volume for
frequencies above 20 GHz. However, adequate
checks on the theory have been made at lower
frequancies and no complications exist which
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could invalidate the theory at one frequeacy
after it has been validated at aunother. The
nmultiwavelength data obtained by BKL do provide
additional evidence and support for the theore-
tical calculations at higher frequencies.
Figures 5 and 6 provide summaries of the cross
secticn measurements made by BRL at 35, 70, and

Barmacariar Crovs Sectoon for Uwt Voiume (m 1)

95 GHz. The measurements displayed in Figure 5
are reproduced from the repert by Richard and
Kammerer (1975). The measurements displayed

in Figure 6 are reproduced from the companion
report by Currie et al, (1975). The two sets of
figures represent two different analyses of the
same data.
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Richard and Kammerer reduced A-scope photo-
graph data. They determined the peak rain
reflectivity from the A-scope data using the
radar returns from range intervals in front
of and behind the corner refiector and repoxted
the peak backscatter cross section per unic
volume for the range to the corner reflector.
Precise radar calibration and attenuation esti~
mation were not necessary since the corner
reflector crosz section valu=z was corrected for
possible rain contamination and the peak rain
cross section value was ca’culated using the
known cross section of the corner reflector
as refevence. Processing odjuscment should be
made to the theoretical calculations prior to
comparison with the observations {(as indicated
in figure 5) to compensate ror the use of the
peak value instead of the logarithm of the
average reflectivity as assumed in most theore-
tical analyses. The uradjusted L&P curves are
also presented for reference. From prior
experience, it is known that tbe signal return
(pulse to pulse variation) from rain has a
Rayleigh distribution (Atlas, 1964). The
highest signal value from 50 independent samples
from a Rayleigh process is 6 dB above the mean
{for a linear receiver, e.g. see Crane, 1973).
Since roughiy 50 independent pulses were
sampled in the process of detecting the peak
value, a & dB adjustment was used for the
theoretical calculations plotted in Figure 5.
Richavd and Kammerer experimentally determined
the adjustment to be 5.9 dB.

b~ data reported by Currie et al (1975)
were obtained from the same set of measurements
on the same radars as the BRL results. They
used magnetic tape recorded A/D output from
the logarithmic recciver at a single range
gate which could be moved in range. In post
processing analysis, they averaged the recorded
output and converted the values directly to
cross section per unit volume estimates. In
transforming to :eflectivity estimates the
patit attenuation had to be estimated and used
to correct tne radar observations. They used
the empirical relationship of deBetitencourt
1974) and the measured surface rain rate values
to make the attenuation estimates. Since
that relationship tends to overestimate atten-—
uation (see Figure 3), the correction will
produce reflectivity estimates that are too
high at high rain rates. This tendency is
evident in their data. The data also were not
adjusted for the difference between the average
of power and the average of the logarithm of
the power for a Rayleigh process (Atlas, 1964).
This last adjustment (2.5 dB) has been included
as a correction to the theoretical calculations
in Figure 6. Since the data reported by Currie
et al.require both precise radar calibration
and precise attenuation correction (the total
attenuation values are as large as 10 dB two
way for the 450 m path at rain rates in
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excess of 10 mm/h) they are considered to be
less reiiable than the BRL results and will
not be cconsidered further.

The BRL measurements (¥igure 5) are
in excellent agreement with the adjusted
theoretical calculations. At 35 GHz, the
reported least square fit power law relation-
ship for the BRL observativns is within 2 dB
of the adjusted theoretical cale:lntions. At
95 GHz, the reported least square fit power
law lies between the two sets of adjusted
theoretical calculations (L&P and M-P). It is
known that the L&P distributions tend to under-
estimate the number of small drops while the
M~P distribution tends to overestimate the -
number of small drops. Based on expe:ience,
the observations should lie between the two
distributions. However, the precision of the
CilL measurements is not great enough to select
one drop size distribution model over the other.

A careful examination of the available
observations is sufficient to reveal the
veracity of the theoretical calculations.
Inzufficient data are available to select the
best drop size distribution for use with the
theoretical calculations. Since the drop size
distribution may change from one location to
another depending upon the existence of ice
(or snow) aloft in a storm, rhe relatively
humidity of the environmant surrounding the
falling drops, and the preserce of low level
clouds ovr fog, the establishment of the appro-
priate dropsize sitribution is a meteoro-
logical problem, < a question of the adequacy
of the theoretical model.

3. PREDICTION OF THE DISTRIBUTION OF
ATTENUATION OF BACKSCATTER CROSS SECTION

Crane (1979) has developed a global model
for the prediction of attenuation. The model
is briefly reviewed in this section and a
procedure i> recommended for the estimation of
the back scatter cross section. The occurrence
of rain is characterized by an expected annual
rain rate distribution. The distribution
depends upon the geographic location as depicted
in Figure 7. The expected rain rate distributions
are depicted in Figure 8.

The attenuation along a terrestrial path is
calculzted using rain rate at the desired
percentage of the year (from Figure 8),
the path length, D, and the coefficients of the
power law relaticonship between specific
attenuation and rain rate for the frequency of
interest (k and b of Figure 3; see Olsen
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et al«»1978). The attenuation is given by:

b ubd b cbd
e -1 _ve
ub cb

b ¢bD
ve _|,pa = krPe™P-1 ,psd (1)
cb T ub

where:

A is attenuation (dB)

R is point rain racte (from Fig. 8)

k,b are specific attenuation vs rain rate

coefficients

D is path length

and u,v,c,d are empirical constants
depending only on rain rate.

u = In(v eCd)
d

v = 2.3R70Y7

¢ = 5.026 - 0.03 In R

d 3.8 - 0.6 InR

If D is greater than 22.5 km, the value 22.5

kw should be used in the calculation of attenu-
ation together with an adjusted rain rate, value
R', found by entering Figure 8§ at an adjusted
probability of occurrence P' = P (;g;;, where

P is the prcbability of D

occurrence of interest.

Figure 7 Global Rain Climate Boundaries
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Observations are in reasonable agreement
with this prediction model as indicated in
Figure 9 {taken from Harden et al,,1978). Twe
model curves are presented, one for the region
C model rain rate distribution and the other
for the average rain rate distribution over the
geographic region of the observations (England).
At 11 GHz, excellent agreement is evident. At
36.5 GHz, agreement is evident for path lengths
less than 7 km. It is believ.d that equipment
dynamic range limitations may be important at
the longer path lengths.

Backscatter cross section estimates require
both the prediction of attenuation along the
path and :he estimation of the scattering cross
sectiun at an endpoint of the path. The model
used tu calculate airtenuation by rain includes
a medel to estimate the rain rate ¢r attenuation
along the path giver the rain rate at one
endpoint of the path. For application to the
preparation of cross seczjon estimates, the
rain rate is obtained for desired probability
of occurrence from Figure 8 and used to obtain
the scattering cross section per unit volume
(by interpelaticn in Figure 2) and the attenu-
ation to be expected simultanecusly between the
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radar and the scattering vclume using equation
1. 1In using equation 1, D is the range to the
target. If D > 22.5 km, use 22.5 km for D but
do not adjust the rain rate as explained above.

4.  CONCLUSIONS

A model has been presented for the calcu-
lation of attenuation and for the calculation
of scattering cross section per unit volume
and the attenuation to be simultaneously expected
along the path to the radar. For frequencies
below 40 Gilz, the model predictions are in
agreement with available observations. For
frequencies above 40 GHz agreement is still
evident but some uncertainty exists as to the
best drop size distribution to be used for
studying either the specific attention or the
backscatter cross section unit vclume. The
model provides estimates which falil within
the scatter of the observations at the nigher
frequencies (above 40 GHz) but insufficient
measurements are available to reduce the
scatter enough to select the best drop size
distribution model.
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