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PREFACE: Update as of August 1962

In the summer of 1990, JASON conducted a study ou Advanced Over-
the-Horizon (AOTH) radar. The task of the s\udy was to evaluate DARPA’s
t bed (ETB) facility, which
would be a precursor to an eventual cp&atiqn Al AOTH system. _The goal of
both the AOTH and the ETB systems was imp oy
cruise missiles attacking the continenta! United|States.

plaus and roles for a proposed experimental

detection of individual

The report that follows, originally drafted in the summer and fall of
1990, contains the results of the JASON summer study. The report out-
lines the issues affecting AOTH radar perf ce, highlights the critical

areas needing resolution, and suggests generic types of experiments on ex-

isting facilities that could help evaluate the effect of these critical issues on
AOTH performance. It points out, however, that a coherent, ongoing re-
search program would be needed in order to attain this goal, and states that
an oversight group for these experimdjxdis would be very desirable for the

successful execution of the suggested research p

The JASON summer study report also points out that Over-the-Horizon
(OTH) radar is a tool that has a variety ofg interesting missions besides cruise-
missile détection. Theﬁe include detedion of aircraft (both military and
iliicit drug-trade related), improved dete?ction ships in a variety of sea-
2tat-s, applications to arms control moniioring nd treaty verification, and
inteiligence missions. What these missions have in common is the need for a
ground-based system with wide surveillmivce capabilities.
|

The results of the 1950 JASON sur?nmcr study were circulated broadly
within DARPA in draft form. Howeve}, in view of the substantial delay
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between the draft JASON report and the publication of this final version, we

thought it would be worthwhile to discuss what has come to pass subsequent
to the 1990 summer study.

Events since the 1990 summer study fall into two categories: a sec-

ond DARPA-sponsored study, and the vastly changed international political
context. ' '

The LCAS Study

In January 1991, DARPA commissioned the Low Cost Alternatwe Study
(LCAS), tasked to :nvahgate less expensive altematlves to the proposed ex-
perimental test bed for OTH. The stated goal remained the development of a
capability to detect mdwndual cruxse missiles as they attacked the continen-

“tal United States. But n view of a more constrained budget situation, the
- LCAS panel was a.sked to develop lower-cost alternatives to the ETB, and to
make recommendatxons for experiments on other facilities which could help

to evaluate the feasibility of the AOTH radar system.

The .;IASON" AOTH summer study, which was discussed with the LCAS
panel, had recommended strongly that DARPA develop an experimental plan
for resolv:ng the main xssues affecting AOTH performance. The LCAS report

Ref. [P-1] put forward just such a specific plan, for experiments that could

be done on existing facilities.

In our view this plan represents a major step forward. The LCAS panel
developed its plan via careful analysis of the “experimental logic” needed to
characterize the different types of clutter affecting AOTH performance, as

well as tc resolve the companion issues of ionospheric coherence limitations,




side-lobe performance, and icnospheric absorpiion. The LCAS panel con-
cluded that existing facilities such as the ROTHR radar in Virginia, in con-
junction with enhanced instrumentation and smaller auxiliary radars, could
address the principal issues that need to be settled beforg the performance of
an AOTH radar can be Aconﬁde'ntly predicted. It recdrﬁme_nded a dedicated
experimental program lasting three to five yéars. We Would, however, place
higher priority than LCAS on ionospheric heating effects. Voice-of-America
facilities can be used to investigate these issues, but an Air Force internally

funded program at the Geophysics Labo}atory has been terminated.

I E
The LCAS report remforccd two important conclustons .of the JASON

summer study ' e g

iy

It recommended that DARPA A’brov}i:dé;“‘éndufi'ng guf;iance and leader-
ship” for the OTH radar 1 progra.m In addmon. it smd that therq should
be an independent and objective review ‘group to advnse DARPA” as the

experimental program evolves.

In terms of a broader context for the AOTH program, the LCAS re-
port pointed out-that OTH radar has “substantial promise in a number of
applications: intelligence, fleet defense battlefield defense and targetmg, con-
tinental air defense, drug mterdlctlon, and cuemg other systems with limited

surveillance capability.”
The Changed Political Context

The disintegration of the Soviet Union and the Fastern Bloc have cre-
ated a vastly different political context since the time of the JASON and

LCAS studies. In particular, the prospect of a coordinated sneak-attack on




the continental United States by Soviet Ecruise
remote. Yet this was the main mission for AQ

the implications for over-the-horizon radar techn

missiles now seems far more
TH development. What are

plogy if that original mission

now looks much less imminent? |

i RS I
One consequence is clearly a budgeﬁary one: it is even less likely than
it was two years ago that hundreds of mxlhons of dollars will be available

for a dedicated exper:mental test bed fqr over-the-horizon radar. Thus if

any experiments are to be done at all, they ill have to be of the type
recommended by the LCAS panel, using existing or ‘slightly modified OTH

‘ fa.cxlxtm as much as possible. The LCAS panel feit that’ experiments of this
| type :ooul‘d vbe of great assistance in determining the ~pote'ntials and risks of ‘
an advanced OTH system. e " i
. |

A second consequence of the changed political context is that DARPA
must reassess the benefits and costs of an %advanced OTH technology devel-

opment program. If the original threat of a coordinated Soviet cruise-missile
attack on the continental United States has dwir led, are there still strong

motivations for pursuing advanced OTH cipabili jes?

It seems to us that there are applications of OTH that remain com-
pelling. They would be particularly compelling if the original performance
goal of using OTH to detect individual cruise-missile-sized objects (or objects

with similar radar cross sections) can be achieved.

The OTH applications that seem to us to be worth evaluating take ad-
vantage of the fact that OTH is one of only a few ground-based technologies
having wide surveillance capability. Therefore it is jmportant to evaluate the

potential effectiveness of OTH against aircraft in a theater military applica-




tion or in a counter-narcotics role; for detection of ships in a fleet defense role;
for arms control monitoring and treaty verification; and for several interesting
intelligence missions. If OTH technology proves sufficiently capable, several
of these roles have high leverage. For example, surveillance of third-world
missile test ranges to determine operating characteristics, especially the ex-
istence and timing of possible submunition releases, would be a capability of
high value in planning our next generation of défense against theater ballistic

missiles,

The above roles for OTH are diverse, and fall under the bureaucratic
purviews of several different government agencies and services, both military
and civilian. Thus it seems to us that DARPA is a natural place for advanced

technology development in this area to continue.
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EXECUTIVE SUMMARY

The development of over-the-horizon (OTH) radar systems for reliable
detection of cruise missiles and other targets with small radar cross sections
is a very ambitious task. Success will require the ability to lower the level of
spread-doppler clutter by several orders of magnitude from the values seen
on OTH radar systems today. The fact that cruise missiles are already visible

| ﬁnder some circumstances on existing OTH systems gives one hope-that this
can be accomplished. Nevertheless, at night when the OTH radar frequency -
is low and the cruise-missile radar cross section is therefore very small, de-

tection will require substantial improvement over current capabilities.

The DARPA program for developing an advanced over-the-horizon (AQTH)
radar seeks to minimize spread-doppler clutter by several approaches; use of:
1) a radar beam ihat is narrow in both the vertical and cross-beam directions,
to reduce signals arriving on unwanted propagation paths; 2) low side-lobe
levels, to reduce spurious signals such as those from auroral regions; and
3) good range resolution (accomplished via high bandwidth), to eliminate
backscattering from meteor trails and other ionospheric irregularities near
‘the desired OTH propagation path. In addition, there are plans to reduce

noise from discrete sources, such as lightning, by adaptive beamforming.

At present it is clear that the most limiting issues for the success of
AOTH radars for cruise-missile detection involve ionospheric phenomena of
natural origin, rather than issues primarily of systems design and antenna
engineering. As a consequence, we are convinced that improving the capabil-
. ities of OTH against cruise missiles will require an ongoing research program
in factors affecting OTH radar propagation. This ongoiug research program

will need greater emphasis on continuity, and more scientific oversight, than
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has been typical of many previous military development programs.

Since most of the relevant natural phenomena are ionospheric, about
which a considerable amount is already known‘ an-ongoing AOTH research
program w:ll requlre better coupling to the extensive research communities

that already exist in the fields of jonospheric Td -magnetospheric physics,
i

wave propagatxon through random media, and i

ionospheric modification:

The proposed experimental test bed (ETB) facility needs to be viewed
as one step in an actfve, dngoi”n»gbAOTH research program fhe architecture
and design of the ETB will be best a.mved at m a ‘contéxtl_in which one
is addressing the specific phenomena af-fectmg OTH‘ sensitivity. both exper-
imentally a.nd theoretscally A strong start. in this direction can be made
by studymg what can be leamed usmg existing data from facilities such as
the wide aperture radar faczhty (WARF), dealee Cobra Mist, etc., and by

1 doing further experiments with existing facaht:&, perhaps with modest modi-
fications. Although the DARPA program pqlan for AOTH shows that existing
facilities are bemg used for thrs purpose aﬁ present, the plan presented dur-

" ing the course of this study [summer 1990] indicates that these experiments
are scheduled to be dlscont.mued in the near future, We are convinced that
discontinuing these experlments with existing facxl;tiqs ‘would be a mistake,
and we thus reoommend that they be continued amd strengthened. For ex-
ample, a series of expenments specifically focused on‘understanding the role

| of meteor trails in creating spread-doppler clutter couid contribute much un-

derstanding by exploiting existing equxpment at various locations arcund the

world.

The design and siting of a new ETB facility jshould take into account

the fact that a variety of missions for OTH radat will need to be studied




over the lifetime of the ETB facility. Cruise missiles are clearly an important
target for any OTH research program. Other tasks of national importance
for which OTH research data are crucial are: the limits of OTH radar for
the detection of large- and medium-sized aircraft under a »rera.listic variety of
environmental conditions (whether the aircraft are cruise-missile carriers or
are carrying illicit drugs into the United States); the possibility of improved
detection of ships of all sizes in various sea atates; possible applications to the
verification of arms cohtro] agreements; and specialized intelligence missions.
Other important applications will surely arise in the future. The design of
the ETB must be fiezible enough to accommodate meaningful experiments

associated with a variety of pbieqtial missions.

The optimal siting of the ETB facility needs to keep in mind a épectxjum
of potential missions and users, as well as the fundamental technical issues
that need to be explored in a mult1~year program to detemune the hmxts of
OTH radar performance. In’ particular, the ETB needs to be snted 80 that it
can view targets over land as well as sea. It needs to be able to view at least
one area where the United States does test ﬂnghts of ALCMs and SLCMs
The farility should be positioned'to view areas that have substantial com-
mercial and military air traffic, ship trafﬁc and train and truck traﬁic The
possibility of cooperative experirients usmg existing ionosphenc dlagnostlc
facilities such as incoherent-scatier radars should also be considered in the

siting decision for the ETB.

We examine in this study several physical effects which could be causes
of spread-doppler clutter, the limiting factor in OTH performance. These
effects include meteor trails, round-the-world propagation and multipath ef-
fects, random phase perturbations, and self-focusing instabilities that cou!d

potentially be driven by the high power of the AOTH system itself. We also

Q




examine atmospheric noise characteristics, and [present some preliminary rec-

ommendations for experiments to evaluate the mportance and scaling of the

virious propagation effects,

Considering the long-range issues tf}at are

mportant to AOTH develop-

ment, we recommend that a broadened AOTH tesearch program should have

ongoing scientific oversight, preferably by an interdisciplinary group. The

oversight group or advisory committee should epresent not onfy the radar

community, but also ionosphé:ic and ma.gnéto pheric bhysicists, specialists

in wave propaga.ion in random media, and in i

AOTH program should also include representat

nuspheric modification. The

ives of potential mission ap-

plications other than cruise-missile detection. The AOTH program should

.be focused on the long-range needs of OTH rese

10

arch for the country.




1 INTRODUCTION

Over-the-horizon (OTH) radars achieve longer ranges than line-of-sight
radars by utilizing reflection from the jonosphere. Radar frequencies in the
HF band, 3 to 30 MHz, are low enough to be reflected by the ionosphere, yet
high enough not to experience prohibitive amounts of absorption there. Since
the electron density in the ion&sphere increases due to photoionization during
the d,ay,r the higher HF radar frequencies can be used during daylight hours.
At hight, when the iondspheric electron density is low, one is constrained to

frequencies below 10-15 MHz. o

Because of its long range (hundreds to thousands of km) and its wide-
area surveillance capabilities, over-the-horizon radar is a potentially powerful
tool for a variety of military missions. Two of these missions have already
been chosen as the basis for deployed OTH ystems: detection and tracking
of aircraft offshore of the continental United States (the OTH-B system, op-
erated by the Air Force), and detection and tracking of aircraft and ships that
are potential threats to U.S, battle groups (the ROTHR system, operated by
the Navy).

Future missions for OTH radar systems are important as well. These
include reliable detection and tracking of cruise missiles, drug interdiction,
and a variety of potential OTH applications for treaty monitoring and veri-

fication.

The present report concentrates on the application of OTH radar to
detect cruise missiles, A previous JASON report [Reference 1-1} contains

an overview of the issues involved in the use of over-the-horizon radar for

11




early warning of cruise missile attack. In the present report we will focus on

developments since 1987, and on current plans
(ETB) facility.

OTH radars use doppler shift meésureme

for an experimental test bed

nts to differentiate between

returns from moving targets and those from tHe ground or sea. Hence any

phenomena that introduce doppler shifts into the signal contribute what is

called “spread-dbpplef clutter;” this can mask

cross sections. One of the main goals Of an

moving targets with small

dvanced OTH radar system

would be to minimize such unwanted doppler reltums

There are three principal approaches to mis

imizing spread -doppler clut-

"'ter: 1) The radar should have narrow beams in both the vertical (elevation)

and cross-beam (a.zxmuthal) directions to reduce signals arriving on unwanted

: propagatxon paths. Exxstmg OTH radars have wide vertical beams so that

simultaneous receptlon on several rays is possxb

reduce the size of the resolution cell, so the sign
relative to the backscatter from the surfoundlr
lobe levels should be kept very low, to reduce sp

from auroral regions, where scattering from mov

introduces doppler shifts. 3) Judicious use of

bandwidth), together with good 2zimuthal and

e. Narrow beams also help
al from the target is larger
g sea or ground. 2) Side-
urious signals such as those
ing ionization irregularities
range ‘resolution (via high

elevation resolution, would

eliminate scattering from meteor trails and oth—,Lr ionospheric irregularities

near the desired OTH propagation path.

The proposed ETB facility would demonstr

ate whether incorporating

the above principles into an OTH radar system v*i!l yield appreciable reduc-

tion in the épread-doppler clutter, and hence an

small targets such as cruise missiles.

improved ability to detect




The use of OTH radar for surveillance, detection, and tracking of cruise
missiles poses a major technological challenge. Whereas large aircraft may
have radar cross sections of several hundred square meters at 6 MHz, the
radar cross section of the current generation of cruise missiles is much smaller
than this.”: Use of low-observable technologies can reduce the radar cross
section still fiirther, at relatively low cost. With present OTH systems highly
reliable deﬁecf,lon of cruise rmssxles at all times of day and all envxronmental

conditions is not possible.

Beéause OTH radar requires ionospheric propagation and '}éﬁection, it
is sensitive to the state of the ionosphere, which cha.ngu with time of day,
season, solar activity, autoral activity, and other natural mﬂuenoes Cruise-
mxssxle detection with OTH radar becomes purtxcularly dlﬂicult at mght when
one is mrced to use low operating frequencies: the radar cross sectxon falls off
sharply once the radar wavelength (30 to 50 meters at mght) is la.rger than
the geometric size of the cruise missile. This i is the reglon where the Raylengh
approximation applies, and the radar cross sectlon varies as‘ the minus fourth

power of the radar wavelcngth. Fxgure 11 illustrates this :eﬂ'ect.

In what foliows, we review the issues affecting OTH radar performance
against small targets, discuss the elements needed for an effective research
program in AOTH radar, and assess the implications for the mission and
architecture of an experimental test bed, The emphasis of Section 2 will be
on physics and technology issues that will increase the probability of detection
of cruise-missile-scale targets. In Section 3, we discuss how one can learn the
most from a future ETB facility. In Section 4, we give simple calculations,
which suggest that éven advanced OTH radar systems would be expected
to encounter difficulties in detecting low-observable cruise missiles. As a

consequence, if lew-observable technology is implemented on cruise missiles,

13
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an AOTH system operating as part of an overall air defense network would
be less than 100% effective, particularly at night and at certain seasons of
the year. AOTH still could have an important role to play, however, when
viewed as one of a auite of complementary sensors including ground-based

and airborne line-of-sight radars, infrared sensors, and other systems.

We would like to thank the people 'v>vho provided us with briefings on
the current DARPA AOTH program, and on issues affecting the status of
vplens for the expenmental test bed w. Snevers md G. Guttnch (MITRE);
R Cormier, A. Could P. Franchx, J Moms, and E. Tichovolsky (RADC);
and L, Swecney (erage) ‘Wé very much apprecnatc the effort and care which

these briefers put mtd“thmr Ppresentations to us.’

15




REFERENCE

I-1. Banks, P., R. Davis, A. Despain, §. Drell] G. MacDonald, W. Nieren-
berg, A. Peterson, O. Rothaus, J. gullivar y J. Vesecky, and F. Zachari-
asen. Technical Issues in Early Warning of Cruise Missile Attack (U),
JASON Report No. JSR-87-801 (MITRE Corporation, McLean, VA,
1988). . P

16




2 A RESEARCH PROGRAM IN ADVANCED
OVER-THE-HORIZON RADAR

2.1 Background and Perspective

o | The most critical questions in the successful application of OTH to
cruise-missile detection appear to involve ionospheric phenomena of nnturﬂ
origir, rather than issues pﬁmrily of systems design and antenna engineer-
ing. This fact implies that improving OTH capabilities against cruise missiles
will require an'ongoing research program, rather than a one-time effort to
develop a single new facility. This AOTH research program will need more
scientific oversight than is usual in typical military development programs.
Since most of the relevant natural phenomena involve the ionosphere, about
which a considerable amount is already known, the AOTﬁ research program
will also require much better coupling to the extensive research communi-
ties that have expertise in ionospheric and magnetospheric physics, wave
propagation through random media, and ionospheric modification. It is our
impression that these communities have not been adequately engaged in the
AOTH effort to date — the latter having invoived mainly the radar commu-
nity. Con'versely. the ionospheric and magnetospheric physics communities
do not appear to be well informed about the contributions they might make

to the AOTH problem. A successful AOTH research program needs to take




s

~ phenomena affecting OTH sensitivity, both expe
" A strong start in this direction can be made

in the near future

strengthened. As we will discuss fur'&:heﬁi below,

steps to actively reach out to ihese researchers, and to engage their expertise

in addressing ionospheric problems.

The experimental test bed needs tJ be viewed as onz of many steps in

an active, ongoing AOTH research program The architecture and design of

the ETB will be best achieved in a context in wh

perhaps with modest modifications. Althbugh th

AOTH shows that existing facilities are being use

ich one is addressing specific
rlméntally and 't.‘h"eoretit:ally.
by using exiﬁting facilities,
e DARPA brogfam plan for

d for this purpose at present,

the plan also shows that these experiments are stheduled to be discontinued

We are convinced that discontinuing these

effort has been put so far into understanding the

experiments with existing

facilities would be a mistake, and recommend that they be continued and

little direct experimental

critical issue of subclutter

visibility. We will outline a variety of experiments that can help clarify its

origin and amelioration. The results of these experi

to design future new facilities,

iments can be used directly

In the remainder of this sectxon, we dncuss several of the most important

nratural phenomena affecting OTH performance,

Wwith the goal of providing

the framework for the needed experimenta! and modeling efforts.
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2.2 Propagation Effects and Causes of Spread-Doppler
Clutter

2.2.1 Introduction

(IR

A variet; ty of dxﬁ'erent causes for spread- doppler clutter have been sug-
'geuted thh vnrymg degrees of experimental substantiation. Figure 2-1,
illustrates many of thcse suggested clutter sources,

Some, sicli #s meteor ¢rails and round the-world ray paths, occur for
most OTH radar orientations. ‘Others, such as field- ahgned 1onosphenc ir-
regularties associated with the aurora, occur prefereutlally for polar OTH

ray paths.

A critical task for the ETB will-be to isolate these various sources of
spread-doppler clutter, in order to determine their scaling and their effect on
AOTH performance limits. ' ‘

2.2.2 Meteors.

Reflections from meteor ionization trails may provide the limiting clut-
ter background for high sensitivity OTH~ radars. Ordiharily the clutter
background is set by scattering from the ocean or land surface which re-
sult in small doppler shifts. Because of the small shifts, doppler filtering
is very effective for separating aircraft or crujse missile target returns from

ground- or sea-clutter signals. Meteor trail reflections, on the other hand,
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Figure 2-1, Schematic illustration of the sources of spmad-doppler dﬁuer for OTH radar.
Source: The MITRE Corp j
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are doppler shifted by the wind velocity in the upper atmosphere which can
exceed 100 m/s. In addition, components of the meteor particle velocities
are observed during the ionization trail formation which results in still larger
doppler shifts. Thus, if propagation conditions cause meteor echoes to occur
at the same time delay as targets, a doppler-shifted clutter background can
result, Dpppler filtering can reduce but not eliminate this residual clutter

component.

An estimate of the radar cross section and number densaty of meteor
lomzatxon trails can be based on the result of research carried out some
thirty years ago In parhcular, Re{erence 2-1 summzmzes the' physics of
radar reﬁectxons from meteor 1omzatxon txalls Expenments have verified
the theory for 1omzatnon trails produced by pa.mcle sizes extendmg from
about 10 g to 1077 g (vxsual magmtudes from »5 6 to + 15) Radar cross

sections vary from greater than 10* m? to 1 m’,

Meteor trails have been detected in many existixié OTH ‘e)&perixﬁents.
Three of the propagation modes which can pick up scattering from meteor
trails are illustrated in Figure 2-2. Figure 2-3 shows meteor-trail echo power

resulting from backscatter in modes 0,1, and 2 [Reference 2-2).

Meteoritic particles of sufficient size create ionization columas in the
altitude interval between 80 and 120 km. The speeds at which the par-
ticles strike the earth’s atmosphere vary between limits of about 10 and
75 km/s. Those particles which evaporate before striking the earth follow
straight paths and decelerate a negligible amount. lonization is released in
the form of a column, initially very small, which rapidly expands owing to
diffusion. The ionized atoms are evaporated meteoric material; relatively

few air atoms are ionized. To a first approximation, the maximum electron
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for compartson at the top of this figure. Source: Reference 2-2.
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density created per unit length of trail is depetldent only on the mass of the

particle and the cosine of the zenith angle of its path.

Order-of-magnitude estimates of relationships between particle number,
particle mass, visual magnitude, particle size,- hd line density of ionization
produced are listed in Table 2-1, from Reference 2-3, and are illustrated in
Figure 2-4. ' '

The radar cross section of uuderdenge meteor trails is given by

o =n.o,, (2-1)

where 0. = 0.66 x 10-% m? is the Thomson ¢ross section of an electron
and n, is the numbertof electrons scattering coherently [Reference 2-4). For

underdense trails which are relevant in this discussion
ne = npf, (2-2)

where ny, is the electron line density and| F = 2R2 is the Fresnel length
corresponding to the length within whicﬁ Lhe eledtrons scatter in phase. For
an OTH radar with wavelength A = 30 m (frequency f = 10 MHz) scattering

from a meteor at a range R = 2,000 km, twe find F ~ 10* m.
. |

From Table 2-1 we obserw" that ionizaftiqn from a 10~® g meteor creates
~ an electron line density of 10°/m, rmulting", thereby, from (2-1) and (2_-2) in
a radar cross section for specular reflection of o = 066 x 10" m? at a range
of 2,000 km and with f =10 MHz. . i

With a cross section of about -22 db,j é:uch a meteor, or a more massive
one, might be confused with a target if we yse & -22 db search threshold. To
make a quantitative determination, we calculate the rate at which such mete-

ors occur and how many on the average would appear in the range resolution
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Table 2-1. Sporadic Meteors: order-of-magnitude estimates of their mass, brightness, size,
number, and the electron kine density in their trails

Number of .
| this mass ui"a"i&“w
Mass Viseal | o e | OO ections W’
(grams) Magnitude sNeRtup < 1 er meter pooe
by the of teaif
. oanh length
— sach day ength)
Particies pass . : o
through the at. . . 104 . ~125 8 em 10 - -
mosphere and fall : . . s
to the ground ) :
Particles totally 109 -100 40m 102 - -
disintegrated in . e e - 15 2¢cm 109 - -
the upper atmos. 10 - 50 08 cm 1w 0% -
phere ‘ 1 w28 0.4 am 109 100 -
e S0 0.0 0.2 cm 108 10% -
10-2 25 0.08 cm 0w 10% -
Apzroximate 10-3 50 0.04 cm 108 104 -
limit of radar 10-4 75 0.02 em 109 LN 10-3
measurements — | 40p-5 1.0 0.008 cm 10w 0w 10-2
10-8 1”5 40 m‘crom on 1on 10—t
? -7 15.0 20 microns 1o 10% 1
10-9 175 8 mijcrons <101 109 <10
Micro-meteorites 0-9 200 4 microna Total for Practicaily -
(Particles float . 10- 25 2 microns this group none
down unchanged 10-4 250 0.8 micron estimated
by atmospheric 10-12 215 - 0.4 mjcron a3 high as
collisions) i 100
Particies removed 10~13 X 0.2 micron ~ -
from the solar e ‘ :
sysiem by radia- ‘
tion pressure :
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cell of the AOTH. Assume a horizontal aperture of a = 10 km for the proto-
type AOTH and an effective elevation aperture of ¢ 10sin 0. The elevation
angle 8;, as illustrated in Figure 2-5, is determined by tan 8, = h/(D/2),
where k 2~ 300 km is the effective jltitude of the reflecting ionospheric F
layer and D:is'the ground range to target. We then ob;tazi;. Table 2-2 for the
horizontal and elevation angular widths and for the area of the illuminated

cell, D?“ﬂ&gg for.a range of operating parameters.

Thceﬁ'ectwe a.ma for ground clutter return is much smaller because of
the short pulse length of lus that the AOTH can achieve, corrapondmg to
a range spread of 1/2 (300 m) 150 m, Or an area ranging irom ~ 3[4
km? to 4 km? for the ra.nge of A and D considered above. Tabie 2- éhows
that meteors with masses X 0"' g that contnbute radar cross’ aéchons of

X -22 dB at distances of 2 000 km and wave lengths ~ 30 m, arrive at the
rate of about 10 km=2s". As to returns from *neteors within the same titfe

resolution cell, Figure 2-5 shows that elevatlon angulm‘ spread 661.;, would -

have to exceed P S

60y = _hmsec®  2hy 57 D=2000km -
& \/Iﬂ +(Dj2p -~ D . 2.8°, D =17,000 km
for a meteor altitude hy = IOOkm ._f)I,‘his is a significantly larger angular
spread than is expected for operationiat the diffraction limit except at the
longest ranges and largest wavelengths that would be appropriate for night-

time operation.

There are two additional mitigating factors. First, the cross sections
calculated from Equations (2-1) and (2-2) are for specular reflection and
therefore apply only to that small fraction of meteor tracks moving in a
plane perpendicular to the narrow beam of the AOTH. (The doppler shift

which OTH relies upon to discriminate target signals from ground clutter will
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Table 2-2. The horizontal aperature (56w), elevation aperature (56m.),
and illuminaied cell area for an AOTH with aperature a = 10 km

LI S 86y = 1.20-8 - 56m. = 1.2a0m €,/ Aren of Buminated Cel
D = 2000 km D-400km | D=2000km D =4000Km
0m 15 MMz 01T 25010909 | 05 «88x10°med 10 « 18x10'rd | 90 Km 720 ke
Vm o CMHz 021 =300 | UF e rzi0td 18 - 28c10rad 200k 1000 fm
SCm  EMHMz  634° =8x10°md | 1.1° w19x10°md 2.2 =3.8x10%rad
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arise from the wind velocities in the uppier atmosphere, which will generally
be cross range relative to meteor tracks.) This will reduce the number of
meteors seen by roughly 10-2 coriespomiling to|a radar beam width of < 1°
relative to the roughly 50° opening angle of the cone within which meteors

enter the atmosphere. ;

The second important factor that can be used to discriminate against
tracks of such small metecrs is the faci that they are very short lived, diffusing
:in 3 second or less (see Reference 2-2). It should therefore be possible to
remove them by requiring multiple radar returns over an approximate 10 s

period in order to define a track.

VWe conclude that main lobe viewing of relatively frequent tracks formed
by small meteors of mass < 10~% g with ¢ross sections 2 -22 dB should not
present a problem to-AOTH However there remains & serious question of
what. radar returns will be seen in the ude lobes. To answer this question
wnll require a measurement program. Sn e lobe [returns will come from all
directions and thus from an area rest.rzcg neither by the beam width nor
by the cbond;itiou of Specular reflection. Therefore the effective viewing area

will be larger within a time resolution cell by as much as

: 2x 2 ognd 5 ‘
(m-%w) 167~ 10" to 10" (2-3)

Assuming 40 db suppression of side lobe radiation, we must consider
meteors of mass X 107¢ g that create electron line densities 2 10" elec-
trons/m and by Equaticn (2-2) radar cross sectipns 10* times larger than
10-® g meteors. These 106 g meteors ocour only at a rate reduced by 10-2,
but side lobe returns come from a much !arger area, increased by Equation

(2-3). It remains to establish experimentally how well, in practice, they can
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be discriminated against by the requirément of multiple radar hits for track
definition, and by taking advantage of the short 1 s lifetimes of these tracks.

2.2.3 Roun&-thé?World Propagation and Spread-Doppier Clutter

Propagation of HF signals around the world and back to the transmit-
ting site has been ,}mown'from the early days of HF radio communications
[Reference 2-5]. However, little quantitative work has appeared in the Lit-
erature besides that of Fenwick and Villard at Stanford [References 2-6 and
2-7), and some satellite experiments by Barker and Grossi [Referenoe 2-8].
Round-the-world {RTW) propagatxon is observed to have a sxgnal attenua-
tion of the order of 10 dB per trip afound the world. Since the front to-back
ratio fcr the large antennas used in OTH radars i is usually less tha.n 10 dB
we can then expect to have transmitted signals amvmg “at the recelver wnth
significant. intensity and an approximate tithe delay of (140 N ms) N benng
the number of RTW circuits. Thus, there is a possibility that RTW slgnals
from an OTH radar could interfere w:th normal operatlon in the sense of
producing unwanted ciutter. This posslbxhty has been recognized for some
time, but little quantitative research has been done on the topic. We think
that RTW signals may well be a factor in the generation of spread-doppler

clutter, particularly the “inner” doppler clutter at less than 5 Hz.

To understand the basics of RTW generated clutter consider a radar
“ecko” arriving with a very long time delay, say 140 ms. If the radar has a
sufficiently low pulse repetition frequency (PRF), e.g., less than’ about 7 Hz,
such an echo would be resolved. However, PRFs are usually in the 10 to '100

Hz range and multiple-trip RTW signals would not be resolved, even by a

bl
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PRF of 7 Hz. So we are likely to kave a RTW
range which depends on the exact PRF z&x use.

radar echo aliased to some

This would not be hard to cope with if RTW had a precise time delay

and zero doppler shift. However, RTW signals h

ave been shown by Fenwick

and Villard [Reference 2-7] to be dispersed in tiIxe. They are aiso known to

be spread in doppler shift. The dnspersuon is 1

portant Bec;a,use it spreads

the echo power over a number of range. Hnns For Qcpx_tﬁplé, a dispersion of

I ms oorresponds to a spread in radar range of

bout 156 km. Dispersions
of the order of 1 ms were noted at 10 td 20 M ’z'by' vFeizWick and Villard
[Reference 2-7! RTW measurements at the SRI ,tematxonal wide aperture
radar facnhty (WARF) have mdxcated doppler spreads of & to 5 Hz at levels
only 20 dB below the peak sngna.l The phenome a are complex since OTH

* radar signals are usually chirp waveforms md the ‘ ntenoa pattern comes into
play as well. Nevertheless, the evidence argues atrongly that RTW signals

can contribute to spread doppler c‘:lutt,;}rﬁin the iimeﬁrﬁ doppler (< 5 Hz) region.

Given that RTW signals do cohtfibuie to spread-doppler clutter, how
serious a limitation does this pose for advanced QTH radars? RTW propa-

gation does not occur 100% of the time. The effici ncy of RTW propagation
changes with geographic location of the ruia.r, operating frequency, azimuth
of observation, time of day, season of year, sunspot number, magnetic activ-
ity, etc. Reference 2-5 summarizes RTW propagation characteristics. Some
salient features are worth pointing out. For example, Fenwick noted, after a
year long study [Reference 2-6], that RTW occurs very infrequéntly outside

local daylight hours and most consistently during November and December.

A summary of these results is shown in Ei#ure 2-6. RTW propagation has
a strong azimuthal dependence. It is most Bke]y to occur for paths that are

orthogonal to the iine from the radar station to the subsolar point. Many
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features of RTW propagation, such as the variation with sunspot number,
are unknown at this time. 1
i
1

Characteristics such as local time uid seasqnal variations can be used to
do correlatien studies relating RTW propq:agatiox to the occurrence of spread-
doppler clutter. Such studies should help in j:ablishing the role of RTW

propagation in the phemomenology of sprfead-‘d per clutter.

H indeed spread-doppler clutter is, in part, dve to RTW propagation,
then there are ways of mitigating its effect. For example, increasing the
front-to-back ratio on the receive and transmit antenna elements should heln.
Further, we could limit side-lobe radiation in the optimal azimuth direction

for RTW propagation.

We have made a zero-order case for the contribution of RTW propa-
gation to spread-doppler clutter. This argumer} needs to be refined using
existing knowledge 50 that the effects of R,TW propagation are better under-
stood, in relation to spread-doppler cluitejr.

2.2.4 Phase Perturbations

The success of AOTH depends on rejeciing clytter in the doppler window
of interest. Returns from the earth’s surface (land ¢r sea) are usually regarded
as contributing to zero-doppler and therefd%)re rejectable. However, the raiio
between the clutter at zero-doppler and t:he clutter in the target doppler
window is very large, so a very shight leak ij;xto nonzero doppler could swamp

the desired signal,
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Standard calculations of doppler-shifted clutter involve finite-angle scat-
tering from moving irregularities in the ionosphere. One example would be
“orthogonal” scattering from field-aligned irregularities that are in just such
a position so that the return is at the correct time to simulate a target and
moving it just such a way as to give 2 reasonable target doppler shift [Refer-
ence 2-9]. Another example would replace natural ionospheric irregularities
with a meteor trail. A third example is “specular reflection,” in which the
return path from the ground clutter is not back along the same line as the
transmission path, but instead includes a finite-angle (not backscatter) spec-

ular reflection from a large-scale ionospheric structure.

Each of these examples predicts different behavior of the signal-to-
cluiter ana noite-to-clutter ratios as a function of range-gated return time
and coherent integration time. For example, the “orthogonal scattering” and
" meteor irail models predict doppler-range relations that are independent of
the zero-doppler clutter level at that range, because the path of the EM wave
either does not hit the ground, or, if it does, the ground acts as a sp‘ecujla‘f
reflector rather than a backscatterer. On the other hand, the “specular ‘ré—
flection” model involves a path for which the energy is nearly backscattered
from the same ground that returns the zero-doppler clutter, so the model
predicts that the nonzero-doppler level should track with the zero-doppler

level; this is in fact observed for an important part of the clutter.

However, another prediction of the “specuiar reflection” model is that
the signal reflecting specularly off a moving ionosphere should be coherent
with the retu.m coming direcily off the ground (zero-doppler). Observaticns
do not show this. Instead they show that the energy arriving at non-zero
doppler shift is mostly incoherent energy (ovei an integration time of several

seconds or more), while the main zero doppler return is coherent over time:
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These coherence observations led Franchi and Tichovolsky (Reference
2-10) to put forward a different mechainism for an important part of the R
nonzero doppler signal. They point out‘that a|moving ionosphere along the
transmission path (nof backscatter) car& make| the doppler shift enough to
be observed. The effect can occur eitherf on the transmission path or on the
return path; presumably it would in fact occur along both. A calculation of

the effect requires a model for ionosphei-ic irregularities being swept across

the paths, and an integration of the eﬁ' along the portions of the paths
that pass through the ionosphere. The cailcula.tl n should be detailed enough

' to yield both the expected energy as a functlo of doppler shift, and ihat

1tude.‘ But their calculation
" was meant only as the begmnmg step. For conve'mence in calculations, they
modeled the ionospheric irregularities as ha.vmg A Gaussian‘svpectrum. How-
ever, it is known that 1onospheric xrregularltxes have power-law spectra, with
possibly different power laws in different scale regimes. The integrals in the
latter case are harder to do, but must be donel to get a quantitative the-
ory. Furthermore, the authors used a crude éeparation between coherent,
and incolierent to get estimates. Instead one needs to define and calculate
‘coherence functions of time, so that the result »f any integration time can
be predicted. Finally, the relationship of results with diﬂ'erent antenna sizes,
both of the transmitter and of the receiver, needs extensive investigation.
In particular, although the case of interest involves backscatter from targets
and ground, an investigation of the model could |be more efficiently carried
out with direct measurements along a one:way path, with a receiver on the

ground at a distance at which ground clutter s expected to be generated.
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Such experiments are being carried out in relatienship to HF communica-
tions systems, and their data can be utilized to constrain and categorize the

models used for OTH application calculations [Reference 2-11].

2.3 Self-Focusing Instabilities Induced by OTH Radars

Cne of the unexpected phenomena of high-power ionospheric modifica-
tion research was the appearance of artificial Spread-F [References 2-12 and
2-13). This has come to be understood in terms of a self-focusing instability
[References 2-14 through 2-16] which creates.ionospheré striation‘s deleteri-
ous to OTH signal processing. At the simplest level, the instability couples
refraction of waves into regions of low-phase Velqcity (regions of high index of
refraction), the heating c'a,ixsed by the ;ofrmponding intensity fluctuations,
the decrease of plasma denéity in a hot spot, and the consequent increase of
index of refraction n which is rela.ted' to the plasma density n. through

2

nl=1-2=1- .
w? mw?

47n.e?

(2-9)
The question naturally‘a.risé‘: Is the power flux of an OTH radar sufficient to
trigger self-focusing instabilities? An. unéquivocal affirmative answer is given
by the experimental results of Novozhilov and Savel'yev [Reference 2-17).
Figure 2-7 sketches the geometry of their experiment. Figure 2-8, reproduced
from their paper, shows fast amplitudé scintillations developing 2 minutes
after the OTH was turned on. I"hasg fluctuations between receivers spaced
by several hundred meters increased in amplitude and became more rapid.
Further measurements detérmined that the scale size of jonospheric striations
was = 300 m and that the spread of arrival angles at the diagnostic receiver

increased from + 0.3° to +1°. According to Novozhilov and Savel'yev, the
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Figure 2-7. Geometry of the Novozhilov and Savzlyev expk'eumem. performed near 1500 h,
April 17,1975 The OTH frequency v was not reported; it slightly exceeds the
maximum usable frequency (MUF). We assume v =~ 30 MHz appropriate to
daytime conditions; the diagnostic frequency was then about 25 MHz.
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Figure 2-8. Results for Novozhilov and Savel'yev expenrment  a) Amplitude santillation
commences = 2 min after OTH tum-on, b) Phase fluctuations between two
recesvers spaced by several hundred meters commnence = 2 mun afier OTH tum-

on. ¢} and d) Amplitude and phase fluctuations decay = 1 rmn after OTH tum-
off Scurce Reference 2-16
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HF electric field in the icnosphere was Ef, & (0.1)E, wheze E,, is the plasma
‘ |
field defired by Gurevich [Reference 2.18) as | )

. 3Te (4 ‘ 2 <
E} = =6, b= (2-5)

Here 6 denotes the average energy lost by an electron in an electron-
ton collision. We shall argue below that self-focusing instabilities are most
virulent when the electron collision frcquency is high, which is obtained when
plasma density is high, electron tempera.mre low, and elegttoq-;qp collisions
dominate electron-neutral collisions. For an O* plasma, one has = 7.10-%

and the power flux through the ionospheric plasma is
F,x (o 1)2- E; ~ 107 W/m’, . (2-6)

where we have assumed T & 1, 000"K and a frequency v &~ 30 MHz for
daytime OTH operatzon

2.3.1 OTH Ray Trajectories and IoTospheric Power Flux

Let us employ ray-tracing to estimate the power flux of an OTH radar
based on a simple parabolic model of the electron density below the peak of

the F-region. The plasma frequency profile is

w: = w:.ma.r[l h (2)2]' (2 - 7)

where wy .. denotes the maximum plasma frqucncy and z, ~ 100 km.

From the simplified-but-adequate dispersion relation

i

w? w4 (K} + kf et 2-8
b4 A '

= w;f + w?cos?d + c*kf,
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we can compute horizontal and vertical group velocities

w? 2\
Va=c cos?t K:c[sinzﬂ--%‘g-'i(1~;;)] . (2-9)

Here @ denotes the initial elevation angle of the ray. From the ray equation
in the ionosphere

_ Vadz " wcos 0dz

dR (2-10)
. . 3/2
V, wp.ﬁu [f;' -1 + ?_w’:ln"l

we can compute the relation beiween range R, ionospheric height z, and
initial lavuch angle 6, For a ray that is still ascending, we can integrate

(2-10) to obtain

+ H 2,080 w ' fﬂp'?'
R =tan0+ " in —— pnes =17 (2-11)
p/max z x w2 SIn°e
ot {(;;)2 -1+ ';#—’.m ]

in a flat-earth approximation, which is adequate for our estimate of the power

flux.

At a fixed range, Equation (2-11) relates the ray height in the ionosphere
to launch elevation angle 8. It is straightfc:ward to generalize Equation (2-
11) for descending rays that have refiected from the height where
w? sin’f

(= =12

z, W) mas

(2-12)

The range formula for descending rays is

W ) 3 W in’
H | mosbo {(1+*‘m-')[i+(fg"1+‘5f:_—";£)m]}

Wp.mes -

-~

tan 6 Wp,maz ] - w? sin’ [

P Max
(2-13)
When we set 2/z, = 1, we can determine the total horizontal distance AR, .,

travelled by the ray in the ionosphere

z,cosbw (1+ :“%i‘:%)z
AR‘M - wp'mnl_ In { - L)’Sinﬂ‘_. (2'14)
“p? mex
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= 2z wsmo), ’ wsing <<, (2-15)

tand Wy mer f Wymex

For moet long-range OTH operations, which utilize low rays, the form
(2-15) is valid. The range R at which the ray sirikes the earth is

2H

(ﬂ)---_+An.,. (2 - 16)

L

Using the characteristic values # =~ 200 km, z, = 100 km, we find that the
 contribution of AR, to(2-16) is small when (win 8/wy maz) € 1. Thus to
a good approximation

tanf ~ %’-. o (2-17)

Let us note that because the denominator of the logarithm in Equation
(2-14) diverges as sin 6 — Wp,maz/w, there are twqg @ values corresponding to a

given range, the low ray which has (w sin B/w,,m ) € 1 and a high ray with

8i 6 = Wy pmer /W, independent of range. Since high rays correspond to a

very small interval in elevation angle 6, the power launched onto high rays is

negligible. Thus, we need to consider onl Y low rays in estimates of ionospheric
power density; Equations (2-15) and (2-1

) are good approximations.

The power density in the ionosphere at a range R, follows from the

formula
1 &P dot d6-
F,= —— { o . 218
o (awe){: |+ 1}%”/&” (2~ 18)

where (8 P/ a¢a¢9) is the transmitter beam pattem in azimuthal angle ¢ and

elevation angle 8 and

Yo
& (I, 219
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with an evident generalization for the contribution from descending rays.
Following our approximaiion for low rays, we find

]

do* dé- 28in@cos8 fwsin b
Id H.ldzl’z - H ( ) 3 L wasin’ e (2-20)
e - 1 w
~ 2 (wsma)_ ', P . (2_21)
Rlon . “wp,mct ;'.z. — 1 + [ :21‘8.]‘/2

Within the context of ray optics, the power flux divergeg at the reflection
beight. Sir:ce we shall show that chf-fdcusing instabilities are extended along
magnetic field lines for distances. ~ 5 km, it is meaningful to c;fnpuié the
average power flux in the ioncsphere. We define this as

1
<F,>=
O i Ze = 2y

[[eR@, -2

t N2 . . P R N
vwhere 2 = z,(1 ~ .ﬁ-’%!:t')l/z i"s“the'reﬂectnop hgxght. Agaxp u?igg i»lqwb'-rg.y
approximations, we find that - ' k
¢ ®P -4 P 1
TR s S e REL 1) (%)
where PrG is the effective radiated power (ERP) and AQ ‘estimates the solid

< F,>=

angle of the transmitter beam. We can combine Equatioiis (231'8); (2-‘21)5,

and (2-23) to obtain an expression for the altitude-dependent power density,

1 1 PG 1
Fo =~ < F:)' = ’ -4
W=z <R i R, o 00
where
Az = z,w%sin%0/243 (2 - 25)

in a low-ray approximation. Suppose a nominal OTH antenra radiates into
an azithumal sector A¢ = 10° and has an Af = 45° beam width in elevation

angle. We then find

OpW P 10°m

” —t 2
<Fo>-—-\3 mz)(lMW)(R‘M)

(2 - 26)
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From this we deduce that the Soviet trapsmitter power was P ~ 10
MW to agree with (2-6). The gain of ouré nominal OTH transmitter is G =
47/AQ = 100. Hence the ERP of the Soviet OTH installation is estimated
to be 96 dBw. MITRE'’s proposed ETB transmitling antenna has an ERP of
95 dBw giving it a power flux of 3 - 10~* W/m? 4t a range of 1,500 km. Our
theoretical development below places the threshold fiux for self-focusing at
about 10~* W/m? during daytime condmons (It will be signiﬁcantly higher

at night.)
!

We conclude thi; section by noting tlat OTH-induced self-focusing in-
stabilities have been observed by Soviet rwearchens and that the power fluxes
est:mated from thear paper agree wnth those pmduced by a nominal 10 MW
OTH radar thh an ERP of 90 dBw. An ETB 18|proposed to have an ERP

. of ~. 95 dBw and a full-capability AOTH system & 97 dBw per transmit
beam. Thus, experimentally, we should e*pect that self-focusing striations
could arise in ETB and AOTH systems.

2.3.2  Self-Focusing Instability A»nal)fsis

A detailed theoretical analysis of the self-focusing instability has been
published by Perkins and Goldrnan [Reference 2-16). We shall abstract the

essential physics from this paper. It suffices to consider a strong electro-
magnetic wave propagating in a underdeusp, uniform plasma w > w,. The
geometry of self-focusing striations is ﬁéld-aiigned sheets of density irregular-
ities with a wave vector ¢ which lies in the direction lk, x 5, where &, denotes
the wave vector of the strong electromagnetic wave and B the earth’s mag-

netic field. The density irregularities grow exponentially both spatially along
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the direction of k, and temporally. Figure 2-9 gives the coordinate system
for our computation. We assume that density perturbations én and other

dependent variables take the form

bn = i f)c'vv+a(:+zta.na)+.,, ,

where
n = zxcosP + zsin f
€ = zsinf - zcos B

and B denotes the angle of the geomagnetnc field with respect to vemcal
We make the assumptnon readzly Jushﬁed a postenon, that q ) & e when

acting on éx.

- The equations governing seif-focusing instabilities are

Fo=- Rl /_w sm["ﬂ(z ’)] —ote-) gyt (2-27)

woc
2¢
- o(f) oCﬂ (l'f'fz)
A &r
YA = 2D-52-2—+D—f— (2 - 28)
@ Wi -
Kga+ Twch o -
Here we use the definition r = T/T A =#/n, and
- T - _ oo
€= e K =316Tn/mv,, D= T/'Mum'. (2 -30)

To a good approximation w, = k,¢, since w? > Wi

Let us briefly describe the physics content of each equation. Equation (2-

27) gives the intensity fluctuations at z resulting from phase perturbations
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Héun 2-9. Coordinate system for self-focusing instability calculations. The iniense wave
propagates in the & direction.
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caused by index of refraction fluctuations at z’. Equation (2-4) links the
index of refraction to density. Equation (2-29) governs electron temperature
fluctuations resulting from differential heating due to intensity fluctuations.
The dominant limitation on temperature fluctuations comes from electron
heat conduction along magnetic field lines to a constant temperature bath.
This makes sense if the strong beam F,({) is spatially limited along the
magnetic field. Equation (2-28) states that plasma density fluctuations arise
because ions diffuse through neutrals along the geometric field, the diffusion

being driven by electron temperature fluctuations.

Strmghtforward algcbra enables us to combine Equations (2-27) through

(2-29) into the eigenvalue equation

2D 3°A .
A= S =h8i0a, (2 - 31)
where from Equations (2-18) through (2-21)

w’yzwc <F,> 2¢

Mu.,.7w3(3 16)T'aC? (52 T 1) (2~ 32)

_(.3 lIJ £<£o v
0= (&) S (2 - 33)

0 §>6
_ 7z, wl!sin®d Az 1000 km , '
bo= 2 w? .c0sB  cosp % 20 km ( Riom ) (2-34)

and the electron density is to be evaluated at a point where w? = wlsin?6.

Let us rescale the z-variable according to

—-¢& = U - {2-35)
2D T 10~ 'sec ,.,  1Hz

U, = (&)Y = 3k 1/2 1/2 12
(7) ”‘(1031\') ( . ) (Um)
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Note that £, is appreciably longer than U,, so Equation (2-31) can be ade-

quately approximated by
FA AA

P2y 1)
Ou fu

where 0 < u < o0, and

= A(&JU 2.

(2 - 36)

(2 - 37)

is an eigezivalue of order unity. The boundary cox ditions for (2-36) are

Bl D]
BT

Thus the critical flux for self-focusing instabilities lis
; 3.16)«) M vipy 3 T ac? {gg
n wlyle? \ &)

We can cast (2-40) into practical units and obtain

Qg

_<F,>=Fc‘='“

m

Fi= (034 (Zmes)’ ('loscm-a)f’/? (Eil.‘_'_".
£ ? n ' [

=1

Timax

= =~l, u-—do

) (

2 \3/4 ., . ‘ ‘
( T )4 5( -y )3/4(,,"‘ )3/4 ((1055)1/2 C‘22_2_1

10°k 10-1s 1Hz sinf

€ +1

1/2 (

(2-38)
(2-39)
- ) . (2-40)
IOOkm) b
) (241 ) ,

where we have used w,sind = wp. For representative OTH operations, we has

sin @ 0.2

N/fimar & 0-;5-

Assuming all other factors are unity, we obtain

W’

Foa 15107 —

m

in good accord with observations. Further lute that

imum for ¢ = 1, corresponding to A,.,, = 27/q ~

Again, there is agreement with Novozhilov and Savel'yev,
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(2-42)

(2 - 43)

the critical flux is min-

1.2 km(a™/25 km)1/2,




In evaluating (2-41), we assumed an exponentiation time of 10 s to
obtain a modestly large number of e-foldings in one minute. Similarly, the
spatial growth length of 25 km is moderately small compared to the distance

a ray spends in the ionosphere. -

When will self-focusing instabilities affect OTH operations? OTH radars
continuously transmit power into an angular sector with FM modulation |
which provides range resolution upon processing. The FM nature of the
transmit signal plays ne role in. self-focusing instabilities. We see from Equa-
tion (2-23) that an ERP at 87 dBw is required to exceed the threshold value
of (2-41) during high- densxty low-Te daytime conditions. Noting that, for
OTH operations, f? & niq, it follows from (2-40) that F, o f~3. In other
words, the instability beoomes apprec:ably less important at night. It is also
stabilized by high electron temperaturts, often, but not always, a feature
of daytime jonospheres. High temperatures reduce the electron-ion colhsxon“
frequency, which diminisbes resistive heating, and increase electron thermal
conductivity, both stabili,Zing effects. Lastly, we noté that growih times are
near 10 s, comparable to the planned OTH coherent integration times. We
can certainly tolerate one e-folding of ﬂuctua.hons, so rapid beam sthchmg
will defeat sell-% cusing instablilities near threshold. The eventual AOTH
system plans an ERP of 97 dBw in each of 12 beams which exceeds the
threshold flux by a factor of 10, reducing the growth time to ~ 1 s under

daytime conditions.

The planned ERP of 95 dBw for ETB should be well into the regime
where self-focusing arises in daytime conditions. ETR should be able to
investigate self-focusing instabilities. From a practical point-of-view, we may
not need the full ERP of AOTH in daytime conditions. As the frequency
falls from 30 MHz to § MHz, the threshold ERP increases from 87 dBw to
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120 dBw. Since AOTH is planned to operate with 97 dBw pér beam, it is

predicted to be free of self- -focusing mstablhtles

are low at nighttime.

2.4 Radio Noise at HF

2.4.1  Atmospheric Noise Characteristics |

when target cross sections

Radio noise resulting from lightning d:scharges is the dommaut atmo-

spheric noise within the HF band where' OTH
the level of atmospheric noise increases as the oper
" and has strong diurnal variation. Increased level
in the late afternoon, coupled with absorp
D-region, result in significant increases in
these times. The OTH radar-detection ploblem
that operating frequencies are generally lower at @

time, whick results in a decrease in the radar cro

radars operate Generally

atmg frequency decreases,

5 of thunderstorm activity -
tion decreases in the ionuspheric

the observed noise level during

is aggravated by the fact
ight than during the day-

section of small targets

S
and a consequent degradation in system perforinane. Understanding the

characteristics of external noise is an import

and noise issue for AOTH radars,

Extensive investigations have been conducl.ed

charactenze this noise. However the ana]ysis has ¢

system apglications. In general, atmosphenc noise

ant aspect of the residual clutter

over the past 30 years to
pcused on communication

is impulsive with the high

amplitude, low probability of occurrence values controlling the noise ampli-




tude distribution and the expected RMS value of the noise F,. The impulsive
short-term characteristics of the noise are estimated from a parameter called
V4, which indicates a deviation between the average voltage and the RMS
value of the noise. The parameters F,,, (the median value of F,) and V,,,
(the median value of V,) are presented in CCIR Report 322 [Reference 2-19]

as functions of geographic position, season, local time of day, and frequency.

The CCIR 322 atmospheric noise collection procedures were developed
through international cooperation. Recording stations at various locations
were instrumented to record selected statistical parameters of atmospheric
noise at specific frequencies. Man made noise, interference, and atmospheric
noise from local thunderstorms were excluded from the analysis.. The noise
measuring equipment w'asv the ARN-2, which uses a 200-H2’anal’ysis band-
width. The recording process involved the use of a calibrated short vertical
whip antenna with stepped attehuat,prs controlled by the averaged RMS value
of the noise. A four-minute integration time was used to calculate the RMS
value of the noise. If the RMS value changed by more tham 2 dB during
the four-minute measurement period, the.data were excluded from the data
base, since changes larger than this were interpreted to result from man-made
noise, interference, or local thunderstorms. The recorded RMS level, attenu-
ation value, and antenna calibration parameters were then usedto calculate
the external noise level. The difference between the RMS voltage and the
average voltage Vy, and the difference between the RMS and the average of
the logarithm of the voltage L, were also recorded. These data were then
analyzed by frequency, season, and four-hour time periods. The median RMS
noise value F,, and mediar, value of voltage deviation Vj,, are presented in
CCIR 322, together with the cerresponding upper and lower decile values

and the standard deviations of the measurements. The use of four-minute
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i
integration period for estimating the RMS value of the noise implies a mini-

mum period to achieve staticaarity. Figure 2-10/shows noise characteristics
as presented in CCIR 322. Ncte the concebn_tration of noise in the Caribbean

region‘ and in South East Asia.

24.2 Lightning-Pi-oduéed HF Noise

Horner [Referencé 2-20] made a compreheﬁéi ve é.fgdy of close-by atmo-

spherics at different frequenci& In paﬂicular he| showed that, in disdgree-

ment with current theory, HF waveforms could ok be accounted for st.nctly

by return” sttokes and stepped leader processes. He. suggested  that tbe n-
cloud processes occurrmg durmg the mtervds between retum strokes were

the cause of most’ HF radnanon

Usmg receiver bandwndths of over 100 lJHz, Oetzel and Pxerce [Reference
2-21] found that HF atmospherlcs were comprised o se\{cral.hundred toover a
thousand impulses. The bandwndth of typm al HF communications receivers

is too narrow to resclve- this xmpulse train, Thus| at the output-of such a

receiver, an HF atmospherlc usuallyfggkes the form of a nearly continuous
burst of noise. Op ;he other hand,x}‘XOT\H bandwidths are pfOposed to be

much larger, as high as 1 MHz.

Horner pointed out that the structure of HF atmospheric noise would

become more variable when received on a directionlal antenna. Horner also
made an attempt to infer specific informat:op from individual HF atmospher-
ics propagated via skywave. Receiving ihe satne atmospheric at different HF

frequencies, he was able to use predictions of propagation conditions to est-
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mate the range of the flash to an accurac); of ldO km.

With the appropriate meteorological conditions, thunderstorms can de-
velop giant 'proportions. These thunderstorms ave classified as severe if they
funnel cloud, waterspout,

ts (greater than 50 knots),

produce at least one of the following: a t;ornad_c,
hail (greater thar 0.75 inch diametgr), wind gu

or extreme upper-air turbulence. The intensely active electrical nature of
severe storms has often been noted and unusual lightning has even been ob-
served within the actual tornado voriex. In 195 , Jones reported that VLF
- atmospherics radiated from severe thundétsto exhibit identifiable char-
acteristics, thus suggesting a potential mechams for severe thunderstorm

warnings.

2.4.3 Experimental Observations of Noise| Characteristics Versus

Antenna Directivity

N

To test the effect of antenna directivit

on the/characteristics of received

HF noise, data were recorded using the 0.$°' WARF antenna and an omni-

directional vertical monopole situated about 100
HF noise was simultaneously recexved on two mat

bandwxdt.h The data were recorded on a summer

m away [Reference 2-22].
ched receivers of 1.4 kHz

afternoon when no local

storm activity was present. The WARF antenna was pointed in the general

direction of known midwestern thunderstorm activ

Each receiver output was sarhpied at a 500-H

E,m,, computed over five samples (corresponding

timate the noise envelope. These 1-ms samples w

36

ity.

z rate. The RMS value,
to 1 ms) was used to es-

ere calculated for a 30-s




interval of data and used to construct empirical amplitude-probability distri-
butions. Representative samples of the resulting distributions are shows in
Figure 2-11. These cumulative distributions have been plotted on Rayleigh
probability paper, which has the characteristic that a Rayleigh distribution
takes the form of a'straight line of slope -0.5. The distributions of Figure
2-11 exhibit low-amplitude Rayleigh components.

The Aist:?butions, in Figure 2-11a have been normalized by the RMS
average of their envelopes in ac,cﬁrdance with the conventions used by the
authors mentioned above. However; for the purpose of comparing the dis-
tributions oi@t;iqedﬂ.fx‘,‘omﬁ«diff_,etent;;antenna.s,~~it is convenient to equalize the
common Rayleigh noise “background.” This was accomplished in Figiire 9

11b by rencrmalizing the distributions by their respective mode® values.

From Figure 2-11b, it is evident that tixe‘lix»ig“h-z;ni;)yfi‘tjudeﬁomponent

of the observed atmospheric noise is more pronounced for the difectiona.l
antenna. Review of the data in the tin:e domain is necessary to determine
if this component is produced by individual atmospherics. Figure 2-12 plots
one-second intervals cf the data used to compute the distributions of Figure
2-11. The envelope of the noise recéived with the two different antennas

has been normalized by their respective mode values to provide equal noise

backgrounds. It can be seen that most of the high-amplitude values are

clustered in discrete bursts. Although hardly observable on the monopole
data, the time/amplitude characteristics of the noise bursts received on the
directional antenna are similar to observations of single HF atmospherics
radiated from close lightning flashes. (The receiver passband was too narrow

to resolve individual impulses and the atmospheric therefore takes the form

The mode represents the value for which the amplitude-probability density function
attains its maximum. ‘
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Figure 2-11. Cumulative amplitude-probability distﬁbuﬁons of noise received on antennas
of different directivity. Source: Reference 2-22.

58




{a) Directnnal Antenna

r
y
b
a
3
b
b
3
3
p

Envelope Amplitude

{b) Monopole

0 0.5

Time-s

Figure 2-12. Envelope of receiver output vs. time. Source: Reference 2-22.
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|

|
of a continuous burst of noise.) Furutsu Lhowed that HF noise distributions
with such unusually strong amplitude componerts can be caused when local
thunderstorms are present. But, since po local storms were present, the
weight of evidence suggests that these stimng atmospherics originated from |
remote flashes {presumably at a onehop distance) and were received via
skywave propagation. 3 ; |

| | -
2.44 Venﬁcatxon of the Source of | Atmosph_erics Observed with

the Directional Antenna

The obgervations describe& in the previous section imply that many of
the'strong and well-defined atmospherics received on the WARF antenna
originéte at a remote distance and then ;)%ropag e to the antenna via sky-
wave. Direct verification of this hypothesis was made by field measurements
[Reference 2-22]. An experiment was deslgned to record and compare signals
received on the 0.5° antenna with measureinents at a one-hop distance from

northern California.

A remote ﬁeld site was established lp an area of New Mexico likely
to produce thunderstorn activity. When a storm| approached this site, HF
noise data were simultaneously recorded the:zre-and in California with the 0.5°
antenna pointed in the storm’s direction. V{’ide—sweep backscatter soundings
were taken at WARF to determine the best band of frequencies available
for propagation to the remote side and thereby linfer, by reciprocity. the

best frequency band available from the reﬂ}ote site to WARF. The 1.4 kHz
I
receivers of both sites were then wuned to an interference-free channel within

this frequency band. This selectjon process was |principally accomplished
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by listening to the receiver output for the presence of man-made signals.
Simultaneous HF records were then collected at both sites for use in making

a comparison of atmospheric noise received via direct and one-hop paths.

ELF records were also recorded at the field site. These records were
intended foi use in identifying flashes close to the site. The characteristics of

ELF radiation from lightning change rapidly with propagation distance. At

close ranges the electrostatic field is strong, but this field decreases in pro-<

portion to the cube of distance. The weaker radiation field, which decreases
linearly with distance, will prédomiﬁate at glon'gér ranges. The reception of
ELF radiation indicative of a strong electrostatic componeni. can thus be
used to identify flashes occurring close to the field site. The simple form of
the electrostatic field can also be used to identify specific events withio a
lightning flash. Figures 2-13a and 2-13c shéﬁ E‘LF;’Qmueasmer‘nent’s[ recorded
in New Mexico while Figures 2-13b and 2-13d show the HF noise at WARF
in California. ' ' ' -

¥

2.4.5 Noise Observed on Whip Antenna at WARF in 1986

Analysis of transmitter-off noise data collected at WARF [Reference
2-23] indicates that the noise is impulsive, as expected, and that for CITs
(coherent integration times) in excess of about 1 to 2 seconds (analysis band-
width less than 1 Hz), the noise amplitude is Rayleigh distributed across the
range-doppler transform. The presence or absence of impulsive events is ob-
served to change the dwell-to-dwell noise level by 3 dB to 10 dB depending
on the operating frequency and CIT. Measurement of the median or average

RMS level spanning a minute or more vields a stable estimate of the noise
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which generally varies less than about 1-2 dB over periods of tens of min-
utes. Figure 2-14 shows a typical example of the short-term variability of
the external noise on a CIT-to-CIT measurement basis. The observed roise
levels (averaged over 2 minutes) are well within the expected bounds of the
CCIR 322 predictions, as shown in Figure 2-15. For convenience, the rural
man-made noise curve is also included. Other measurements indicate that
the noise at frequencies which propagate to ranges of interest to OTH-radar
operations is close to the atmospheric noise levels predicted.‘ At higher fre-
quencies, where galactic and man-made noise are the limiting noise types,
the median noise observed at WARF from all sources wa.s;.e‘xbout 5 dB below

the predictions for rural noise.

2.4.8 Noise Observed on Directive Antenna at WARF in 1986

When measured with WARF’s highly directive receiving antenna ar-
ray, external noise exhibits significant azimuthal dependence. The. received
transmitter-off noise level was frequently 3 to 5 dB higher in the eastward
direction than in the westward direction. A nominal 8 to 10 dB difference
in the noise level was also observed to the east when the array ’was steered
from 70° to 120° T, with the higher levels occurring toward the southeast.
A similar tendency (increasing noise Jevels when steered to the southwest)
was observed with the array orientation the west (249° T to 300° T). Figure
2-16 shows the azimuthal depe;xdenoe of noise measured on a WARF sub-
array. The whip noise, shown in Figure 2-17, was measured simultaneously
with the data of Figure 2-16 and indicates no systematic time dependence.
Hence, the changes shown in Figure 2-16 are the result of noise differences

along the indicated bearings. The whip noise shown in Figure 2-17, when
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corrected for feed and ground losses, is very close to the CCIR prediction

for this season, time, and frequency. This is {o be expected, since CCIR

measurements were also made using a shprt vertical whip,

To summarize, the received external nonse amplitude is generally Rayleigh
distributed for each CIT. The CIT-to-CIT variation in RMS noise level is
typically about 3 to 10 dB, whlle the RMS noise power versus time is log-
normally distributed with a median va.lué that generally changes little over

several minutes. This is to be expected since the

: for the CCIR 322 chara.cterxstlcs was four minutes.

mtcgratzon time utilized

2.5 Recoinmended “Exp‘erimeﬂnta} ‘Program

251 OTH Radar Facilities Available for Experiments

There are only a few dedicated experifmental OTH radars in the conti-
nental United States: SRI International’s WARF in centr;I"California, the
Navy ROTHR site in Virginia, and a smalll OTH radar operated by Rome

Air Development Center (RADC) near Verc;na, NY.

At present, the Virginia

ROTHR site is not functioning because the transmitting, receiving, and pro-

cessing electronics are in use at the ROTHR site on Amchitka Island. How-

ever, the antennas and analysis facilities are operable and a replacement set

of electronics is anticipated in the future. There are
operational OTH radar sites: the AN/FPS-118 in
on Amchitka Island. While it is often difficult 1

two operational or nearly

Maine and the ROTHR

conduct experiments at

operational sites, the possibility should be e&plored, especially if the site has

unique geographical or other advantanges.




2.5.2 Experiments for Existing and Future AOTH Test Beds

»

This class of experiments can be accomplished using existing OTH
radar facilities, such as WARF, ROTHR in Virginia and/or Alaska, and the
AN/FES-118, as well as using a future advanced OTH ETB. In some cases
experiments' can bé(nik’nAusing éxisting data tapes. WARF, ROTHR, and
other OTH radars often record data in’ g ma.nne; which makes alternative
;;l;ocessing possible, le, dat.a are tecorded at a relatively early, unpiocessed
stage. In the following diQéussiqﬁ, 'we“will group the expériments accord-
ing to the issues addressed with relative priorities indicated. We have not
stressed the issue of which facility is most kappropriate for a given experi-
ment. However, we do mention unique capabilities of various radars when
they are pertinent to the experiment being diséussed. Section 6>of R:efefehce
2-4 makes suggestions for experiments to be carried out at speéiﬁc OTH

radars,

2.5.2.1 Residual Clutter Charactefiatics and Phenomenology

Importance of Residuai Clutter

Déppler proceésing allows targets ,(\'vith doppler shiits greater than 1 or
2 Hz to be detected even though surface ‘backscattyer near “zero” doppler is
some 10° times more powerful. Advanced OTH radar (AOTH) is required
to detect small targets having signal strengths significantly less than 108 (60
db) below the zero-doppler surface return. Existing OTH radars experience

a “clutter floor” which is spread in doppler, i.e., which exists at doppler shifts
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of 5 to 10 Hz and more. The characterisqim and phenomenology associated

with this spread-doppler clutter are centrfal to the effectiveness of advanced
OTH radar because this clutter limits the small target detecting capability of
AOTH. Below we discuss experiments to jnvestigate and characterize residual
spread-doppler clutter. In particular, we | ddress two suspected mechanisms,

meteor trail echos and round-the-world prbpagat n paths.

| ]
- Meteor Trail Echos f

The mecha.msm by which meteor tra;l echos can cause spread:doppler .
clutter is discussed in Section 2.2.2 above. We think that xnvestxgatlon of
this mechanism deserves top priority in AOTH experiment planning. There
is signiﬁéant evidence pointing to meteor trails as the primary components in

' residual doppler clutter and no experiment specifically addressing this critical
point is yet in the planning stage — it should be, Tdehtiﬁc&tion of meteor
trail echos requires a high resolution OTH tadar since well known sources of
spread-doppler clutter reed to be avoided i order to observe the underlying
residual clutter. The experiment design Ilso needs to exploit the known

éharacteristics of meteor trail echos (sce Séctioh 2.2.2 above and Reference

2-24). For example, meteor trail jonization occurs primarily at ‘heights of

80 to 120 km so echos can be isolated spatially. | Sporadic meteors occur

with a known diurnal variation, the maximum rate occurring near 6 AM
-and minimum near 6 PM local time. Sporad»c metgor rates during February
are Jess than one-half those of July. There are meteor showers with greatly
enhanced rates, e.g., the Perseid showers in August. A beginning for an
experiment design could be to make OTH raﬁar observations along azimuths

and under operating conditions with customarily low spread-doppler clutter,




and see if the temporal variations expected from meteor trail echos occur.

An example of meteor trail data was given in Figure 2-3.

Round-the-World Propagation Paths

RTW signals are anotiler candidate mechanism for residual spread-
doppler clutter. As discussed in Section 2.2.3 above, there are good reasons
for thinking that signals transmitted by an OTH radar sometimes propagate
around the world and enter the receive antenna from the back side. OTH
radar antennas generally have a front to back ratio of less than 10 dB so sig-
nals on RTW paths have relatively easy access to the receiver. Experiments
to invesﬁgate the RTW: mechanism should have a high priority {FAOTH

experiment planning. .-

Experimenté to“in;'mtigate an RTW component in residual spread-doppler
clutter can be done relatively easily with existing OTH radars. One approach
would be to identify RTW echos by using appropriate waveforms and look-
ing for echo powers at appropriate time delays, i.e., ~ 140 ms and multiples
thereof. Another approach wQuld be to obtain the results quoted by Mc-
Crumb [R,eferencé 2—23]. A third approach (not requiring an OTH radar)
would be to use a rhombic antenna with an HF transmitter and receiver of

* appropriate type. The rhombic antenna is relétively high gain and can be
reversed 180° in direction by simple switching. Hence a pulse could be trans-
mitted in one direction and the antenna switched 180° specifically to receive
the RTW signal. |
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Backscatter from Ionospheric #regularities

{
i
i

Backscatter from ionosphere irregulfrities tknown to produce spread-

doppler clutter. For example, OTH radar is hitt

the earth’s auroral zones: because ionospheric irregularities are so common

there. Also the polar magnetic field is.more likely to be aligned perpendicular

to the radar ray path and hence -produui the
g_;bsck

irregularities move at velocities of tens of m/s

-used for observations intc

ditions for magnetic-field-
tter. ' Further, jonospheric

aligned irregularities which cause strong
d herice have significant
doppler shifis, i.e., 1 to 10 Hz. Likewise; strong ionospheré irregularities oc-
cur pear the equator. Fortunately, most OTH radar applications are at mid-
latitudes, where irregularities occur less frequently and with less strength.
Although: backscatter from mnosphenc xrregul ties has received consider-
able attention in the: past, we think it stnll* daerv s a high priority in exper-

iment planning for AOTH.

AOTH experiments should focus on re?idual lutter investigation related
to mid-latitude irregularities in the main augtenna eam well as clutter signals
from auroral or equatorial irregularities tha:t enter through range ambiguities
and/or antenna side lobes. An mterestmg approach is suggested in Section
3.5 where a microwave radar is used to probe thetnosphere along the OTH
radar ray path. The diagnostic information from the microwave radar would
then be correlated with the OTH radar measurements of residual spread-
doppler clutter to see if changes in ionospheric conditions could be related
to changes in residual clutter. Further suggestions on experiments to isolate
residual clutter sources into jonospheric a.nd surface classes are discussed

under clutter mapping below.




Backscatter fromn the Land and Sea

OTH radar returns from the land surfaces are fundamentally different
than those from the sea. In both cases mechanisms have been suggested
whichk might be capable of causing residual spread-doppler clutter. The
AN/FPS-118 and ROTHR on Amchitka Island both observe areas mainly
covered by ocean. WARF on the other hand can observe over both land
and sea. As with ionospheric irregularities, land and sea clutter have been
studied in the past. However, we think that further experiments deserve high
priority beg:aﬁse past work has not focused on the low-level residual clutier

which is of particular interest here.

:The sea surface moves constantly and hénce the basic OTH radar return
iS Spread in doppler. The two principal features are the Bragg lines spread
from zero doppler. By the‘frequén'cy of the Bragg resonant ocean wave — usu-
ally 0.1 to 0.2 Hz. However, there are second and presumably higher order
scattering effects which may contribute to spread-doppler clutter. Theoret-
ical calculations according to the theory of Barrick could provide estimates

for second-order backscatter. However, no high-order theory exits.

An initial appﬁwach to identify residual clutter from the sea would be
to obtain range-azimuth doppler maps of sea clutter under conditions when
known sources of spread-doppler clutter were absent. Comparisons of clutter
maps and their time variations with maps of ocean-atmosphere measuremnents
and their time variations should prove useful. Correlations of residual clutter
with wind speed or wave height would indicate that higher-order ocean scat-

ter is a likely mechanism for residual spread-doppler clutter over the ocean.
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For the most part, land surface features do not move and hence to
first approximation only a zero-doppler echo should appear. However, at the
low signal levels corresponding to rwidual.: clutter uninvestigated mechanisms
may come into play. For example, echos from regions with vegetation cover
can be moved by the wind. Similarly év‘.};os fr:E regioﬂs with road traffic

are known to have spread-doppler echos. ' The observed doppler lines corre-
sponding to Albuquerque freeway traffic ajre a well-knowg ggample. Another
proposed mechanism is switching of electrical citcuits, As with sea clutter,
land clutiér maps and their time mriatib}xs 'can' be coiriéared with maps of
relevant surfai:é"paraineters axid’the»ir timejvari‘ati o’ng:; vtp look for correlations.
Wind velocity,“tra;fﬁc i‘)‘;ftel’-ns, and eleqirical use c,t;ulq s;erve as surface pa-

rameters to assess the mechanisms mentioned above.

Clutter Mapping

In the sections above we have suggested mechanisms Wthh ’need inves-
tigation as possible sources of residual sprei}xd-doppier clutter. In m#ny cases
the spatial, temporal, and observation fi'équenvcy variations of the clutter
were suggested as means of identifying‘ véLioﬁs mechanisms. Here we dis-
cuss clutter mapping, i.e., the use of time delay resolutions, antenna beam
directionality, and observation frequency ché,nges and time to “map” clutter
variations. Another aspect of clutter mapping is tb measure the correlation

properties of clutter echos.

We think that clutter mapping plays An essential role in assessing the
likely effectiveness of an advanced over-the-horizon|radar in two ways. F irst,
clutter maps are necessary to carry out the above recornmendations regard-

ing residual clutter characteristics and phenomenglogy. Second, the collec-
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tion of an appropriately guided and comprehensive database for residual clnt-
ter should better establish the observational facts regarding residual clutter
and thus allow better emipirical and phenomenological understanding of this
important limitation on AOTH radars. For these reasons we think clutter

mapping should be given high priority in AOTH experiment planning.

Clutter maps: By clutter maps we mean a multi-dimensional database
containing range-doppler maps of rcsndual clutter power as observed by an
OTH radar. In addltlon clutter variation, wﬂ.h azimuth, elevation angle,
operating frequency, a.nd time of observa.tlon, should be included where ap-
propriate. The r&ng&doppler map 1s only an example as anmuth time of
day, etc. could be used in place of the range \{ana,ble depending on the type

of investigation under consideration.

Advanced data mauipulation and visualization techniques would be very
useful in considering such a multi-dimensional database. For example, clus-
tering algorithms could identify combinations of variables associated with

high residual clutter levels.

The most general application of a clutter data.base is sxmply the em-
pirical characterization of clutter. vaen such a database, astute analysns
would presumably discover interesting features that would lead to identify-
ing residual clutter mechanisms. As discussed under techniques below, one
of the primary goals of clutter observations would be ﬁo distinguish between
clutter associated with surface scatter and that associated with ionospheric
propagation. Such a distinction is very basic, but vefy useful and not well

understood at present.

Basic clutter mapping techniques are simply to use the observational

75




capabilities of an OTH radar. For exampie Figuyre 2-18 shows clutter power

mapped as a functlon of doppler shift and range along 2 g‘ven azimuth beam
for the ROTHR mstalled in Amchitka Island A]as»ka A number of targets are
shown above the background clutter level. The ngle central peak identifies
thxs observatlon as. ‘over a land surfaqe I thxs cnse tne frenuencv resohition -

1s about 0.1 flz and the range r&solutlon (range bm s:ze) is. about 1.5 km.

s

l:te; w;t,h h_i‘gﬁer ‘resolution

& ant;énnns.{on OTH radars

Specxal tecbnlqum can be used to’ map clu

than: C&n be a.chleved thh exnstmg ra.dars tEx;stm

have ﬁxed ventncal beam pattems whxch are rather =b;rdad. H'ence,v ray peaks

from vxrtua.lly all elevatlon a,ngles a.re accepted. obta.m resoiutxon in

",' ' VWARF’array; can be used

elevatlon angle, some exlst.zng antenn

study ciutter va,rtatmns thh elevatnon a.ngle In ome cases; th:s resolution

should be good enough to separate dnﬂ'e;rent xonos

phenc propagatlon modes

prowde a target sxgnal not

as from a transponder are

prrmanly aﬂ'ected by mnospherxc propagatlon I'Elu
Sxmxlarly, one-way transmission from a bma.ll sourc
used to dxfferentxate between clutter mt.roduced b

and clutter due to the surface scattermg proc&ss

her than surface activity.
ein the target area can ‘be

¥y xonqspherxcf propagat)pn

WARF and ROTHR use twin-whip ,_(TWERP)“‘anténnas in the receive

array. By reversing the phasing on these TWERR
be dxrected to either side of the array length. Th

antenras,’ the array can

us, the WARF system in -

Cen’ual California can leok either east over the southwestern United States to
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observe ground clutter or west over the Pacific Ocean to observe sea clutter.
ROTHR as presently configured on Amchitka Island looks southwest. The
receive antenna array could be reversed to look northwest toward the auroral
zone, but the transmit antenna can only look southwest. When a second new
ROTHR set of electronics is installed at the Virginia site, thought should be
given to providing a north-looking capabiﬁty as well as the current south-

looking capability.

Here we have only briefly skeﬁche_d techniques for clutter mapping. Ref-
erence 2-4 discusses a number of techniques in detail with recommendations
for specific radars.

e

+2.5.2.2 Jonospheric Propagation Characteristics and

Phenomenology

Radio amateurs and shortwave listeners are farniliar with the fluctuation
of amplitude and phase impressed npon HF radio signals propagated via the
ionosphere. These fluctuations in amplitude and phase, and their variations
over time, space, bandwidth, and operating frequency limit the performance
of OTH radars and can contribute to ggéidual' sp;éadidoppler clutter. 1t is
important for the assessment, of AOTH ;adar potential to underst.a‘xid these

| limitations and sources of ionospheric clutter. A good understanding of such
problems enables us to estimate their imitations and to try to mitigate them
by proper radar design. In the sections below, we discuss experiments re-
lated to coherence, one-way transmissions fmn;’: small transmitters, and the

excitation of ionospheric instabilities by very high transmitier power levels.




Signal Coherence Experimentlii

The term signal coherence encomﬁass&s several effects related to sig-
nal coherence in time, space, and bandwidth. [Time ‘coherence refers to the
~ length of time an ionospheric propaga.tioin path| remains stable'in amplitude

and phase. The coherent integration time used by the radar must be less than

the coherence time of the ionosphere {o | low the doppler-shifted components
of the echo signal to be placed in the jroper orplet bin. “Th"e'l‘onger the
CIT, the finer the doppler resolution. Spatial coherence refers to the area on
the earth over which one can move a receiver and still have stable amplitude
and phase for an ionospherically propagated signal. This factor is important
becausc it limits the size of the antenna that can| be used.. The antenna must
be smaller in‘ length, width, and height ;han the coherence volume for the
propagation path in use. Signal coherence also limits the signal bandwidth
that can be used and hence the'range resolutiof. If coherence (stable am-
plitude and phas) can be maintained over a given band of fréquencies then
echo signals will be placed in the proper range hin. The wider the coherent
bandwidth, the finer the range resolution.E For example, a 100 kHz coherent
bandwidth allows 1.5 km range resolution while a 1 MHz coherent band-
width allows 150 m range resoliition. As range resolution becomes finer, new

applications for OTH radar éan be oon;sidéred.

It is clearly a high priority for AOTH radar development to have a
good working knowledge of the time, s‘r‘»ace, and bandwidth coherence of
ionospheric paths and how these quantities vary with time, observational
geometry, and other radar pararﬁetérs. SuiFh knowledge is important in two
ways. First, knowledge of signal cohereace determines limits on an OTH

radar’s range, doppler. and azimuth resolution. Second, knowledge of signal
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coherence characteristics may allow discovery and development of techniques
to correct for ionospheric distortion and extend effective coherence in time,

space, and bandwidth.

Basic signal coherence experiments add sample OTH radar signals over
one-way or two-way paths using signal sources in the “target™ area for one-
way measurements or transponders for two-way mea'suremexits. While basic
work is needed. understanding time, space, and bandwidth-coherence over a
Qide range of ionospheric conditions and radar parameters and lbd’aﬁions, we
think that some focused experiments have high priority so that the following
issues can be addressed. - '

» What is the maximum practiéﬁl’i’s!iz'e for an AOTH radar in terms‘of

spatial coherence?

o What is the maximum practical bandwidth in terms of frequency co-

herence?

o What is the maxiraum practical CIT?

Resolution of these issues determines the best practical range, azimuth, and
doppler resolution of an AOTH fadar, and hence the types of applications

for which it can be used. Some examplé experiments are discussed below.

Ionospheric dispersion generally limits the coherent bandwidth that can
be used. Interference is another limitation as discussed below. Experimental
evidence suggests that ionospheric dispersion can be corrected te some extent
and that coherent bandwidths of ~ 1 MHz might often be made available

using corrective schemes. Farent and Bouodillion [Reference 2-25] suggest
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other correction methods for HF radars. We ¢

way experiments to both measure cohe
|

correction techniques. We point out th:

practical the resolution of multiple bou

and the surface and hen e allow estimat
time, to our knowledge, only WARF hé,s the
bandwidth éignals.

One-way Experiments

i
!

|

« One-way experiments involve a small sou
propagation to the OTH radzr receive antenna.
is not used. This technique can eliminate surface
attention on the ionospheric transmission path
spheric clutter and other limitations imppséd by
experiment is to transmit a monochromati;c CW s
and amplitude fluctuations imposed by th%e ionos
signal is usually doppler broadened, providing a

clutter introduced by ionospheric propagation.

Another interesting experiment involves us
antenna resolution in elevation, For example, a

could be used ir end-fire configuration to obtain

elevation. Experiments could be done to investig|

spheric propagation modes, e.g., high-ray and lo

reductions in spread-doppler clu oter.

rent ba

nce sig)

es of aj

ecommend one-way and two-

andwidth and test dispersing

at bandwidths of 1 MHz may make

nals between aircraft targets
rcraft height. At the present
capability to process 1 MHz

ree in a “target” region and
The OTH radar transmitter
 scattering, and hence focus
to explore sources of iono- |
the ionosphere. One basic
ignal and observe the phase

phere. The monochromatic

measure of spread-doppler

jng an antenna with some
long array such as WARF
~ 2° to 3° of resolution in

te the separation of iono-

‘Jj-ray, and thereby possible
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Further experimental recommendations for experiments on specific radar

are given by Reference 2-4, Chapter 6.

Excitation of Ionospheric Instabilities by High Power

In Section 2.3, we examined an vinteresting situation with regard to the
generation of ionospheric irregularities induced by high-power OTH radar
transmissions. Such irreguiarities are likely to induce phase and amplitude
fluctuations on signals propagating through them. If generation of such ir-
regularities is indeed confirmed for projected power levels for AOTH radars,
then experiments, such as the one-way transmission discussed abov_e are rec-
ommended to observe. the effects of these irregularities in terms of signal

distortion and the introduction of spread-doppler clutter.

2.5.2.3 Noise and Interference Characteristics and Phenomenology

Noise, mainly impulsive noise from dista'n}t‘ and local lightning, and inter-
ference, mainly from other HF spectrum ﬁsers, limit OTH radar performance.
Estimates of the limitations imposed by noise and interference are somewhat
uncertain and should be classified in properly assess AOTH performance pro-
Jections. Existing noise surveys at HF [Reference 2-19] are deficient in se,véral
ways, in pértic‘u]ar impulsive noise is averaged over 200 s and an isotropic
antenna is used for data collection. We recommend experiments directed at
collection of noise statistics more relevant to AOTH radar and correcting
the drawbacks of CCIR Report 322 [Reference 2-19]. Noise measurements
using the same techniques as CCIR should also be made for comparison. A

technique demonstration suggested below could include noise measurements.
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Measurements of noise and interference should include high resolution

in both space and time, i.e., variations with antenna azimuth (and elevation)
are important, as are measurements Jimpulsive noise:: Impulsive noise is

important because it creates a “noise ﬂl}or” of spread-doppler cluiter. Noise

and interference siatistics and their viriations with time, direction, radar

parameters, etc. should be measured.
collected on tape by ROTHR, WARF, .

. be used in noise and interference survey

e point out. the many hours of data
d other radars which could probably
. We recommend that these sources
of data be considered befors further ﬁelt!i experiments are made.

|

2.5.2.4 Technique Demenstrations

In addition to the somewhat basic experiments described above, we rec-
ommend technique demonstrations. An example concerning noise mitigation

is suggested below,

Noise Mitigation Demonstrat‘ion

There are two levels to this experime%nt. The first level and the less diffi-

“cult of the two is time domain exclusion of impulkive events. The idea would
" be simf)ly to edit the data to exclude the time interval during which a strong
impulsive noise signal occurs. For example, lightning strokes within = 2,000

km of the receive site would constitute strong impulsive noise which could

well be successfully edited, Auto ignition noise would be another example.

The nature of impulsive noise suggests 1tixat wavelet transform processing

could be usefu],
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The second level is probably more difficult. This experiment would be
to put antenna pattern nulls on impulsive noise sources using adaptive beam
forming. . The technique of adaptive beam forming for mitigation of man-
made interfering signals has been explored by Washburn and Sweeney and
is reviewed in Kolosov-et al. [Reference 2-26]. However, it has not, to our
knowledge, been used to mitigate lightning noise. A simple version of the idea
would be to form a simple adaptive OTH radar antenna by the introductior
of “side-lobe cancelling” elements, either from the array itself or by using
~ additional antenna elements. This simple adaptive array would then be used
to implement adaptive beamforming for suppression of impulsive noise. The
results of this simple pilot experiment could be used to guide more ambitious

experiments with the more capable antenna proposed for the a,dvanczd- OTH
ETB.
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3 HOW CAN WE LEARN THE MOST FROM
THE EXPERIMENTAL TEST BED?

3.1 AOTH as a Multi-Mission Capability

Defense policy and planning in the United States is curreutly undergo-
_ing major restructuring in recognitiou of a dramatically altered international
situation. Because of this, it is more important than ever that military R&D
programs and facilities be designed and operated as true experimental facili-
ties in order that they may cﬂicxently serve the widest possible set of current
and future needs. Given the inherent unpredictatility of the future, this can
only be achieved if these facilities aré ﬂexiﬁle in design and are conceived as
mult,lple -year research efforts that are not rigidly tned to currently perceived
operational requirements. Otherwise, R&D fundmg will be wasted on nar-
row efforts of transient importance, as has sometimes been the case in the
past. Support for OTR radar research should be viewed in accord with these

principles.

In particular, although the current justification for an AOTH program
is cruise missile detection in the context of the Air Defense Initiative, this
motivation should not dictate all aspects of the proposed research facility.
Clearly, long before an AOTH experimental facility could be completed and
exploited ,and follow-on operational OTH units developed as part of an air
defense system against Soviet cruise missiles, the nature of the current threat

may change dramatically for the better, e.g., by virtue of arms control agree-
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ments with the Soviet Union, or the worse, e.g

cruise miscile technology to other countries or

observable technologies. Thus, it is impc rtant to

program broadly.

3.2 Multi-Mission Perspective for
1

|
|

» by virtue of the spread of

the widespread use of low-

view any AOTH research

an AOTH Facility

The. proposed AOTH effort needs to idered as more than a tool

Eecom'
! .
r OTH r;

to answer the specific question of whether

cruise missiles. Rather, the goal of an OTH rese.
answer a fundamental question that has existed 8]

limnits to sub-clutter visibility of GTH radars are s

wdars can detect individual

rch program should be to

ce'th‘e 1970s, hamely what

et by the charactenstlcs of

the jonosphere and other natural phenomena This questxon was ralsed by

the dismal performance of the FPS-g5 OTH rada
in England but subsequently abandoned.,
question remains elusive in spite of much that has

since the 1970s.

Cruise missiles are clearly an important targ

he an

r that was once deployed
swer to this fundamental

been written and learned

et for any OTH research

program. Other tasks of national importance for
are needed include: the
medium-sized aircraft (whether they are cruise

carrying illicit drugs into the United States);

tection of all sizes of ships in various sea states; pos

verification of arms control agreements limiting rail-
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carriers [Reference 2-4]; capability of detecting the mobilization of conven-
tional armed forces; and specialized intelligence missions. Other applications

will surely be suggested in the future.

The optimal siting of the experimental OTH facility needs to keep in

mind ‘the above spectrum of potential missions as well as the fundamental

" technical issues that need to be explored in a multi-year experimental pro-

gram to determine the limits set by nature to OTH radar performance. In
particular, the radar needs to be sited so that it can view targets over land
as well as sea. It needs to Be able to view areas where the United States test
ﬂiés‘ ALCMs and SLCMS, sinée tests that require specially procured targets
inevitably become expensive_ aﬁd conseque‘ntly‘ occur all too infrequently.- For
the same reason, the facility should be positioned. to view areas that have
substantial commercial and military air traffic, ship traffic, and train and
truck traffic. Although WARF’s locaiion makes it impossible to observe the

U.S. cruise missile test ranges at Eglin, AFB and Pt. Magu, this facility can

. view many other types of targets and in doing so has repéatedly proven the

value of being able to take data on targets of oppertunity.

Although it may not be possible to find a site that can view all of the
typds of activity listed above, thoughtful compromises should be chosen in
order to keep the spectrum of potential targets as broad as possible. For
e)éample, it might be bétter to retain just the most active of the twe °S.

cruise missile test areas in the field-of-view since ALCMs and SLCMs have

9]




comparable radar cross sections and }'zther characteristics, rather than picking
a site that -say, excludes coverage. of an mtqrestmg class of targets that move
on land. A i :

Another consxderatlon in s:tmg is the desirability of being at a location
that uses parts of the lonosphere 75 t can be viewed by other means, e.g.,

by high frequency radars such as M’ tone Hill in Massachusetts.

The AOTH radar should be conceived as aa incremental design with
equipment upgraded over » multiuyear period, as lessons are learned from
experimental operations and the most important parameters identified for

upgrading performance. ‘This would serve better in the long run than a
vigid design optimized to today s underatandmg and hardware, because an
* - incremental approacb would produoe data sooncr would be dxeaper initially
and less likely to expenence cost and achedule overruns, and because it would
be more flexible and therefore a.ctually more economic in the long run.

Important capabilities that needgto be explored in a'U.S. experimental

OTH radar program indude:“lqumtiﬁt‘ive improvements that derive from

an ability to form narrow beams in elevation and azimuth, the performance

of unfilled arrays and comparison with the tical expectations, and data

gathered over a much larger range of ionosplieric conditions so that mean-
ingful statistics can be compiled. Also, quantjtative study of meteor effects,
atmospheric heating at high-power operations, aud adaptive nulling of noise
sources in the field of regard of the r;idar are topics that need quanitative

study with an advanced research facility.
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Happily, essentially almost all of the above itemns are in the plans for the
AQOTH as currently conceived. What seems to be missing, however, is the
rezlization that resolving the list of fundamental issues will be a multi-step
process with occassional irips up blind alleys and the need tc regroup and
come up with new approaches. It is simply impossible to ‘specify a master
schedule now and expect that progress will be orderly and programmable.

3.3 The Experimental Planning Process.

An imﬁortant way to clafify thé choice of hardware priorities (size,
power, number of bcAms) for the ETB is to begin with a ;lear statement
of the main scientific experiments that would be done on the ETB facility
. during the first several years, Aithoﬁghv we were told that DARPA has es-
tablished a co)mmittee towst.ud‘y éossfﬁle experiments for the ETB, we are
concerned that, because 6! its size ;uid structure, it may not be well enough
focused to produce a short, prioritiied list within a reasonable time period.
We therefore recommend that DARPA either re-conﬁgure‘this committee or
establish a new, smaller working group to develop a first-cut experimental
blan now. From this strawman cxperﬁ&ﬁental plan will emerge a more real-
istic assessment of the design requiréments for the ETB facility. In Section

2.5 above, we have presented a few of our own ideas for experiments. -

After the first-cut, prioritized experimental plan is in hand, it will be
easier to assess whether a large, expensive ETB is critical to performing the

highest priority experiments for AOTH development.
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3.4 Side-Lobe Power versus Main-Beam Power

A key feature of the ETB facilityks the use of a sparsely filled array to
ac!neve parrow beam patterns. But i m a sparsely filled array only a small
fraction of the power is transmitted in the main bean: almost all the power
goes into side lobes. The reciprocal pnhcxple plies to receive beams; if the
beam were viewing an extended object, then all the power entering

| the receiver arrives from snde 1obes

It follows that thue is & critical degree of sparseness below which an
OTH would be principally viewing side lobes tather than main beams. An-

o ie{nng designers should present calculations that demonstrate that in the most

- relevant, two-way paths, the dominaat signal is the main beam signal. It does
not suffice that'the peak gain exceeds side lobe gain by a factor N — the
number of elements. This is true regudlm of sparseness. If the array is very

sparsely filled, then the main beam is nhmw d contributes negligably to
the total transmitted power. One must oompu the integrated gain product

<G >= Z'; / d9 cosddd Gr(8,9) Gx(6, 6)

and demonstrate that the principal contribution arises from the main beam.
Here § denotes elevation angle, 6 the azimuth angle, and Gr Gp the transmit

and receive gain functions, respectively.
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3.5 Ionospheric Diagnostics in Conjunction with the
ETB

8.5.1 Introduction

In Section 2.2, we discussed possible ca.uscs of residual spxgad-doppla
clutter. Propagation through and scattering from ionospheric inhomogeneties
play an important role as candidate mechanizms for residual clutter. In-
vestigations of ionospheric clutter mechanisms would be greitly aided by
diagnostic measurements of the ionosphere: through. which the OTH- radar
waves propagate. For approximately the last 30 years, VHF /UHF ionospheric
radars have made such measurements. [Reference 3-1]. We strongly recom-
mend using ionospheric diagnostic messurements by up-looking microwave
radars, such as Millstone Hill in Massachusetts, in conjunction with residual
clutter measurements by OTH 1odars, to investigate ionospheric causes of

residual spread-doppler clutter.

3.5.2 Ionospheric Radar Locations

Microwave ionospheric radars are currently located along an approxi-
mately north-south belt from Areceibo in Puerto Rico to Millstone Hill in
Massachusetts to Sondre Stromfjord on the west cost of Greenland. These
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locations are shown in Figure 3-1. There aze also similar ionospheric radars
in Norway (ISCAT) and in Peru at ch&mucu

| ?
3.5.3 Operation and Capabil_itiml of Ionospheric Radars ;

from 46.5 MHz (MO, Japan)
tter at frequencies well

Ionospheric radars operating at fr Jueacs
to 1,290 MHz (Sondre Stromfjord) de, nd on

abeve the jonosp_eric plasma frequency. Two cattering mechanisms are in-
volved, namely incoherent scaitering from individual electrons (Thompson
scatter) and coherent scatter from electron density fluctuations of the order
of the radar’wzwelength. By a variety of measurement techniques, including
the exunii;aiioh of the doppler spectmixn of the backscattered radar waves,

these ionosphere radars can estimate :a,;nnmbz of interesting and relevant

ionosphere plasme. characteristics. These characteristics are summarized be-

low for E and F region measurements: '

e Electron dgnsity

o Electron and jon kmperatdres 2
o lon velocity

® Ion-neutral collision frequency {E-region only)
¢ lon composition (F-region only)

o Strength of electron density fluctuations on size scales comparable to

one-half the radar wavelength




Figure 3-1. Vertical plane coverage of VHF and UHF jonospheric
. ‘t’adudeplwedmnhtosou&ulongabdtofbnemde
from 50° to 80° W. longitude.
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These measurements can be made at io ospheric heights of from 90 to 1,000

. The geographical coverage
of an ionospheric radar is limited both $y its aptenna aud the observational

km depending on the field of view of a given rad

geometry In Figure 3-1 we see the a# age of three ionospheric radars in
the vertical plane. Tbe Arecexbo radar as a large fixed antenna that can be
scanned over a limited range of a.ng}es n f r vert cal, but cannot point toward
the horizon. The Millstone Hxll and ndre ttomt' ord radars have large
| parabolic dish antennas which can bew ?om ;
The coverage of these radars in range mm from|(100s to about 1000 km from

nwly toward the horizon.

the rgdar, depending cu the mnosphenc hexght eing probed.

354 Use of VHF and UHF Ionospheric Radar in Clutter Re-

search ,
|

The basic idea is to map aonosph‘ené ﬁﬁntltla of mtcneat near the OTH
radar s mid-path point using the xonosphenc radars shown in Figure 3-2. The
results of the ionospheri: radar diagnostic measurements would be used in
conjunction with OTH radar résidual clutter nLurements to investigate
clutter mechanisms related to the ionoaphere For example, the ionospheric
instabilities which may be excited by hxgh OTH radar powers (see Section
2.3) could probably be observed using one of the jonosphere radars shown in
Figure 3-2, A basic 1nvestigation would initially move along empirical lines

noting changes in jonospheric characteristics with time and then looking for

correlated changes in clutter measurements, When ionospheric sources of




iy

108° °0°

%

0

‘s.

.30.

Figure 3-2. Coverage of ionospheric VHF and UHF radars (dashed cirdles) compared to mid-path regions
for existing and projected OTH mdars. The range coverage for the ionospheric radars is for

a 300 km jonospheric height.
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|

ars can provide estimates

ecessary in evaluating and

{er.

clutter become better understood, ionospépxeric-r
of ionospheric plasma parameters which will be
applying quantitative models of ionospheric clutt

i
I

3.5.5 Geographic Aspects of Using Ionos pheric and OTH Radar

Together

To use 1onosphenc VHF and UHF radats mdwnjunction with OTH

radars in residual clutter (or other AOTH) expenments it is [necessary that

the mid-path reglon for the OTH rudat be loca.tet

of an nonosphenc radar for the relevant wnqsphem

the locations of the Sondre Stromfjord, Millstone
and their approximate coverage ranges for an iono
Also shown are the approximate mid-path region:
radars, namely the AN/FPS-118 located in IMa.ine,
opment Center radar at Verona, NY , and the RO

d within thg,_pover;age area
heights. Figure 3-2 shows
Hill, and Areceibo radars
sphére height of 300 km.
s for three nearby OTH
the Rome Air and Devel-

'HR site in Virginia.

As the Figure 3-2 shows, the Sondre Strom(jord and Areceibo iono-

spheric rada.rs are not relevant at the present time.
has useful coverage over the RADC OTH radar mid
the AN/ FPS-{l 18 mid-path region as well. The RO
the current configuration (south looking) are maix
coverage. However, if ROTHR were augmented to ]
to look to the east and southeast, Millstone Hill cou

Similarly if the AN/FPS-118 could be augmented t

The Milistone Hill radar

-path region and possibly

THR mid-path points for
ly outside Millstone Hill
pok north or, better still,
Id achieve good coverage.

o look west or southwest




ite mid-path points would be within Millstone Hill coverage. Probably, the
best plan given that the AN/FPS-118 is an operational site and that the
ROTHR Virginia site is experimental, would be to augment the Virginia
ROTHR site with the necessary antenna to extend northeast-to-southeast
into the southeastern sector of the Millstone Hill radar coverage.

Clearly the discussion above constitutes only an idea with useful possi-
bilities. We recommend further investigation and evaluztion of using iono- |
spheric diagnostics from the Millstone Hill radar in conjunction with OTH
radar observations of residual clutter Such a combination is hkely to pbdux
very useful results regarding residual élutter characteri‘s.ticsl and mechanisms,

as well as useful information rega.fding OTH radar performance in general.
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4 REDUCTION OF HF RADAR CROSS
SECTION FOR CRUISE MISSILES

4.1 Cross-Section Reduction

Methods for the reduction of radar cross section have been discussed in
the open literature for many years. Here we summarize some information
from the 1970 edition of the Radar Cross Section Handbook, Vol. 2, edited by
G.T. Ruck, a widely available reference [Reference 4-1]. Section 8.3.3 of that
book treats the control of radar cross section of bodies by impedance loading.
To quote, “In essence this technique consists of loading the body surface with
distributed or lumped impedances. As a design problem, the question arises
as to what values of impedance should be used, and where should the loading
be placed in order to achieve the desired cross-section control.” No general
solution to this problem is given in the book, but 2 number of pa.rticula.r?

simple bodies are treated, and the g=neral principles are apparent.

Clearly the Soviei Union or a