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PREFACE: Update as of August 1992

Ip the summer of 1990, JASON conducted a study on Advanced Over-
the-Horizon (AOTH) radar. The task of the ssudy was to evaluate DARPA's
t bed (ETB) facility, which
would be a precursor to an eventual cperational AOTH __sg_s_tejn, _The goal of
both the AOTH and the ETB systems wu;iinl; o ' detection of individual
cruise missiles attackiﬁg the continental United|States.

plaus and roles for a proposed experimental

The report that follows, originally drafted in the summer and fall of
1990, contains the results of the JASON su study. The report out-
lines the issues affecting AOTH radar perf: ce, highlights the critical
arcas needing resolution, and suggests generic {ypes 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 expcnme“u would be very desirable for the

successful execution of the suggested readuch program.

The JASON summer study report dp points out that Over-the-Horizon
(OTH) radar is a tool that has a variety ot{;interes 'ing missions besides cruise-
missile détection. Thée include detection of aircraft (both military and
iliicit drug-trade related), improved detéjction

tat-s, applications to arms control monitoring &nd treaty verification, and

ships in a variety of sea-

inteiligence missions. What these missions have in common is the need for a

ground-based system with wide surveilla bilities.

i

l
The results of the 1990 JASON sux{nmet study were circulated broadly
within DARPA in draft form. Howevegr, in viT 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-sponaored study, and the vastly changed international polmcal
context.

The LCAS Study -
In January 1991, DARPA commissioned the Low Cost Alternative Study
~ {(LCAS), tasked to investigate less expensive aiiernatives to the proposed ex-
perimental test bed for OTH. The stated goal remained the development of a
capability to detect mdnvxdual cruise missiles as they attacked the continen-

tal United States. But in view of a more constrained budget situation, the
" LCAS panel was asked to develop lower-cost alternatives to the ETB, and to
rake recommendations for experiments on other facilities which could help
to evaluate the feasibility of the AOTH radar system.

The JASON AOTH summer study, which was discussed with the LCAS
panel had recommended strongly that DARPA develop an experimental plan
for resolvmg the mam issues affecting AOTH performance. The LCAS report
Ref. [P-1] put forwa.rd 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,




gl

side-lobe performance, and jonospheric absorption. 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 before the performance of
an AOTH radar can be confidently predxcted It recommended a dedicated
experimental program lasting three to five years. 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.

SR P A4
The LCAS report rcmforced two important concluswns of the JASON

summer stuuy - L n e e
c e O TP S

It recommended that DARPA provnde endunng gmdance a.nd leader—
ship” for the OTH radar program. In addition, it sud that therg. “should
be an independent and ‘objective review ‘group to advxse 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, ﬂe‘et"é'efense, battlefield defense and targeting, con-

tinental air:defense, drug ’interdiction;' '?aﬁd:CuéiJhg other systerhs with limited

surveillance capability.”
The Changed Political Context

The disintegration of the Soviet Union and the Eastern 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 1cruise missiles now seems far more

remote. Yet this was the main mission for AOTH developmeut. What are

the implications for over-the-horizon radar technrlogy-if"that original mission

now looks much less imminent?

Onebonséquénce is clearly a budget:ary one: i} is.even less likely than
it was two years ago that hundreds of mxlllons of dollars will be available
for a dedicated expenmental test bed fdr over-the-horizon radar. Thus if-

any experiments are to be done at all, rthey ill have to be of the type
rewménged by the LCAS panel, using .,existin orslightly modified OTH
. faéilities as much as possible. The LCAS panel féit that experiments of this
| type could be of great assistance in determining|the potentials and risks of
an advanced OTH system. S :‘

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 dwindled, are there stiil strong

motivations for pursuing advanced OTH cipabili ies?

It seems to us that there are applications of OTH that remain com-
pelling. They would be particularly compélling 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 aircri,lft in e‘theater military applica-
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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

miissiles.

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 advmced

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 ambitibus 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 l"&daf systems today. The fact that cruise missiles are already visible

| ﬁnder some circumstanccs 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 (AOTH)
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 phenomeha 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 OT'H 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 phenorhena are ionospheric, about

which a oomiderable amount is already known, an:ongoing AOTH research
program will requxre better coupling to lhc extensive research communities
that already exist in the fields of ionospheric and magnetospheric physics,

wave propagahon through random media, and ipnospheric modification:

The proposed experime'nm test bed (E'I'B) fmhty needs to be viewed
as one step in an active, ongomg 'AOTH research program The architecture
and design of the ETB will be best a.rnved at.
is addressing the specific phenomena aﬁetttlng 0 H sensitivity. both exper-

in a ‘context, m which one

imentally and theoret.nca.lly A strong start in this direction can be made
. by studymg wha.t can be learned using existing
the wide aperture mda.r facﬂxty (WARF), de :
" doing further expenments with existing facnhtm,

fications. Although the DARPA program Hlan for AOTH shows that existing

, Cobra Mist, etc., and by

erhaps with modest modi-

facilities are bemg used for t}us purpose atll present, the plan presented dur-
" ing the course of this study [summer 1990]' indicates that these experiments
are scheduled to be discontinued i in the near future, We are convinced that
discontinuing these experiments with existing facilities would be a mistake,
and we thus recbxnrfxenci that they be continued : d strengthened. For ex-
ample, a series of experiments specifically focused n:understanding the role
| of meteor trails in creating spread-doppler clutter ¢ouid contribute much un-
derstanding by exploiting existing eqmpmex#t at various locations arcund the
world. ;
]
The design and siting of a new ETB facility should take into account

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

ata.from facilities such as |




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 realistic variety of
environmental conditions (whether the aircraft are cmisémissile carriers or
are carrying illicit drugs into the United States); the possibiiity of improved
detection of ships of all sizes in various sea states; possible applications to the
verification of arms cohtrol agreements; and specialized intelligence missions. -
Other important applications will surely atise in the future. The design of
the ETB must be flezible enoixgh to accommodate meaningful experiments

associated with a varie{y of pt;i.en'tial Inissions.

The optimal siting of the ETB facility needs to keep in mind a‘ spectrum
of potential missions and users, as well as the fundaménfal tech'nical'.issu@
that need to be explored in a multn-year program to determme the lumts of
OTH radar performance. In particular, the ETB needs to be slted 8 that it
can view targets over land as well as sea. It needs to be ab)c t.o view at least
one area where the United States does test ﬂlghts of ALCMs and SLCMs.
The fa-ility should bepositioned"‘i& view areas that have suBstantial com-
mercial and military air traffic, ship traffic, and train and truck traffic. The
possibility of cooperative experiments '.using existing ionosiwheric dia.ghqstic
facilities such as incoherent-scatter 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 could

potentially be driven by the high power of the AOTH system itself. We also
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examine atmospheric noise characteristics, and present some preliminary rec-
ommendations for experiments to evaluate the importance and scaling of the

various propagation effecis,

)
i

Considering the long-range issues that are jmportant to AOTH develop-

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

ongoing scientific oversight, preferably by an nterdlscxphnary group. The
oversight group or advisory committee should resent not only the radar
community, but also lonoephenc and m;gneto phenc physxc:sts, specmhsts
in wave propaga.ion in random media, and ini nosphenc modlﬁcatlon The
AOTH program should aiso include repr,esenta‘ ives of poﬁenh;l mission ap-
he AOTH program should

rch for the country.

plications other than cruise-missile dcte;tioti.
‘be focused on the long-range needs of OTH
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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 MH;, 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 ionosphere.incxgues due to photoionization during
the day, the higher HF radar frequencies can be used during daylight hours.
At higm, when the ionospheric electron density is low, one is constrained to
frequencies below 1015 MHz.

Because of its long range (hundreds to thousamis 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 eystems: 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 sysiem, 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
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early warning of cruise missile attack. In the p t report we will focus on
developments since 1987, and on current plans [for an experimental test bed
(ETB) facility. '

OTH ridars use dopplcr shift mealsu,mmnts. to differentiate between

returns from moving targets and those from the ground or sea. Hence any
phenomeﬁa,that introduce doppler shifts into the signal contribute what is
called .“'spread-d'opplevr dutter;" this can mask moving targsts with small
cross sections. One of the main goals of an advanced OTH radar system

would be to minimize such unwanted dollppler T

There are three principal approaches to minimizi

ter: I)ITiae‘r'adar sho_uld have natrow beams in }
and cross-beam \('azi;m'xthal) directions to reduce signals arriving on unwanted

: prébagatioh paths. ‘Exist_ing OTH r_a,da.rs;‘have ide vertical beams so that
simultaneous reception on several rays is: possible. Narrow beams also help

reduce the size of 'tﬂhe resolution cell, so ihe signal from the target is larger

relative to thg backsca.;ter from thegprfoundit.g sea or ground. 2) Side-
lobe levels should be kept very low, to reduce spurious signals such as those
from auroral regions, where scattering [tbm mpvihg ionization irregularities
introduces doppler shifts. 3) Judicious use of irange resolution (via high
bandwidth), together with good a'zimuthlal‘ and lelevation resolution, would

eliminate scattering from meteor trails and other ionospheric irregularities

near the desired OTH propagation path. .

The proposed ETB facility would demonsttate whether incorporating

the above principles into an OTH radar system will yield appreciable reduc-
tion in the spread-doppler clutter, and hence an limproved ability to detect

small targets such as cruise mussiles. \

12




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 detection of cruise tmssnles at all times of day and all envxronmental
conditions is not- possible, ' '

Because OTH radar requires ionospheric propagation and reflection, it
is sensitive to the state of the ionosphere, which cha.nges with time of day,
season, solar activity, ‘sutoral ‘activity, and other natura.l mﬂuences Cruise-
tmssxle detectlon with OTH radar becomes pamcularly dlﬂicult at mght when
one is toxced to use low operating ftequencnes the ra.da.r cross sectlon falls off
sharply once the radar wavelength (30 to 50 meters at mght} is Ia.rger than
the geometric size of the cruise missile. This is the reglon where the Raylengh
approximation applies, and the radar cross sectxon varies as the minus fourth

power of the radar wavelcngth. Figure 1-1 illustrates this ‘,eﬁect.

In what follows, 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 low-observable technology is implemented on cruise missiles,
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an AOTH system operating as part of an overall air defense network would
be less than 100% efiective, 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 suite of complementary sensors including ground-based

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

We would like to thank the people v'vvvho provided us with briefings on
the current DARPA AOTH program, and on issues affecting the status of
plens for the experimental test bed: W. Sievers and G. Guttrich (MITRE);
R Cormier, A. Gould, P. Franch:. 3. Moms, md E. Tichovolsky (RADC);
and L. Swecncy(Mirage) "We very much apprecnate the effort and care which
these briefers put into their presentations to us.”
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2 A RESEARCHPROGRAM IN ADVANCED

OVER-THE-HORIZON RADAR

2.1 Background and Perspectfve

The most critical questions in the successful application of OTH to
cruise-missile detection appear to involve ionospheric phenomena of nnturﬂ
origin, rather than issues pﬁmnily of systems design and antenna engineer-
ing. This fact implies that improv'ing OTH capabilities against cruise missiles
will require m'ougoing 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 AOTﬂ research program
will alsv require much better coupling to the extensive research communi-
tics 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 eflort to date — the latter having involved mainly the radar commu-
nity. Cor{vcrsely. 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
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steps to actively reach out to these resea}dxets, d tc engage their expertise

in addressing ionospheric problems.

The experimental test bed needs t% be viewed &s one of many steps in
an active, ongoing AOTH research progf’am. The architecture and design of
the ETB will be best achieved in a conte:ét in which one is addressing specific
~ phenomena aﬂ'ecting OTH seasitivity, "bofh ex 'méixtally and 't‘h:eoretii:ally.
" A strong start in this direction can be made by using exiéting facilities,
perhaps with modest modifications. Although the DARPA program ﬁla.n for
AOTH shows that existing facilit_ies are being used for this purpose at present,
the plan also shows {hat thée experiments are s eduled to be discontinued

in the near future.

We are convinced that discontinuing these experiments with existing
lfa.cilities would be a mistake, and recomwnend that they be continued and
strengthened. As we will discuss further| below) little direct experimental
| effort has been put so far into understm«ﬁng the critical issue of subclutter
visibility. We will outline a variety of experiments that can help clarify its

origin and amelioration. The results of these experiments can be used directly

to design future new facilities.

In the remainder of this section, we dis?:uss several of the most important
natural phenomena affecting OTH performance, with the goal of providing

the framework for the needed experimentai and modeling efforts.




2.2 Propagation Effects and Causes of Spread-Doppler
Clutter

2.2.1 Introduction

N K

A vmetj o,f dxﬂ'erent causes for spread- dopplcr clutter hiave been sug-

gested, thh varymg degrees of experimental substantiation. Figure 2-1,
illustrates ma.ny_ 9{ th_eae suggested clutter sources.

Some, sich & meteor trails and round-the-world ray paths, occur for
most OTH radar oricatations. Others, such as field- a.hgned nonosphenc ir-
regularties associated with the aurora, occur preferenhally 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 OT}i radars. brdiharily 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 cruise missile target returns from

ground- or sea-clutter signals. Meteor trail reflections, on the other hand,
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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 dwsity of meteor
lomzatnon trails can be based on the result of research carried out some
thirty years ago In parhcula.r, Reference 2-1 sunum.nzes the’ pbysncs of
radar reflections from meteor wmzatlona trails. Expenments have venﬁed
the theory for. iomzat:on trails produced by, pa.mclé sizes extensimg» from
about 10 g to 10'7 g (vxsua.l magmtudes from '5 6 to + 15) Ra.dar cross

sections vary from great.er than 10* m? to 1 m’.

Meteor trails have been detected in many eiistihé OTH ‘experiﬁlents.
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 columns 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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density created per unit length of trail is depe
particle and the cosine of the zenith angle of its path.

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

particle mass, visual magnitude, particle size,

The radar cross section of underdense metdor trails is given by
o = n.0,, (2-1)

where o, = 0.66 x 10-%® m?® is the Thonson ¢ross section of an eiectron

ntly [Reference 2-4]. For

and n, is the numbeerf electrons scattering coh

underdense trails which are relevart in this discussion

(2-2)

2R) is the Fresnel length
trons scatter in phase. For

cy f = 10 MHz) scattering

where ny is the electron line density and F=
corresponding to the length within whicli he el
an OTH radar wiih wavelength A = 30 m(frequ

from a meteor at a range R = 2,000 km,\g e find F ~ 10* m.

From Table 2-1 we observe that jonization from a 10™® g meteor creates
" an electron line density of 10°/m, resulting, thereby, from (2-1) and (272) in
a radar cross section for specular reflection of o =|0.66 x 107? m? at a range

of 2,000 km and with f = 10 MHz. "
. |

With a cross section of about -22 db,% éuch a meteor, or 2 more massive

one, might be confused with a target if well se a -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 esﬂinau

4

, of their mass, brigliness, size,
number, and the electron ine density in their trails
| Number of Toct
| this mass | | OO Nomber
Mass Visual . of greater .| ‘tetectrons !
(grams) Magnitude Racius 'mp meter :,,.u
oarth of toait
Particles pass : o
through the at- . . 104 . ~125 Scm ] - -
mosphere and fall . :
to the ground .
Particles totally 0 ~100 4cm 102 - -
disintegrated in .. 102 ~ 15 2cm 0 - -
the upper atmos- 10 ~ 590 08 om 0 0" -
phere . 1 ~25  |"DAam WP 10V -
-0 00 0.2 cm 0 10%. -
0-2 25 0.08 cm 0 10 -
Apzreximate 0-3 $9 0.04 cm 108 104 -
limit of radar 10-4 15 0.02 em 0e 0on 10-3
measurements = | . 10-6 100 0.008 cm (/L 1012 10-2
10-¢ 125 40 microns o 10" 101
? w-7 150 20 microns w2 0e 1
10-¢ 75 8 microns <ion 100 <10
Micro-meteorites 10-9 200 | 4midrons Total for | Practically -
(Particles fioat 10-% - 28 2 migrons this group none
down unchanged 10-1 250 0.8 micron satimated
by atmosphwric w0-» 215 - 0.4 mjcron a8 high as
collisions) i 1020
Particles removed 10-1 % 02 icron -~ -
from the solar o
sysiem by radie- :
tion pressure :
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cell of the AOTH. Assume a horizon
type AOTH and un effective elevation aperture of ¢ 10sin 8. The elevation
, is determined by tan8, = h/(D/2),
titude of the reflecting ionospheric F

aperture of a = 10 km for the proto-

angle 9;, as illustrated in Figure 2-
where k ~ 300 km is the effective
layer and D:is'thie ground range to target. We then obtain Table 2-2 for the
horizontal and elevation angular widths and for the area of the illuminated
cell, D?68y605, fora range of operating parameters. |

The effective m for ground clutter, return is much smaller because of
the sbort pulse length of lus that th AOTH can achneve, correapondmg to
a range spread of 1/2 (300 m)
km? to 4 km? for the rmge of A and
that meteors with masses X 0" gt

m, Or an area rangmg lrom ~. 3[4 "
D considered above Tablc 2. Qhows»
hat. oontnbute radar cross aéctions of

2 .22 dB at distances of 2, 000 km; an
rate of about 10 km"a" As to ret.ur

resolution cell, Figure 2-5 shows that

d \nve lengths ~ 30 m, arrive at the
ns from ‘neteors wnthln the same tntﬂe"

elcvatnon a.nguiat spread 663, would -

have to exceed |
60p = _hpsec®; ~‘“2h 57 D=2,000km . -
o= a0 - D] 28, D=7000km

for a meteor altitude hy x 100 km. 'fI_‘his is & significantly larger angular

spread than iz expected for operation |at the diffraction limit except at the
longest ranges and largest wavelengthq that would be appropriate for night-

time operation.

There are two additional mitigatfng factors. First, the cross sections
calculated from Equations (2-1) and (2-2) are for specular reflection and
therefore apply oniy 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 hordzontal aperature (56w), elevation aperature (56w.), _
and iluminaied cell area for an AOTH with aperature a = 10 km

A i &8y = 1208 S6u = 128 8,/ : Aren of liuminated Cel
D = 2000 km D « 4000 km D=2000kw D = 4000 km
0m 15 Mz 2.94° «25x10°rd | 05 w88x10°red  1° = 18210 red 90 720 vt

0m 1CMHz 021" « 37TV | U « 1.2x10¢red 18 e 28x10°md 200 br? 1mw

5Cm EMHz 0.34° «Ex10°md 1.1° « Lx10¢rad 22° « 3510 red 40km' . 300 k'
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arise from the wind velocities in the upﬁer atmpsphere, which will generally
be cross range relative to meteor tracks ) This will reduce the number of
meteors seen by roughly 10-2 cortesponqlmg to|a radar beam width of < 1°
relative to the roughly 50° opening angl of the cone within which meteors

enter the atmosphere. E
I
{

The second important factor that . ca.n be
tracks of such small meteors is the faci that they are very short lived, diffusing
"m a secoend or less (see Reference 2-2). It should therefore be poesible to

to discriminate agamst

remove them by requiring multiple radar returns over an approximate 10 s
period in order to define a track..

We conclude that main lobe viewing of relatively frequent tracks formed
tions X -22 dB should not

ains a serious question of

by small meteors of mass R 107® g with ¢ross se
present a problem to AOTH. However there

whaf radar returns will be seen in the .sxdc lobes. To answer this question
directions and thus from an area restnct. neither by the beam width nor
by the condmon of spccular reflection. T) herefore the effective viewing area
will be larger within a time resolution cell by as much. as

- (E—'z—:;ﬁ) - 10"'.~f10‘t.o_ 0°. (2-3)

Assuming 40 db suppression of side lobe radiation, we must consider
meteors of mass 2 10~¢ g that createve,léctron ine densities 3 10" elec-
trons/m and by Equaticn (2-2) radar cross sectipns 10* times larger than
10-® g meteors. These 105 g meteors oc.q r only at a rate reduced by 102,

but side lobe returns come from a much larger 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 requirement of multiple radar hits for track
definition, and by taking advantage of the short 1 s lifetimes of these tracks.

2.2.8 Round-the-World Propagation and Spread-Doppier Clutter

Propagation of HF signals around the world and back to the transmit-
ting site has l}e_e;_: lmownﬁ'om the early days of HF radio communications
[Reference 2-5]. However, little quantitative work bas appeared in the kit- ‘
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) propagatiot is observed to hav- a sxgnal atteuua-
tion of the order of 10 dB per trip atound the world. Smoe the ﬁ'ont-to-ba.ck
ratio for the large antennas used in OTH. radars is usua.lly less tha.n 10 dB
we can then expect to have transmitted signals : amvmg ‘at the recewer w:th
significant. intensity and-an approximate tirhe delny of (140 N ms) N bemg
the number of RTW circuits. Thus, there is a possibility that RTW sngnals
from an OTH radar could interfere with normal operatlon in the sense of
producing unwanted clutter. This possibility has been recognized for some
time, but little quantitative research has been done on the topic. We think
that RTW signals may well be va‘. 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
“echo™ arriving with a very long time delay, say 140 ms. If the radar has a
sufficiently low pulse repetition frequency (PRF), e.g., less tha.n 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
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PRF of 7 Hz. So we are likely to have a RTW| radar echo aliased to some
range which depends on the exact PRF i‘b use.

|

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

and zero doppler shift. However, RTW si%na.ls ave been shown by Fenwick
and Villard [Refereace 2-7] to be dispeméd in time. They are also known to
be spread in doppler shift. The dupersli()n is i portant Be(;ause it spreads
the echo power over a number of u’nge‘i ins. Fo wample. a dispersion of
" 1 ms corresponds'to a spread in radar range of hbout 150 km. Dispersions
of the order of 1 ms were noted at 10 tci 20 m‘iz "by.' F@d;vick and Villard
[szerence -7). RTW measurements at the SRI Ente'mation_ii wide aperture
radar fwhty (WARF) have mdxcated doppler spreads"c;f 4to 5 Hz at levels

only 20 dB below the peak slgnal The phenom

a are f_cémplex since OTH

* radar signals are usua.lly chirp waveforms a.nd the : ténna. pattern comes into
play as well. Nevertheless, the evndence argues trongly that RTW signals

can contnbut.e to spread doppler clutter in t.he inner doppler (< 5 Hz) region.

Given that RTW signals do contribuie to s read-dopplcr clutter, how

- serious a limitation does this pose for advanced QTH radars? RTW propa-
gation does not occur 100% of the time. The efficiency of RTW propagation
changes with geographic location of the rada.r, operating frequency, azimuth
of observation, time of day, season of year, aunsp . 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 iikely t«f 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 i.he var,

are unknown at this time.

Characteristics such as local time uld 3easq
do correlation studies relating RTW pro agatnoz

doppler clutter. Such studies should h ip in

propagation in the phenomenology of sptead-

If indeed spread-doppler clutter is, in part)
I"

then there are ways of mitigating its effect.
front-to-back ratio on the receive and transmit af
Further, we could limit side-lobe radiation in th

for RTW propagation.

We have made a zero-order case for the cg
gation to spread-doppler clutter. This argumer
existing knowledge so that the eflects of RTW pr
stood, in relation to spread-doppler cluﬁﬂn.

2.2.4 Phase Perturbations

jation with sunspot number,

nal variations can be used to

to the occurrence of spread-

tablishing the role of RTW

per clutter.

dve to RTW propagation,

or example, increasing the

itenna elements should help.

p optimal azimuth direction

ntribution of RTW propa-
| needs to be refined using

ppagation are better under-

The success of AOTH depends on rejecting cl

tter in the doppler window

of interest. Returns from the earth’s surface (land or sea) are usually regarded

as contributing to zero-doppler and therefore rejectable. However, the raiio

between the clutter at zero-doppler and the clutter in the target doppler

window is very large, so a very shight leak ii\to nonzero doppler could swamnp

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 iime to simulate a target and
moving in just such a way as to give a 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 a.nd noice-to-clutter ratios as a function of range-gated return time
and coherent integration time. For example, the “orthogoné.l scatteriqg” and
" meteor irail models predict doppler-range relations that are independent of
the zero-doppler clutter level at that range, because the'pa!.h of the EM wave
either does not hit the ground, or, if it does, the ground acts as a sp'e.cu;la..'r
reflector rather than a backscatterer. On the other hand, the “sp_eéulér .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” mode! is that
the signal reflecting specularly off a moving jonosphere should be coherent
with the retu.rn coming direc.lly 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 (ovef 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 Frwchi and Tichovolsky (Reference

2-10) to put forward a different mech&.nism for an important part of the
nonzero doppler signal. They point out‘,tha.t a|moving ionosphere along the
transmission path (not backscatter) ca.IL make| the doppler shift enough to
be observed. The effect can occur ei;hex% on the transmission path or on the

return path; presumably it would in fa.c@ 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 eﬂ' along the portions of the paths
that pass t.hrough the jonosphere. The calculation should be detailed enough
" to yield bot.h_the expected energy as a functio of doppler shift, and vhat
enefgv}’s dependence on coherent integration ti
Franchi and Tickovolsk y preselef‘a brelimin calculation i m thelr papet
that shows the effect is of the appropnate mag 'tude But. t.helr calculation

" was meant only as the beginning step. For conv nience in calcula.t.nons, they
modeled the ionospheric irregularities as havmg " Gaussian spectrum. How-
ever, it is kiown that ionospheric irregula" ities have power-law spectra, with
possibly different power Ia;ws in different scale regimes. The integrals in the
latter case are barder to do, but must be done to get a quantitative the-
ory. Furthcnnbfe, the authors used a crude Separation between coherent.
and .incolierent to get estimates. Instead one nééds to define and calculate
'coherencé functions of time, so that the riesults { any ihtegration time can
be predcicted. Finally, the relationship of results with diﬂ'erent a;ntenna' sizes,

both of the transmitter and of the receiver, nedds extensive investigation.

In particular, although the case of interest involv

and ground, an investigation of the model could
out with direct measurements along a one;way pi

ground at a distance at which ground clutter is
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Such experiments are being carried out in relationship 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

Coe of the unexpected phenomena of high-power jonospheric modifica-
tion research was the appearance of artificial Spread-F [Refeténce 2-12 and
2-13]. This has come to be understood in terms of a self-focusing instability
iReferences 2-14 through 2-16] which create's.idnospheré striations deleteri-
ous to OTH signal processing. At the simplest level, the instability couples
refraction of waves into regions of lqw-phasé'irelqcity (regions of high index of
refraction), the heatihg c;ﬁsed bj the c‘ofrapondi_ng intensity fluctuations,
the decrease of plasm& den;it.y ina hét spot, a.na the cénsequent«inp:@sg of

index of refraction n which is related to the plasma density n. through

(2-4)
The question naturally‘arisé: Is the power flux of an OTH radar sufficient to
trigger self-focusing instabilities? Anl unequivocal 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 amplitﬁdé scintillations developing 2 minutes
after the OTH was turned on. Phase fluctuations between receivers spaced
by several hundred meters increased ;n amplitude and became more rapid.
Further measurements determined that the scale size of ionospheric 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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A

Diagnestic
Transmitter

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.

Figure 2.7. Geometry of the Novozhilov and Savel'yey ekp‘efrxmem. performed near 1500 h,
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1 ' 2 At min

Figure 2-8. Results for Novozhilov and Savel'vev expenrnent a) Amplitude scntillation
commences = 2 min after OTH tum-on, b) Phase fluctuations between two
recervers spaced by several hundred meters commence = 2 mun after OTH tum-

on. ¢)and d) Amplitude and phase fluctuations decay = 1 mun after OTH tum-
off Source Reference 2-16

39




HF electric field in the ionosphere was EJ % (0.3)E, where E,, is the plasma

field defined by Gurevich [Reference 2-18] as
B A ] 3Temt | % 2_'1‘_5 ) -
E = < 5P, | 6 A (2-95)

Here 6 denotes the average energy lost by|an electron in an electron-
jon collision. We shall argue below that self-foc using instabilities are most
igh, which is obtained when

v, and electron-ion coliisions

virulent when the electron oollmon frequéncy is
plasma density is high, electron temperathre
dominate electron-neutral collisions. For an O* lasma, one has 6 = 7- 10°%
and the power flux through the ionospheric plas

,.401)’— E; ~ 107 Jm?,’ L (2-6)
where we have n.ssumed T. = ], 000°K and a frequency v =~ 30 MHz for
daytime OTH opera.txon '

2.3.1 OTH Ray Trajectories and IoTosph i

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 proﬁlé i}z

v .

Wy = w:.mc:[l - (_2‘1;)2], (2- 7)

where wpma; denotes the maximum plasme frequency and z, =~ 100 km.,

From the simplified-but-adequate dispersion relation

i!
W' o= W4+ (k) (2-8)
= w: + w?cos?8 + c*k
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we can compute horizontal and vertical group vejocities

2 2\ 11/2
Va=c cosf ",:c[sin’ﬂ—%"—(l—%)] . (2-9)

Here 9 denotes the initial elevation angle of the ray. From the ray equation
in the ionosphere
=V;.dz= ' wcos 0dz

i w,.m[$;1+%]’ﬁ’
we can compute the relation between r;nge R, ioﬁocpberic height 2, and

dR

(2 - 10)

initial lavuch angle 8, For a ray that is still ascending, we can integrate
(2-10) to obtain

H +z,c030wl 1+$}%

n -
08 e |z [z - 14 g

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

Rt = (2-11)

K

flux.

At a fixed range, Equation (2-11) relates the ray height ip the ionosphere
to launch elevation angle 6. It is straightfcrward to generalize Equation (2-
11) for descending rays that have reflected from the height where

z w? sin%0 .
(;:)2=l-~— ;m“ . - . (2—i2)

The range formula for descending rays is

. . a
H 2, cos fw ! {1+ -:—:?i:')[;'; + (i; -1+ w::mm_O)llzl
" 1-— " sinﬁ [ *
P ez

R-

= tan 6 Wp,maz
(2-13)

When we set 2/z, = 1, we can determine the total horizonta! distance AR,

travelled by the ray in the ionosphere

zucosawln {(1 + '3%‘:‘;)2]

Iy

“p2 max

AR = (2-14)

W'p mar

4]




wsind ,

(—)

Wymesr

~ 82,

tanf

For moet long-range OTH operations, wh*
(2-15) is valid. The range R at which the ray s

R(6) = l'iu\n..

Using the Chalfacteristic values H = 200 km, z,

. contribution of AR:.. to (2-16) is small when ({
‘ !

a good approximation
_ 2H
tadfx —.

R

wsiné
<< 1.

(2-15)

Wypmaz

ch utilize low rays, the form

trikes the earth is

- (2 -16)

= 100 km, we find that the
wein 8wy maz) € 1. Thus to

@2-17)

Let us note that because the denominator

(2-14) diverges as sin 6 — w, mer/w, there are tw

vjf the logarithm in Equation

'8 values corresponding to a

given range, the low ray which has (w sin 10/'4.0,,.,,.,,)' < 1 and a high ray with

8i0 0 X Wy mes [w, independent of range. Since

very small interval in elevation angle 9, the power

negligible. Thus, we need to consider only

power density; Equations (2-15) and (2-1 ) are

The power density in the ionosphere at a
formula

1 3P

dot  do-
o R‘m(awe)[l"d?'l |]

where (3 P/8¢00) is the transmitter beam;; patte

elevation angle 8 and

high rays correspond to a
launched onto high rays is

jow rays in estimates of ionospheric

good approximations.

r*nge R;.. follows from the

(2-18)

1]

0=H/Ryon

l*». in azimuthal angle ¢ and

de+ _ (e _
= ('E_Q!_T)': (2-19)
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with an evident generalization for the contribution from descending rays.

Following our approximation for low rays, we find

dor  dé~  2sin@cos in 8 1
I dz i+1 d: Iz"“”m (:‘m ) 1 _ 1. e38in’e (2-20)
, \ Wrimez E! ~14 _;;:u_]llz
2 fwsind) 1
~% (:sm ) - T (2-21)
on .\ “pmex :I[;z-l""g—u{:?'“—]

Within the context of ray optla, the power flux dwetges at the reﬁectson
height. Since we shall show that aclf-focusmg instabilities are extended nlong
magnetic field lines for distances.~ § km, it is meaningful to compute the

average power flux in the ioncsphere. We define this as

- te o _
f’ Fo >'-x—< Zo = 2} . -/ll dz Fo(z)’ ( 22)

where 2, = z,(1 -~ -“sz’—if—:'-)'/ 2 is-the reflection 'hei'gbt.‘: Agaih usihg 'ldw—r«uy

approximations, we find that - o o |

#P -4 Pr_
R. 8900 i B0

where PrG is the effective radiated power (ERP) and AQ estimates the solid

< F, >=

| 1;3 (PrG)  (2-29)

angle of the transmitter beam. We can combine Equa.txou's (2-18), (2-21),
and (2-23) to obtain an expression for the altitude-dependent power density,

1 1 _ PG 1 Con
Ra=g < b o = we, e @7

where

Az = zw'sin®0/ 2l (2 -25)

in a low-ray approximation. Suppose a nominal OTH antenra radiates into
an azithumal sector A¢ = 10° and has an A8 = 45° beam width in elevation

angle. We then find

Opw P _ 10°m

=) (aw) (R - (2-26)

< F,>={3
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From this we deduce that the Soviet tran
MW 1o agree with (2-6). The gain of our% nominal

mitter power was P ~ 10

OTH transmitter is G =

4z /AQ = 100. Hence the ERP of the So‘\net OTH installation is estimated
to be 90 dBw. MITRE'’s proposed ETB transmitling antenna has an ERP of

95 dBw giving it a power flux of 3 - lO"vW/m2
theoretical development below places the. threshol
about 10™* W/m* during daytime conditions. (It

at night.)

t

We conclude thi;- section by noting L
stabilities have been observed by Sowet mearcher
estlmated from their paper agree w:th those prodn
OTH radar wnth an ERP of 90 dBw. An ETB is
. of .95 dBw and a full-capability AOTH system
beam. Thus, experimentally, we should e
could arise in ETB and AOTH systems.

2.3.2 Self-Focusing Instability’ A;aal)}sis

i

A detailed theoretical analysis of the pelf-foc
published by Perkins and Goldrnan .[Réfetéince 2-1

essential physics from this paper. It suffices to ¢

a range of 1,500 km. Our
d flux for self-focusing at

will be significantly higher

Lt OTH-induced self-focusing in-

a.nd that the power fluxes
ood by a nominal 10 MW

proposed to have an ERP

= 97 dBw per transmit

t that self-focusing striations

using instability has been

6]). We shall abstract the

jonsider a strong electro-

magnetic wave propagating in a underdense, unif

geometry of self-focusing striations is ﬁéld—aiigned $

ities with a wave vector ¢ which lies in the direction
the wave vector of the strong electromagnetic wav

netic field. The density irregularities grow exponen
' |
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rm plasma w > w,. The
eets of density irregular-
k, x 5, where L:; denotes
¢ and B the earth’s mag-

tially both spatially along




the direction of £, 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

on = ﬁ( f)ng+a(t+:tmﬁ)+7!’

where

n = zcosf + zsin f
€ = zsinf - zcos
and B denotes the angle of the geomagnetxc field with reapect to vettlcal

We make the assumpt;on, readzly )ustxﬁed a postenon, that 9 > a y a: when

acting on én.

~ The equations governing self-focusing instabilities are

F =- F,(f)—lé /_ N “‘“[qz(;k,z)] o(e-e1 dz’ (2-27)
w?A 2¢

= - _L_
i s &r
yA = 2D—— 5 D—— (2-28)
. ag . w:ye . _ . .
K'&;T-Fn“zzp-o. | : (2—29‘)

Here we use the definition 7 = T/T,A = fi/n, an;i

q2

2k, a’

€=

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

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

~ 27) gives the intensity fluctuations at z resulting from phase perturbations

45

K =316Tnfmy,, - D =T/Mw,. - {(2-30)




Flsun 2-9. Coordinate system for self-focusing lnstabmty calculations. The intense 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 peutrals along the geometric field, the diffusion

being driven by electron temperature fluctuations.

Strmghtforward a.lgcbra enables us to combine Equations (2-27) through
(2-29) into the eigenvalue equation '

2D A .
A—-a—-a€—2=A9£)A, (2-31)

where from Equatlons (2-18) through (2-21)

2"‘-)rcs <F,>

= Mroroi(G16)TaC? (c"‘ 71 (2-32)

_{_3 1‘: £<£'a '
(ea) [ferana (2-33)

0 §>6
.z, w?}sin®f Az 1000 km, :
= __O_ N 2 el 4
L=3 wgm“cosﬂ cos3 20 km (=5 Rion ) (2=34)

and the electron density is to be evaluated at a point where w? = w2sin®6.

Let us rescale the z-variable according to

=& = U ‘ (2-35)
_ (D _ . T 12 107 'sec s 1Hz 0y
Up = (210 = Bk ()0 (e (2
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Note that £, is appreciably longer than U,, so Elquation (2-31) can be ade-
quately approximated by

FAa AL

Sa-A= -l;‘-,-ﬁ (2-36)
where 0 < u < oo, and :
= A(co/up ", ) (2-37)

is an eigexiva.lue of order unity. The boundary conditions for (2-36) are

1 8A
Z -ag = 1, | u --.0 o (2'38)
1 9A T
—_——= - i . 2-39
A Ou L ‘u—'Jo ot (2:39)
Th‘,“.' the critical flux for self-focusing instabilities|is
. /a1 Af o o F ' Y2 5 3, '
<F,>=F.= ‘(3‘16") M vny T od {g/_.,) (‘ “), (2 - 40)
: r wivied  \&, 2¢

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

- F= (0.3 ”W) (n....,)’ "10%em-2}? km 100km ) /?
¢ “m\ n Nmar / -1 2o

()" () ()"

where we have used w,sind = w,. For repres

), -

tative OTH operations, we has

siné =~ 0.2 (2-42)

' n/n,,..,' ~ 0}5

Assuming all other factors are unity, we obtain
F.ow 1.5;10"&; (2-43)

m

1

in good accord with observations. Further Mte that the critical flux is min-
: !
imumn for ¢ = 1, corresponding t0 Ay, = 27/ =|1.2 km(a™'/25 km)!/?,

Again, there is agreement with Novozhilov and Savel’yev.
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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 sélf-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- densny low-Te daytime conditions. Noting that, for
OTH operations, f? x nier 1L follows from (2-40) that F,  f =3, In other
words, the instability beeomes apprecnably less important at night. It is also
stabilized by high electron t)emperaturcs, often, but not always, a feature
of daytime ionospheres. High temperatures reduce the electron-ion colhslon1
frequency, which dmumshes resistive heating, and i increase electron thermal
conductivity, both stabxhzmg effects. Lastly, we note that growth times are
ncar 10 s, comparable to the planned OTH coherent integration times. We
can certainly tolerate one e-folding of fluctuations, so rapld beam sw1tch1ng
will defeat self-% 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. ETB 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 6 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 instabilitie3 when target cross sections

are low at nighttime. o

|

i
o

! v

.2.4 Radio Noise at HF

2.4.1 Atmospheric Noise Characteristics |

Radio noise resulting from lightning sdi’scﬂ sges is the dbmitﬁ.nt atmo-
spheric noise within the HF band where OTH admoperate Generally
the level of atmospheric noise increases as ihe ope atihg fretiuency decreases,
~ and has strong diurnal variation. Increased level ' of thunderstorm activity -
in the late afternoon, coupled with absor; \tion decreases in the ionuspheric
D-region, result in significant increases i the 6 erved noise level during
these times. The OTH radar-detection ,‘p'ob‘lem is aggravated by the fact

that operating frequencies are generally lower at niight than during the day-
time, which results in a decrease in the radar cross section of small targets

and a consequent degradation in system ﬁérforih nce. Understanding the
characteristics of external noise is an important as ect of the residual clutter

and noise issue for AOTH radars. ‘ \ '

Extensive investigations have becn coniducted over the past 30 years Lo

characterize this noise. However, the analysis has focused on communication
. )

system apglications. In general, atmospherié noise is impuisive with the high

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




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

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

The CCIR 322 atmospheric noise collection procedures were developed
through international cooperation. Re,cording 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 was the ARN-2, which uses a 200-Hz'-anal'ysis ‘band-
width, The recording process involved the use of a calibrated: short vertical
whip antenna ﬁith stepped gttehuatprs controlled by the averaged RMS valite
of the noiée. A four-minute integration time was used to calculate the RMS
value of the noise. If the RMS value changed by more than-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 \}alue, and antenna calibration parameters were then used:to calculate
the external noise level. The difference between the RMS voltage and the
average voltage V,, and thé difference between the RMS and the average of
the logarithm of the voltage Ly were also recorded. These data were then
analyzed by frequency, season, and four-hour time periods. The median RMS
noise value F,, and median value of voltage deviation Vy,, are presented in
CCIR 322, together with the corresponding upper and lower decile values |

and the standard deviations of the measurements. The use of four-minute
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|
|

integration period for estimating the RMS value|of the noise implies a mini-

as presented in CCIR 322. Ncte the conodntratx

mum period to achieve statioaarity. Figure 2-1(:Fhows noise characteristics
reglon and in South East Asia. }

24.2 Lightning-Produced HF Nois¢

\"

Homer [Reference 2-20) made a comprehensi . dtndy of. close-by atmo-

sphencs at different frequencles In parhcula.r he showed that, in dxsagree- :

ment with current theory, HF waveforms could n be a.coountcd for stnctly
by return sttokes and stepped’ leader processes He. suggested that thc n-
cloud processes occurrmg durmg the mterh.ls be ween retum strokes were

the cause of most HF radxahon B

Usmg reoewer bandwxdths of over 100 Hz, QOetzel and Pxeme [szerenoe
2- 21] found that HF atmosphencs were complrised o several hnndred to over a
thousand impulses. The bandwidth of typical HF communications receivers
is too narrow to rcsol\}e this iropulse troid Thus|at the output-of such a
receiver, an HF atmosphenc usually takm he form of a nearly continuous
burst of noise, On the other hand, AOTH ba.ndw dths are proposed to be
much larger, as high as 1| MHz.. ‘-._5-? o

Horner pointed out that the structure of HF atmospheric noise would

~ become more variable when received on a direction | antenna. Horner also

made an attempt to infer specific informat:o Bt:-om individual HF atmospher-
ics propagated via skywave. Receiving he same atmospheric at different HF

frequencies, he was able to use predictions of propagation conditions to esti-

of noise in the Caribbean
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Source: Reference 2-19.
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Figure 2-10c. Data on noise variability and character (Summer; 2000-2400 h.)
' Source: Reference 2-19.

0,,. = Standard devigiion of values of K, .
D, = Ratio of upper decile to median value, F_ .
O, = Standard devistion of valuse of D, .
D, = Ratio of median value, F, 1 lower decile.
©, = Standard devietion of vaive of D .

V, = Expected vaive of median doviation of average voitage.
The velues shown are for a bandwidth of 200 ¢/s.
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mate the range of the flash to an accuraq; of 100 km.

With the appropriate meteorolog:ca! conditjons, thunderstorms can de-
velop giant 'proportions These thundmtbrms

produoe at Jeast one of the follomng a tomad, funnel cloud, waterspout,

classified as severe if they

, Jones reported that VLF
exhibit identifiable char-

for severe thunderstorm

served within the actual tornado vortex. |
~ atmospherics radiated from severe thunde
acteristics, thus suggesting a potential m¢chams

warnings.

2 4. 3 Expemnental Observations of Noise| Characteristics Versus

Antennn Du'ecthty P

'To iest the eﬁ’ect of a.ntennﬁ flirectivit: on the characteristics of received
HF noise, data were recorded using the 0.5° WARF antenna and an omui-
directional vemca.l monopolc situated about 100 m away [Reference 2-22].
HF noise was simultaneously recexved on two matched receivers of 1.4 kHz
bandwidth. The data were recorded on a summer| afternoon when no local
storm activity was present. The WARF antenna was pointed in the general

direction of known midwestern thunderstorm activ ty.

Each receiver output was saxhpled at a 500-Hz rate. The RMS value,
E,m,, computed over five samples (corresponding to 1 ms) was used to es-

timate the noise envelope. These 1-ms samples




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

The dutnbut)ons in anure 2-11a have been normalized by the RMS
average of their envelopes iz u_:oord&nce with the conventions used by the
authors mentipned above. However;:for the purpose of comparing the dis-
tributions obtained from.different.antennas, it is convenient to equalize the
common Rayleigh noise “background.” This was accomplished in Figire p
11b by renormalizing the distributions by their respective mode’ values.

From Figure 2:11b, it is evident that the hngh-emphtude component
of the observed atmospheric noise is more pronounced for the directional
antenna. Review of the data in the time domain is necessary to determine
if this component is produced by individual atmospherics. Figure 2-12 plots
one-second intervals of 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

1The mode represents the value for which the amplitude-probability density function
attains its maximum.
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Figure 2-11. Curnulative amplitude-probability distributions of noife received on antennas
of different directivity. Source: Reference 2-22.
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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 no storms were present, the

weight of evidence suggests that these strong atmospherics originated from

remote flashes (presumably at a one-hop distance) and were 1eceived via

2.4.4 Verification of the Source of Atm+pherics Observed with
the Directional Antenna |

skywave propagation.

" The dbgerﬁtions dwcrib_ea in the previous gection imply that many of
the'strong and well-defined atmospherics; received on the WARF anteana
originate at a remote distance and then ﬁl’ropa,g_ to the antenna via sky-
wave. Direct verification of this hypothesis was made by field measurements
[R:eferénce 2-22]. An experiment was desig;:ed to zecord and compare signals
received on the 0.5° antenna with measuléements { a one-hop distance from

northern California.

A remote ﬁeld site was atablishedikl an 4rea of New Mexico likely
to produce thunderstorny activity. When a storm approached this site, HF
noise data were simuitaneously recorded thd}tre. and in California with the 0.5°
antenna pointed in the storm’s direction. Wid&swmp backscatter sounaings

were taken at WARYF to determine the best banfl of frequencies available

for propagation to the remote side and thereby [infer, by reciprocity. the
best frequency band available from the remote site to WARF. The 1.4 kHz
receivers of both sites were then wuned to an interférence-free channel within

this frequency band. This selection process was |principally accomplished




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-bop paths.

ELF records were a.iso recorded at the field site. These records were
intended foi use ih identifying flashes close to the site. The characteristics of
ELF radiation from lightning change rapidly with propagation distance. At
close uhges the electrostatic field is ;trong, but this field decreases in pro-
portion to the cube of distance. The weaker radiation field, which decresses
linearly with distance, will prédomiﬂa.te at :lon'ge;r ranges. The reception of
ELF rﬁiatid indicative of a strong electrostatic componen;. 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 1dentxfy specnﬁc events \‘_vithin a
lightning flash. Figures 2-13a and 2-13¢ show ELF measurements recorded
in New Mexico while Figures2-13b and 2-13d shiow the HF noise at WARF
in California. * B ' C

"y

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
(coberent integration times) in excess of about 1 10 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 yields 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 noise
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 wasi.a,bout 5 dB below
the predictions fon;rrural noise. - '

RETTa
Y

2.4.6 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 freqbently 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_fsteered‘ to the southwest)
was observed with the array orientation the west (249° T to 300° T). Figure
2-16 shows the azimuthal depeﬁdex;ce of noise measured on a WARF sub-
array. The whip noise, shown in F‘igure 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 shfm vertical whip,

" To summatize, the received external noisé annﬁlif.dae is genera.lly Rayleigh
distributed for ‘each CIT. The CIT-to-CIT vari
typically about 3 to 10 dB, whxle the RMS noise power versus, time is log-
norma.lly distributed with a medxan valu(L that generally chmggs«httle over

several minutes. This is to Be expected since the integration time utilized

for the CCIR 322 chara.ct.enstlcs was fourl mmu

tion in RMS nonse level is

1

2.5.1 OTH Radar Facilities Available for.

There are only a few dedicated experiimentalOTH radars in the conti-
nental United States: SRI lntematibnal’s‘iiWARF in oentra,f'Call;fomia, the
Navy ROTHR site in Virginia, and a sn\ia:l OTH radar operated by Rome
Air Development Center (RADC) near Verona, NY . At present, the Virginia

ROTHR site is not functioning because the tra‘nsmi‘tting, receiving, and pro-
cessing electronics are in use at the ROTHR site an Amchitka Island. How-
ever, the antennas and analysis facilities are operé, le and a replacement set
of electronics is anticipated in the future. There are two operational or nearly
operational OTH radar sites: the AN/F PS-118 in Maine and the ROTHR
on Amchitka Island. While it is often dxﬁicult t! conduct expenments at

operational sites, the possibility should be explored 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 28 WARF, ROTHR in Virginia and/or Alaska, and the
AN/FPS-116, as well as using a future advanced OTH ETB. In some cases
experiments éai be run using existing data tapes. WARF, ROTHR, and
other OTH radirs often record data in & manner which makes alternative
ﬁfooeasing posslb]e,xe, data are recorded at a relatively early, unprocessed
stage. In the following ciié.éussiqﬁ,‘we.‘wili group the aﬁmts accord-
ing to the issues addressed with relative priorities indicated. We bave not
stressed the issue of which facility is most ;ppmpriate for a given experi-
ment. However, we do mention unique capabilities of various radars when
they are pertinent to the experiment being discussed. Section 6.of Reference
2-4 makes suggestions for experiments to be carried out at spe&ﬁc OTH

radars.

2.5.2.1 Residual Clutter Chamcteﬁsﬁcs and Phenomenology

Importance of Reqiduai Clutter

Déppler ptoceésing allows targets ‘v'vf;?,h.doppler shifts greater than 1 or
2 Hz to be detected even though surface backscatter 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 10° (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 cha.ractetitllim and phenomenology associated
with this spread-doppler clutter are centqal to the effectiveness of advanced
OTH radar because this clutter limits the small target detecting capability of
AOTH. Below we discuss experiments to } vestigate and characterize residual

spread-doppler clutter. In particular, we laddress two suspected mechanisms,
meteor trail echos and round-the-world propagation paths.

- Meteor Trail Echos - \

The mechanism by which meteor trﬁ:l echo
clutter is discussed in Section 2.2.2 above. We

can cause spread:doppler .

hink that investigation of
this mechanism deserves top priority in AOTH e eriment planning. There
is signiﬁéant évidence 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 I'dehtiﬁc#tion of meteor
trail echos requires a high resolution OTH radar since well known sources of
spread-doppler clutter need to be avoided ‘il order to observe the underlying

residual clutter. The experiment da‘ign‘, Iso needs to exploit the known
characteristics of meteor trail echos (sce Séctioh 2.2 above and Reference
2-24). For example, meteor trail ionization 6c€ﬁ primarily atvheig‘hts 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. Sporadic metgor rates during February
are less than one-half those of July. There are meleor showers with greatly
enhanced rates, e.g., the Perseid showers in Augyst. A beginning for an

experiment design could be to make OTH ra.%lar 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 a.notﬁer candidate mechanism for residual spread-
doppler clutier. 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‘lf;:AOTH
experiment planning. - -

Experiment; ’tomin\"'estigate 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 would be to cbtain the results quoted by Mc-
Crumb [Referencé 2-23]. A third approach (not requiring an OTH radar)
would be to use a rhombic antenna with an HF transmitier and receiver of
* appropriate type. The rhombic antenna is rehtively high gain and cau 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 Ionoipheric w
|

there. Also the polar magnetic field is.more likely|to be aligned perpendicular
to the radar ray path and hence produce the conditions for magnetic-field-
aligned irregularities which cause atroné.l ' tter. - Further, ionospheric
irregularities move at velocities of tens of m/s aud herice have significant
doppler shifts, i.e., 1 to 10 Hz. Likewise; étrong-r' nospheré 'irregula'rities oc-
cur near the equator. Fortunately, most OTH radar applications are at mid-
latitudes, where irregularities occur less frequently and with less strength.
Although backscatter from ionospheric irregularities has received consider-
able attention’in the past, we 'thiﬁk.‘i't'st/.ﬂl%' deserves a hfgh priority in exper-
iment planaing-for AOTH. o

AOTH experiments should focus on m&idual dlutter investigation related
' |

to mid-latitude irregularities in the main aﬁltenna m'well as clutter signals
from auroral or equatorial irregularities thd;t' enter through range ambiguities
and/or antenna side lobes. An interesting%app;o i8 suéggsted in Section
3.5 where a microwave radar is used to probe the jonosphere 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 nditions could be related
to changes in residual clutter. Further suggestions|on experiments to isolate
residual clutter sources into ionospheric and surface classes are discussed

under clutter mapping below.




Backscatter from 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
which 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 bccause past work has not focused on the low-level residual clutter

which is of particular interest here.

;The sea surface moves consta.nt;ly and hence the basic OTH radar return
i§ spread in doppler. T_he two principal features are the Bragg lines spread
from zero dbppler‘ by the.quuénéy 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 chutter. Theoret-
ical calculations according to the theory of Barrick could provide estimates

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

An initi‘_a.l app'roach 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 measurements
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 mest 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 residuali clutter uninvestigated mechanisms

may come into play. For example, echos from regions thh vegetation cover
can be moved by the wind. Similarly ﬂ hos from regxons with road traffic
are known to have spread-doppler echos. The observed doppler lines corre-
sponding to Albuquerque freeway traffic are aw . ‘

proposed mechanism is switching of electrical ci cmta. _As thh sea clutter,

-known exa.mple Another

land cluttér maps and tbenr time vana.hoLs can by Lompa.red with maps of
relevant surfacé pa.rameters and their tlme vanat: ns to look for oorrelatlons
Wind velocity, traffic pattems and electncal use could serve as surface pa-

rameters to assess the mechamsms mentnoped aboye.
Cluiter Mapping

1

In the sections above we have suggested mechanisms which need inves-

tigation as possible sources of residual spre@d-dop ier clutter. In many cases
the spatial, temporal, and observation fifuenp variations of the clutter
were suggested as means of identifying ‘; iqﬁs anisms. Here we dis-
cuss clutter mapping, i.e., the use of time delay resolutions, antenna beam
directionality, and observation frequency changes and tirﬁe to “map” clutter

variations. Another a.spect of clutter mappmg is to measure the correlation

properties of clutter echos.
We think that clutter mapping plays in essential role in assessing the

likely effectiveness of an advanced over-the-horizon|radar in two ways. First,

clutter maps are necessary to carry out the above recommendations regard-

ing residual clutter characteristics and phenomendlogy. 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 empirical 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 tynalti'-d_imensional database
containing rahgeddp;;lét maps of midaa.l clutter power as observed by an
OTH radar. In additfan clutter variation, with azixpuf;h,, eievaj;ion angle,
operating fi'equency; and" time of '.abservation, should be included where ap-
propriate. The range-doppler map 1s only an example as a.zlmuth time of
day, etc. could be used in place of the range vanable dependmg on the type

of investigation under consideration.

Advanced data maunipulation 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 database is slmply the em-
pirical characterization of clutter. vaen such a database, astute a.nalysls
would presumably discover intemtmg features that would lead to identify-
ing residual clutter mechanisms. As dié;ussed under techniques below, one
of the primary goals of clutter observations would be io distinguish between .
clutter associated with surface scatter and that associated with ionospheric
propagation. Such a distinction is very basic, but vei'y useful and not well

understood at present.

Basic clutter mapping techniques are simply to use the observational
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capabilities of an OTH radar. For example, Figyre 2-18 shows clutter power

mapped as a functlon of doppler shift anJ range long a g'ven azimuth beam

shown a.bove the background clutter ]evel; The_}‘ ;glgf oentra] peak identifies

thxs observat\on as over e land surface ‘ is cAbe the frequencv resolutlon '

xs about 0.1 flz and ‘the range t&olutlon (range b\n sxze)-.ns a.bout 1.5 km. -

[}

Specnal tecbmques can &ae used to’ map c!u tqr‘w;t!r ’n_igﬁﬁtf-résolution

e .

than: can be ;u:hxeveé Jmth exwtmg ra.dara. LExxstm g aﬂiénn'ns'-for QTH‘ radars

have ﬁxed ver,&:cal beam pattems whlch are, rath:r broa,d‘ Hence, ray peaks

from Vtrtua.lly all elevatnon ang]es a.re a.ccepted__ To’6 tam-" tesolutlon in’

elevahon angle,, some exlstmg Mtenna.s such as tv_' WARF arra.y can_ be used

orxie cases; t.h:s resolutlon '

pheﬂe pgqpagnﬁ.lqn modes.

should be. good enough 16 separatg dlﬂ't;reht xonos

.k,':w-' v

Tra.nsponders ca.n bé usefu] in that th y can

e oo, ‘,

provxde 2 target sxgnal Bot

mﬂuenced by. the aurface condi’uonsa Thu:; retur
pnmanly aﬂ'ect.ed by 1onosphenc propaga.ﬁon 8]
Sum]arly, one-way transmission from a sma.l! sourc
used to differentiate between clutter mtroduced b

and cluttcr due to the surface scattermg\_process

s from‘a transponder are

her tha.n sutface activity.
e i’ the- target area can ‘be

y mnospherlc propagatxpn

WARF and ROTHR use twin- whlp (TWERP) antennas in the ‘receive

array. By reversing the phasing on these TWERH
be directed to either side of the ‘array Tengih. Th

antennas the array can

us, the WA_RF system in

central California can look 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 shquld be
given to providing a north-looking ubabiﬁty as well as the current south-

looking capability.

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

‘ e, . J ;.‘ N . |
+2.5.2.2 Ionospheric Propagation "Characte_risi;ics and

Phenomenology

Radio amateurs and shortwave_li:si.encrs are familiar 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 cperating frequency limit the performance
of OTH radars and can contribute to _ggéi‘dual‘ .sp_rl.éad‘-doppler clutter. It is
important for the assessment of AOTH i'évdar .potential to understaﬁd 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 froni small transmitters, and the

excitation of ionospheric instabilities by very high transmitier power levels.
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Signal Coherence Experimentd}:

The term signal coherence encompi»ass& %vefd effects related to sig-
nal coherence in time, space, and. band\i/idth. Time coherence refers to the

remains stable in amplitude

_ length of time an ionospheric 'propagatio:n path
' ‘!

used by the radar must be less than

the coherence time of the ionosphere to | low th

and phase. The coherent integration tim

dopp)er-shifted components
“of the echo signal to be placed in the proper doppler bin. ‘The longer the
CIT, the finer the doppler resolution. Sp;ntia'f coherence refers to the area on
the earth over which one can move a receiver ang still have stable amplitude
and phase for an ionospherically propagated signal. This factor is important
because it ﬁqﬁts the size of the antenna that can| be used.. The antenna must
be smal]ér in‘ length, width, and height !f.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 resolutiop. If coherenée (stable am-

plitude and phass) can be maintained over a given band of frequencies then

echo signals will be placed in the proper ?ange B
bandwidth, the finer the range resolut.ion.‘E For ex
bandwidth allows 1.5 km range resolution whil
width allows 150 m range resolt;tion.. As‘r:_u;ge r.

applications for OTH radar can be considered.

It is clearly a high priority for AOTH rad

in. The wider the coherent
ample, a 100 kHz coherent
a 1 MHz coherent band-

olution becomes finer, new

ar development to have a

good working knowledge of the time, space, a

) bahdwidth coherence of

ionospheric paths and how these quantities vary with time, observational

geometry, and other radar parameters. Su}ch knowledge is important in two

ways. First, knowledge of sigual cohereace detérmines limits on an OTH

radar’s range, doppler, and azimuth resolution. S scond, 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 m_ea’suremexits. While basic
work is needed understanding time, space, and bandwidth-coherence over a
v;ide range of jonospheric conditions and radar parameters and locations, we
think that some focused.experiments have high priority so that the following
issues can be addressed. '

Y

o What is the maximum practical’ size for an AOTH radar i in terms of

spatial coberénce?

v

e What is the maximum practical bandwidth in terms of frequency co-
herence?

e What is the maxiraum practical CIT?

i
4

Resolution of these issues determines the best practlcal range, azxmuth and
doppler resolution of an AOTH ra.da.r and hence the types of applications

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

Ionospheric dispersion generaﬂy 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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. 1
other correction methods for HF radars. We recommend one-way and two-

way experiments to both measure coherent bandwidth and test dispersing

correction techniques. We point out tlh t bandwidths of 1 MHz may make
practical the resolution of multiple boih ce sighals between aircraft targets
and the surface and hen-e allow estim;t of aircraft height. At the present
time, to our knowledge, only WARF ha}s the apability to process 1 MHz
bandwadth sngnals '

One-way Experiments

in a “target” region and

he OTH ra;daf transmitter

One-way experiments involve a small sou
p;opaga.tion to the OTH radzr receive anténna.
is not used. This technique can eliminate surface scattering, and hence focus
attention on the ionospheric transmission path|to explore sources of iono-
spheric clutter and other limitations imppse.d‘b the ionosphere. One basic
experiment is to transmit a monochromatic CW signal and observe the phase
and amplitude fluctuations imposed by tlJe ionosphere. The monochromatic

~ signal is usually dobp]er broadened, provi_ding a| measure of spread-doppler

clutter introduced by ionospheric propagation.

Another interesting experiment involves us hg: an antenna with some
antenna resolution in elevation. For example, a |long array such as WARF
could be used in end-fire configuration to obtain|~ 2° to 3° of resolution in
elevation. Experiments could be done to investigate the separﬁt.ion of iono-
spheric propagation modes, e.g., high-ray and low-ray, and thereby possible

reductions in spread-doppler clu.ter.




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 aﬁ interesting situation with regard to the
generation of ionospheric irregularities induced by high-power OTH radar
transmissions. Such irregularities 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 above 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 éhuacteristics and Phenomenology

Noise, mainly impulsive noise from dist.a'nt' and local lightning, a’.nd inter-
ference, mainly from other HF spectrum ﬁsers, limit OTH ;ada.r performance.
Estimates of the limitations imposed by noise and intérference are somewhat
uncertain and should be classified tn properly assess AOTH performance pro-
jections. Existing noise surveys at HF [Reference 2-19] are deficient in several
ways, in p#rticular 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 raaar 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 interférenoe hould include high resolution

in both space and time, i.e., va.riationg with anlenna azimuth (and elevation)

are important, as are measurements L impulsive noise: Impulsive noise is

important because it creates a “noise floor” of |spread-doppler clutter. Noise

and interference statistics and their variations with time, direction, radar

parameters, etc. should be measured. '

out. the niany hours of data

collected on tape by ROTHR, WARF, &4d othet radars which could probably

.. be used in noise and mterference mrvcy, We recommend that these sources

of data be considered before further field experiments are made

|
3

2.5.2.4 Technique Demonstrations

In addition to the somewhat basic eipetimlnts described above, we rec-

ommend technique demonstrations. An example

is suggested below.

i

Noise Mitigation Demonstrat'iolll

There are two levels to this experiment. The

“cult of the two is time dumain exclusion of impul

concerning noise mitigation

first level and the less diffi-

sive events. The idea would

* be simply to edit the data to exclude the time interval during which a strong

impulsive noise signal occurs. For example, light

ing strokes within = 2,000

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

well be successfully edited. Auto ignition, noise

ould be another example.

The nature of impulsive noise suggests lt}\at wavelet transform processing

could be useful.




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 introduction
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_dvancedv OTH
ETB.

85




REFEREL!CES
2-1. Eshicuaan, V. R., P. B. Gallagheé, and A. M. Peterson, “Continuous
Radar Echoes from Meteor Trails.] Proc. 1. R. E. 43, p. 489 (1955).

2-2. Thomias, R. M., P. S. Whitman, aad W. G| Elford, J. Atmospheric and
Terrestrial Phys. 50, 703 (1988). l

2-3. Eshleman, V. R., “M-e:teor‘Sca'tte’x",'J Scientific Report No. 4, Stanford
Electronics Laboratories, Stanford, 'CA, Abgust 1958:

2-4. Cornwall, M., 5. Drell, W. Happer, R. Leleyier, G.'MaLcDonald, A. Pe-

terson, S. Ride, J. Sullivan, and J. Vesecky, “OTH for Verification (U),"
JASON Report No_.. JSR-90-850, (The MITRE Corporation, McLean,
VA, 1990). ‘

2-5. Gurevich, A. V., and E. E. Tsedilina, “Long Distance Propagation of
HF Radio Waves,” Spinger-Verlag, Berlin-(1985).

2-6. Fenwick, R. B., “Round-the-World Hl gh Frequency Propagation,” SEL
“Tech. Rpt. 71, Radioscience Lab., itanford University, Stanford, CA
(1963).. _Fénwick, R. B., “Sweep-Frequency, Spaced-Station Measure-
‘ments of Round-The-World HF Propagati%n,” SEL Tech. Rpt. 122,
Radioscience Lab., Stanford Univ., Sta.xiford , CA (1966).

1

2-7. Fenwick, R. B., and O. G. Villard, Jr., “Measurements of the frequency

dependence of round-the-world HF pulse tinje delays and dispersions,”

Proc. 1EEE, 51, 1240 (1963).

-

2-8. Barker, J. 1., and M. D. Grossi, “Results of the OV-4 Dual Satellite Ex-
periment on Guided Jonospheric Propagation,” Radso Sci. 5983 (1970).

86




2-9. Elkins, T. J., “Clutter Model for OTH Radar,” MITRE Report MTR
10299, August 1987.

210. Franchi, P. R., and E. J. Tichovolsky, “Phase Screen Modulation as a
Source of Clutter Related Noise in Oirer;'-the-Horimn Mam,” Rome
Air Development Center Report RADC-TR-89-296, November 1989.

2.11. Argo, P., J. Fitzgerald, and R. Carlos, “NICARZ-I HF Propagation
Experiment: Results and Interpretation,” Radio Science 27, 295 (1992).

2-12. Utlaut, W. F., et al.,-“Some ionosonde observations of ionspﬁqic modi-
~ fication by very high power high-frequency, ground-based.transmission”
J. Geopﬁys,l_‘R‘Lcs;,z,&, 6429 (1970) T T

2-13. Thome; . D.,'ald F: W. Perkins, “Produttién of ionospheric striations
by self-focusing of intense radiowaves,” Phys. Rev. Left. 32, 1238
(1974). ~ '

2-14. Perkins, F. W.; and E. J. Valeo, “Thermal éélf-fé;éussing of electromag-
netic waves in plalsn_u,” Phys. Rev.. Lett 32, 1234 (1974).

2-15. Duncan, L. M:, and R. A. Benke, “Observations of self-focuésing elec-
tromagnetic waves in the ionosphere,” Phg}s. Rev. Lett. 41,998 (1978).

2-16. Perkins, F. W:,‘a_p:d M. V. Goldman “Self-focusing of radiowaves in an
underdense ionosphere,” J. Geophys. Res. 86, 600 (1981).

2-17. Novozhilov, V. L, and S. M. Savel'yev, “Irregular structure of the iono-
sphere in a field of a strong obliquely incident radio wave,” Geomag-

netism and Aeronomy 18, 145 (1978).

.2-18. Gurevich, A. V., Nonlinear Phenomcn,a in the Jonosphere, p. 5. Springer-
Verlag, New York, (1978). |

87




2-19.

2-21.

- Stanford Research Institute, Menlo EPa.r’lut, L(

" HF Atmospherics from Normal and Severe 1]
- sertation, Stanford University ('Ma.’y}!wﬁ)'. '

2-93.

ternational, Menlo Park, California (April .

224,

2-25.

2-26.

. Horner, F., “Radio Noise from Thu :dersté

. Zavoli, W. B.,“Observed Characteristics of

i

CCIR Report 322, “World Dist.ribLuion
|

spheric Radio Noise,” International Teleco

(1964). |

search, J. A. Saxton, ed., Vol. 2, pp. 121-20
1964). |

Oetzel, G. N., and E. T. Pierce, “The R
Lightring,” Scientific Note 10, Contract N(

d Characteristics of Atmo-

anication Union, Geneva

A Advances in Radio Re-

4 (Academic Press, London,

adic Emmissions from Close
DNR:4099(99), NR 082-206,
Dalifornia (1968).

Iono;ﬁhéi'iéaliy Propagated

"hunaer!storﬁis,'” Ph.D. Dis-
McCrur-r'lb,‘JA. B., “Rxsiduai Clutiér and Nf%iséEﬁects on_QTH Radar
\0-0014-86-C-0406, SRI In-
989).

Performance,” SRI Project 2161, Contract }

Davies, K., Ionospheric Radio Pro National Bureau of Stan-

pigation,
S. Go

T
'
{
'

dards Monograph 80, Chapter 8,
Washington, D.C. (1965).

vernment Printing Office,

Parent, J., and A. Bouodillion, “A: method to correct HF .skywave
backscattered signals for ionospheric fréque cy modulation,” I.E.E.E.
Trans. Antenna and Propagation, AP-36, 127-135 (1987).

Kolosov, A. A., et al., Over-’Th'e-Horizoﬁ' dar (translated from the
1984 Russian Edition by W. F. Bartor), Artec House, Boston (1987).




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 currently undergo-
_ing major restructuring in recognition 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 théy» rélay‘éfﬁciehtly serv‘e 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
multiﬁle-yea.r research efforts that are hdt rigidly tied to currently. perceived
operational requirements. Otherwise, R&}D fundi_ngi 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 dramaticaliy for the better, e.g., by virtue of arms control agree-

89




ments with the Soviet Union, or the worse, e.g), by virtue of the spread of

cruise miscile technology to other countries or the widespread use of low-

observable technologies. Thus, it is i-mq rﬁant to view any AQTH research

program broadly. \

}
|

3.2 MultinMission'Perspect,iip'e for an AOTH Facility

The. proposed AOTH effort needs to be cor idered as n‘)ore‘than a £001
to answer the specific question of wbethei‘ OTH radars can detect individual
cruise missiles. Rather, the goal of an OTH re ch proéram should be to
answer a fundamental question that has existed sirice tﬁe 19768, namely what
litnits to sub-clutter visibility of GCTH radars a.ré t by the characteristics of
the ionosphere and other natural phenomena. This qﬁatidﬁ was raised by
the dismal performance of the FPS-95 O H raddr that was once deployed

in England but subsequently abandoned swer to this fundamental

question remains elusive in spite of much i at has been written and learned

since the 1970s.

Cruise missiles are cléarly an important target for any OTH research

hich OTH research data

program. Other tasks of national importance for
are needed include: the limits of OTH iad-a.its for the detection of large and
medium-sized aircraft (whether they are c;uise issile carriers or aircraft
carrying illicit drugs into the United States); the possibility of improved de-

tection of all sizes of ships in various sea states; possible applications to the

verification of arms control agreements limiting railq and road-mobile missile
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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
flies ALCMs and SLCMS, sinﬁe tests that require specially procured targets
inevitably becofne expenslive“ar‘ld cqnseque.ntly‘ occ_:_l_qxj,al'l»xf.oo.infrequgnt‘ly.; For
the same reasoxi, the facili@y shou]d be positiqned_-_ to view areas that have
substantial wnuhercial and milit.a.ry air traffic, ship traffic, and train and |
truck traffic. Although WARF;s,location 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 repeétedly proven the

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

Although it may not be possible to find a site that can view .all of the
types 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 two *S.

cruise missile test areas in the field-of-view since ALCMs and SLCMs have
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comparable radar cross sections and bther characteristics, rather than picking
a site that, say, excludes coverage of an interesting class of targets that move
on land. o - | |

esirability of being at a location
|be viewed by other means, e.g.,
Hill in Massachusetts.

———

1 'Anot.her consideration in siti_ng;is the
that uses parts of the ionosphere ¢] |
by high frequency radars such as

The AOTH radar should be conceived a2 an incremental design with
, 88 lessons are learned from

equipment upgnded over A'multinyén

"+ incremental approach would produoe dau ner would be d:eaper initially

and less likely to experience cost and achedul 'ovmuna. md because it would
‘be more fiexible and therefore actually more eoono:mc in the long run.

ol

|

Important capabilities that need|to be explored in a'U.S. experimenul

OTH radar program include:“iqumtiéaﬁve"i rovements that derive from
an ability to form narrow beams in elevmon and azimuth, the performance
of unfilled arrays and comparison with theoretical expectations, and data
gathered over a much larger.range of {ionoé hieric conditions so that mean-
ingful statistics can be compiled. Also, quant tative study of meteor effects,
atmospheric heating at high-power ope‘intio , and adaptive nulling of noise
sources in the field of regard of the ﬁg.dar are topics that need quanitative
study with an advanced research facility.

¢
H
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Happily, essentially almost all of the above items are in the plans for the
AOTH 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 to regroup and
come up with new approaches. It is simply imj)ouible to specxfy a master
schedule now and expect that progress will be ordctly and programmable.

3.3 The Experimental Planning Process

An imﬁbrtant waj to clanfy tﬁe choice of hardware priorities (size,
power, number of beams) for the ETB is to begin with a clear statement
of the main scientific expenmmts that would be done on the ETB facility
_ during the ﬁrst several years. Although we were told that DARPA has es-
tablished a comrmttee to stud) posnble experiments for the ETB, we are
concerned that, because of its size and structure, it may not be well enough
focused to produce a short, pnomxzed list within a rea.sonab e 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
bla.n now. From this strawman cxperixﬁental 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 M#in-Beam Power

A key feature of the ETB facﬂitjr%sthe of a sparsely filled array to

achieve parrow beam patterns. Butili;a filled array only a small
fnctionofthepmistumittedinilhe beun.a.hno:tallthepm
goes into side lobes. %endpmdpri#dpk plies to receive beams; if the

bemmﬁewingmatendedobjecﬁ,th@ all the power entering

t

* the receiver arrives from side lobes.

it follows that there is a-critical degree
- OTH would be principally viewing side lobes father than main beams. An-

sparoeness below which an

" . tenna designers should present calculatidas that/demonstrate that in the most

. relevant two-way paths, the dominant signal is the main beam signal. It does
not suffice thatthe peak gain exceeds side lobe gain by a factor N — the
number of elements. This is true regardless of s s. If the array is very
sparsely filled, then the main beam is ngrrow and contributes negligably to
the total transmitted power. One must éompu the integrated gain product

<G >= Zl;r' [ 40 contdd G1(8,6) Ga(89)

and demonstrate that the principal contribution arises from the main beam.

Here © denotes elevation angle, 0 the azimuth u+;|e and Gr G the transmit

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

3.5.1 Introduction

In Section 2.2, we discussed possible causes of residual spread-doppler
clutter. Propagation through and scattering from ionospheric inhomogeneties
play an important role as candidate mechanicms for residual clutter. In-
vestigations of ionospheric clutter mechanisms would be gre:tly aided by
diagnostic measurements of the jonosphere: through whici 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 measurements by up-looking microwave
radars, such as Millstone Hill in Massachusetts, in conjunction with residual
clutter measurements by OTH rodars, 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 are also similar ionospheric radars

Ionospheric radars operating at fry l‘ m 3 fmm 48.5 MHz (MO, Japan)
to 1,200 MHz (Sondre Stromfjord) depend on
above the jonosp_eric plrsma frequency. Two scattering mechanisms are in-

scatter) and coherent scatter from electron deusity fuctuations of the order
of the nduf.‘y_avekng‘th. By a variety of
the exmxii;a'tioh of the doppler spect,ml:%n of the backscattered radar waves,
éa of interesting and rdemt

istics are summarized be-

these jonosphere radars can estimaté a num
ionosphere plasme characteristics. These char

low for E and F region measurements:

o Electron dgnsity

o Electron and ion iémperatdres xE
o [on velocity

o lon-neutral collision frequency (E-region o#nly)

¢ lon composition (F-region only)

) Stren.gth of electron d=nsity fluctuations an size scales comparable to
one-half the radar wavelength |




Figure 3-1, Vaﬂdﬂunmmueofwwmm
sadar noeth 1o south belt
e Ly e T
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These measurements can bemadeatxb ocpb ic heights of from 90 to 1,000
km depending on the ﬁeld of view of agr radar. The geographical coverage
of an ionospberic radar is limited both y e ntensa aud the observational
geometry. In Figure 3-1 we see the f three jonospheric radars in
the vertical plane. The Areceibo radar
scanned over a lumted range of a.n_kles n
the borizon. The Millstone ill and | 'mmfo:d tadars hcvehrge
parabolic dish antennas which can be inted neu'ly toward the horizon,
The coverage of these radars in range rmlu from 100s to about 1000 km from
the rgdar, depending cx the ionoaphqi_é hexght beiﬁg probed. '

ge ﬁxed antenna that can be

© 3.5.4 Use of VHF and UHF Ioncspheric Radar in Clutter Re-
uarcb - !

The basic idea is to map lonosphend; ua.ntltia of i mterest near the OTH
radar’ s mid-path point using the nonosphehc ndJn shown in Figure 3-2. The
mulu of the ionospheri: radar diagnostic measurements would be used in
conjunction with OTH radar résidua.l clatter nLurementa to investigate
clutter mechanisms related to the ionooﬁhere. For example, the ionospheric
instabilities which may be excited by high OTH radar powers (see Section
2.3) could probably be observed using one of the jonosphere radars shown in

Figure 3-2. A basic investigation would initially move along empirical lines
noting changes in ionospheric characteristics wit time and then looking for

correlated changes in clutter measurements. n ionospheric sources of
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Figure 3-2. Coverage of ionospheric VHF and UHF radars (dashed dircles) compared to mid-path reglons
for existing and projected OTH radars. The range coverage for the lonospheric radars is for
a 300 km fonospheric height.
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!
clutter become better understood, ionosp?xeﬁc- ars can
of ionospheric plasma parameters which \hll be  in evaluating and
applying ‘qmtit‘ative models of ionospheiic clutter.

N

3.5.5 Geographic Aspects of Using
Together

provide estimates

‘Ionasﬁﬁeﬁé";}.a‘ OTH Radar

To use ionospheric VEF and UHFE&dm» in conjunction with OTH
radars in residual clutter (or other AOTH) xperiments, it is necessary that
the mid-path reglon for the OTH radu be loca.' _ w:thm the coverage area

~ofan |ono¢phenc radar for the relevant wnqsphen helghts Figure 3-2 shows
the locations of the Sondre Stromfjord, Millstone Hill, and Areceibo radars
and their approximate coverage ranges for:w.n ionpsphere height of 300 km.
for three nearby OTH
the Rome Air and Devel-

Also shown are the approximate mid-path regio
radars, namely the AN/FPS-118 located in \Maine,

opment Center radar at Verona, NY, and ‘t'he ROTHR site in Virginia.

As the Figure 3-2 shows, the Sondre Stro:
spheric mdars are not relevant at the pment time.

has useful coverage over the RADC OTH radar mid

the AN/ FPS-‘IIB mid-path region a3 well. The RO|

jord and Areceibo iono-
The Millstone Hill radar
-path region and possibly
THR mid-path points for

the current configuration (south looking) are mai

ly ouiside Millstone Hill

coverage. However, if ROTHR were augmented to look north or, better still,

to look to the east and southeast, Millstone Hill cou

d achieve good coverage.

Similarly if the AN/FPS-118 could be augmented to look west or southwest

|
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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 evaluation 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 produce
very useful results regarding residual .élutter chuwtérisiiqs._gnd mechanisms,
as weil as useful information regarding 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, edifed 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 a number of particular,

simple bodies are treated, and the general principles are apparent.

Clearly the Soviet Union or another nation could make great progress
in reducing the HF cross section of its cruise missiles, by relatively straight-
forward development from these principles. The technology required appears
to be modest. The possibility of such cross-section reduction poses a sub-
stantial risk for an OTH that is supposed to detect cruise missiles. The
counter by the OTH is frequency diversity, in the form of frequency hopping,

or band-spanning (not necessarily band-filling) signals. However, even the
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maximum possible OTH bandwidths ﬂay not be able to obviate cross-section
reduction completely, particularly at ﬂﬁght. |
: |

Let us present the principles byUuy of & simple example. Take a test
body to be a metal cylinder of length 2h = ;tn and a diameter 2a = 0.5m.
This is a good match to the body of # cruise missile, though some will be a
little longer. The first resonance lies | a wavelength A = 2-length = 4h =
10m, or a frequency f = 30MHz. The radar| cross section at resonance is
o & A%, For radar frequencies far below the fist resonance, in the Rayleigh
region, the cross section drops like A4, The lfwer the frequency, the easier
the cross-section control sixéuld;be. |

The cross section can be cﬁhtmlled; for ple, by electrically cutting
the cylinder in half at its waist, and connecting the halves with an impedance

box Z;, (Figure 4-1, from Reference 4-1). The| cross section at a given fre-

quency will depend on the choéeu tva.lneivof Z;, and can be minimized either

theoretically or empirically upon varyiné Zy. Figure 4-2 shows cross-section
plots at f = 26MHz for such a body. The c

than 30 dB by the optimal choice of ZL

s section is decreased more

The impedance has both resistive ;and reactive parts; at a single fre-
quency it can be realized by passive corhpone s. The optimal impedance
depends on frequency (Figure 4-3). To work at several different frequencies at
different times, a simple‘switch could be iimple ented. To work at different
frequencies at the same time, or to work! over a|substantial bandwidth, the

simple impedance would have to be replaced by lan appropriate filter, which

in general would have to contain active components. The optimal filter can




J—1t

Figue 4-1. A thin center-loaded cylinder. Source: Reference 4-1.
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Pigwe 4-2. Experimental and theoretical m*bl-duum
-incidence for thin, centrally loaded cylinders
h= 0.215).0, a= 0.017310. Source: Reference 4-2.
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Figure 4-3. The load impedance giving zero normal-incidence backscatter for a centrally
loaded cylinder with a = 0.0173A, versus the cylinder half-length in waw.lengths
Source: Reference 4-2.
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3
be expected to be unrealizable over [req*rencies,‘ but straightforward en-
gineering practice should lead to filters working over, say, 10% bandwidth in
the HF. Thus, frequency diversity on the part of an illuminating OTH seems
not very hard to counter. | |

|

Cutting the cruise missile in hall is not necessary. The body can be
* loaded by impedances attacked at a anety of places. Figure 4-4, again from
the Rodar Cross Section Handbook, shows
higher, hence much hurder) fx~eqmmcyi ona

stub at one end.

section reduction (at a much
in body using a small loaded

What about more complicated shapes? (In. particular, what.about the

| wings and tail on a cruise missile? Here, the|fact that one can work in the

Rayleigh regime is of decisive importuiwe. The electric dipolé susceptibility

of any body, no matter how wmplicatéd,' be measured by three princi-
pal susoeptibilitiea,‘ and can therefore be cancelled by only 3 appropriately '
located loading impedances. If significant (it probably will be insignificant),
' lled by 3 more. Therefore,

certainly be cancelled by 6

the magnetic dipole susceptibility can be
~ the dipole contribution to the radar re}um
loaded mtennasg 3 will probably suﬁioé. Cancelling the dipole contribution
alone can reduce the cross section by more than 20 dB everywhere below
the first resonance of the body at 30MHz — rot all at once, but over an in-
stantaneous bandwidth probably exceeding 10%. Figure 4-5 illustrates this

principle, showing cross-section reduction for a conducting sphere. The curve

N =6 corresponds to elimination of the dipole| return.

We conclude that the use of OTH t(} detect cruise missiles is susceptible
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Figure 4-4. Comparison of the backscatter cross-seétions of loaded and unloaded perfecily
conducting ogives versus the angle of incidence. Source: Reference 4-3. . -
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to the possible implementation of straightfoward techniques, following from
widely known principles, to reduce croes section in the HF regime.

4.2 Implications for AOTH Performance Requirements

Within AD], OTH wxl! pmbebly never be 100% effective, particularly
a mght udumnleuoﬂnoftheyeu Ueeoilow—oboennbletechnology
for cruise missiles mes to re-etﬁphmze this pomt The overall ADI surveil-
lance :yttem will thetefore have to be vnewed as a combination of sensors,
including AOTH, gronnd-bned and airborne lme-of—nght radm infru'ed
etc. The costs and beneﬁts of an expenmve and very ambxtxous AOTH sys-
tem must then be traded off .againit the costs and benefits of other ADI
components, including oor‘riplementary 'eenwm. To do this trade—oﬂ' ythe com-
munity will have to do some clearer thinking about the missions p:f AOTH
within ADI: the required reliability'of AOTH will 6 differeat if it i meant
to discourage a preemptive first strike (i.e., to function as a deterrent), than
if it is meant as part of a oomprehensnve u:hve a.ir»defense system ‘Unless
and until the active components of an air defense system are built, there is
not a compelling reason to have a 100% effective surveillance and tracking
capability. On the other hand, to be minimally useful even in a deterrent
mode, an AOTH system must be above a reasonable threshold in capability
against low-observable cruise missiles, since these are a modest-cost respon-

sive threat.
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