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1. INTRODUCTION

Following from vertical-incidence asweaep-frequency sounding two other
related sounding techniques have besn developed. In oblique-incidence
sounding the transmitter and recsiver are separated to opposite terminals
of a path of {interest and swept in synchronism. Backscatter sounding
involves use of co-located or nearby transmitter and receiver coupled to
antennas with relatively low elevation beams. Signals are received after
scattering either directly from the ionosphere or from the ground
following {onospheric reflection. Oblique sounding provides information
about the state of the ifonosphere and the raypaths it can support between
the particular terainals considersd. Backscatter sounding yields
information both about the lonosphere and about ground 'targets' within
the surveillance beam. Each can be daployed in real-time, though data
interpretation often involves use of fonospheric and propagation
prediction wmodals.

2. OBLIQUE- INCIDENCE SOUNDING

2.1 General

A general review of the subject and of davelopments up to 1970 has been
presentad by Bradley st al (29). A regularly updated survey text is
published by the CCIR (33). Bradley (32) in & recent report to an URSI
Working Group examines future needs in oblique-sounding data
interpretation and wmakes proposals for a coordinated measursment and

analysis campaign and for the compilation of an extanded atlas of
fonogram types.

2.2 Historical Development

The development of oblique-incidence sounders had to wait the ability to
synchronise the sweeap of cransmitter and receiver. One of the first
sounders was produced at Slough by Wilkins and Kift. This took some 20
minutes to swasp the HF band In 50 kHz steps and involved a mechanical
drive of the vreceiver tuning over a pre-arranged timing sequence,
Transmitted pulses wers received but often synchronisation was lost.
Relative delay of the different modes was displayed as a function of
frequency. On very short paths the ground wave was available as a timing
reference, but more generally attempts st quantifying signal absolute
path propagation times by transmitting in both directions or seeking to
link to a astation timing reference were rarely successful, Early
Beasurements were made in USA (1, 122, 126, 138), Federal Republic of
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Germany (65, 96, 97, 101), Cansda (70,80) and Japan (7). With the advent
of synthesiser controlled oscillators, chirp sounders became available
and data record quality improved considerably. Nowadays commercially
manufactured sounder equipments Iincorporate display facilities that
include signal/noise ratio and best assigned charnels for communication
frequency selection (13, 16). S5hip-borne soundars have besn deployed
opsrationally (77).

2.3 Data Obtained

Examplas of oblique-incidence {onograms are presented. Typically the
critical frequency cusp at vartical incidence becomes & ‘noss’ or ‘wvedge'
which is shallower the longer the propagation path. Each mode has its own
trace with particular group delays. The low and high-angle rays mergs at
the junction frequency. The ordinary and extraordinary waves have
separate junction frequencies. The junction £frequency is akin to the
basic maximum usable frequency (basic MUF) defined by the CCIR as the
highest frequency that can propagats betwaen a pair of terminals by
refraction alone (34). Nose extsnsions occur as s resulc of scattering by
ionospheric irregularities, which may involve propagation out of the
great circle, or from the effects of fonisation gradients lesding to two
separate lonospheric reflection ragions for the same propagation mode.

Atlasas of ionogram types have been published (2, 96). Genarally records
become more complicated the longsr the path (9), particularly at high
latitudes (17) where additional propagation effecta arise (74) and on
patha crossing the equator. The most extensive synoptic data sets of
obligue-incidence fonograms are thoss collected by Moller over the
high-latitude path Sodankyla-Lindau (96) and the transequatorial path
Tsumeb-Lindau (101). Internationally agreed rules for scaling parameters
from oblique-incidence ionograms have been formulated (43, 46). A data
base of ionograms and associated scalings from measurements collected by
NRL over several paths has been formulated (62).

2.4 lonogram Intsrpretation

Oblique-incidence jonograms may be simulated by ray-tracing through wodel
distributions of electron density. General features can be studied with
si{mple ionospheric models and basic ray-tracing proceduras. Croft (37)
has desonstrated the way ionograms depend on path length, laysr height
and densities. He has taken single and composite quasi-parabolic layers
and pganerated familiezs of ionograms. On the basis of Snell's law theory
and in the sbsence of horizontal gradisnts simple analytical expressions
for thess models yield ground range and group path as a function of
raypath launch angle. To model the ordinary and extracrdinary wave traces
saparately, the ray tracing aust take account of the Earth's magnetic
fiseld, but otherwise this s only necessary at frequencies below 5 MHz.
By allowing for horizontal gradients with discrete patches of ilonisation
at particular ranges, Kopka and Moller (B84) have been sble to simulate
and explain various othervise anomalous records.

2.5 Comparisons Wich Propagation Predictions

Many organisations undertake HF radio-circuit propagation pradictions and
thers are a number of standard prediction procedures such as those of the
CCIR in worldwide use. Various groups have anslysed data sets of oblique
soundings and made comparisons with such predictions (eg 92). Analyses
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are usually concerned with differences betwsen the predicted basic MUF
and the weasursd junction fraquency. Even sllowing for the fact that the
predictions ars ususlly monthly median values requiring adjustmant by
sowe statistical day-to-day variability factor, they ars commonly some
10-50% toc low. This means that propagstion often with high signal
strengths 1is possible at frequencies greater than predicted. The
opsrational MUF ia dafined (34) as the highest frequency providing
acceptable performance for a particular radio circuit, Comparisons with
maximim observed fragusncies on ionograms show that often when intense
sporadic-Z ionisation is prasent and not included in the predictions this
mods could bs used to advantage for communication paths at frequancies
considerably above the junction frequancy for the regular F-modes.

2.6 Inversion Of Obligue-Incidence Ilonograms

As an inverse operation to {onogram simulation (section 2.4) wvarious
techniques have been developed to relate icnograms to equivalent midpath
alectron-dansity distributions (49, 37, 60, 85, 112, 124). In some cases
particular model distributions are assumed (eg 51, 94) and the inveraion
ylalds the appropriste valuas of the wmodsl parameters; 1in others the
inversion gives an arbitrary height distribution. Most inversions ignore
the sffacts of lonlsstion gradisnts. Thars has been mich past controversy
vhather mors than one ioncapheric profila can yield the same oblique
ionogram. It i= nowadays usually acceptsd that the inversion gives an
equivalent midpath profile. In the absence of a complete ionogram trace
this is ons of a nusber of posaible solutions.

Clearly electron-density profiles derived from ocblique-{incidence
icnograms complement those datermined from vertical soundings and are
potentially wmost valuable in synoptic ionospheric mapping studies where
existing vertical soundsrs are spaced too far apart. Techniques for the
automatic inversion to trus-height profiles of vertical-incidence
ionograms are now in routins use and are belng refined (55, 113). These
involve advanced signal procesaing and pattern-recognition algorithms.
Proposals for the corresponding automatic {dentification of weak
oblique-incidence lonogram traces in the presence of nolse and
interference were made some years ago (87). Work is now in progress in
the USA (and perhaps alsc slsevhere) for the full automatic inversion of
oblique ionograms.

2.7 Operational Sounding Syatems

Clearly an oblique-incidence fonogram iz a  useful aid to a
radiocowmmunicator in indicating thoss frequencies with strong signals and
least multipath. In the 1%60's pulse sounders ware sold commercially
particularly to military users and there were considerable fears for the
spectral pollution thw proliferation of these squipsents would cause. The
common user radio transwission system (CURTS) wax set up in the US
involving coordinated sounding over a number of paths with a central
control point distributing informstion on best frequencies to use within
the area (108). Generally though clrcuit operators bhecame disillusioned
with wsuch systems because: (1) these often used different antennas and
povers so that their data wers not directly squivalent (11) difficultiss
in record interpretation for selection of optimum fraquencies (111)
failure for conditions on paths being sounded to apply over adjacent
paths and extended time periods and (iv) equipmental difficulties and
complexities.

Thase problams are now understood and s next gensration of more portable
chirpsounders with more relevant operator displays is in use. Thare ias
greatar appreciation of spatial correlations of i1onospheric changes.
Techniques involving ionogram invaerszions and the up-dating of long-term
propagation predictions with near rsal-time oblique-sounder data are
being examined. A group at the Naval Research laboratory USA is very
active in this area and has conducted a mamber of operational triale (61,
67, 132, 133, 134).

2.8 The Futuras

Commercisl sounders continue to be used in support of radio links but on
an ad-hoc basis with few permanent fonogram records being taken. Progress
in automatic {nversion holds promise as the next major breakthrough.
There is still scope for improving extacing atlases of fonograms and of
synthesising abnormal records that occur from time to time.

3. BACK-SCATTER SOUNDING

3.1 General

Besuides the standard CCIR texts on this subject (35, 36) the reader is
referred particularly to the major treatise by Croft (41) published iIn
1972, Headrick and Skolnik {(71) and Shearman {11%) discuas
over-the-herizon radars (operational equipments as opposed to
experimental facllities) and a recent book by Kolosov (81) reviews design
considerations and gives details of current US and USSR systems.

3.2 Historical Development

It was sarly discovered with high-power pulse transmitters coupled to low
bean antennas that detectable echoes wers received by ground scattering
following ionospheric reflection. The amplitudes of the returns could be
interpreted in terms of the so-called radar squation as being inversely
proportional to the fourth power of the path length and directly
proportional to the sffective scattering cross-sectionsl area. Classical
measuresents of the relative scattering cross sections of land end ses
surfaces wera conducted by Ranzi and Dominici (109).

Several groups engaged {n oblique point-to-point sounding i{n the early
1950's almo undertook backscatter studies using home-built equipments.
First installations examined temporal changes on a single or small number
of fixed fraquencies (68, 8z, 107). These were followed by
sweep-frequency syatems (%0, 117, 123}. Skip focusing was svident In the
returns and the way the skip position changed with time and frequency was
studied,

The mechanisa of F-layer propagatead ground backscatter aechoes wvas
outlined by Paterson (105) and Shearman (116). Separate leading edge
achoes were attributable to lonospheric support via the F, E and Es
layers. The advantages of the technique for synoptic monitoring
ionosphere state have been discussed by a nuaber of workers (115, 135,
139). The relationship to vertical-incidence sounding was examined by
Dominicd (47). The potential wuse of backscatter sounding as an aid to
communications frequency management has been highlighted (19, 24).
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For genaral ionospheric surveying, physically rotating antenna systams
such as stacks of dipoles ware deployed in conjunction with PPI displays:
these tendad to be single-frequency installations. A major problem with
sarly backscatter systems, particularly the rotating typss, was that
antenna azimuthal beamvidths were too wide, resulting in echoas bsing
receivad from s range of directions including 1in wsome cases tha
backlobes.

Chirpsoundsr techniques wers introduced to backscatter systems and this
led to bistatic installations with transmitter-receiver separations of
50-100 km in order to avolid direct signal breakthrough. Antenna steering
was effected selectronically through the wuss of phased arrays.
Narrow-swasp chirps and Doppler signal processing permitted the
rasolution of scatter signals from fixed and moving targets. In 1969
Blair and colleaguss demonstrated convincingly the mspping of land-sea
boundariea (27, 28). Then followed the realisation that distant ocean
waves, ships and aircraft all could be monitored by means of backecattar
sounding and 0 the ers of modarn over-the-horizon radars was born.

3.3 Ionospheric Structure Inferrsd From Backacattsr lonograms

Undoubtedly the interpretation of backscatter ionograms is more complex
than that of oblique-incidence foncgrams. Indeed a backscatter ilonogram
can be regarded as the composite of a large number of (two-way)
oblique-incidence ionograms sach to differant ground scattering centras.
Thaxe are complications in that the positions and numberas of such centress
are unknown and that echoss can also arise by direct scattering from
ionospharic {irregularities without hitting ths ground. For bistetic
systems there can be significant differences for the outwards and return
paths.

lonogram faatures are discussed by Barclay (10) and a terminology for
backscatter modes has basn proposed by Bartholomew (18). Early studies
ware concetned with the incidence of sporadic-E as determined from the
chacacteristics of ground scattar eignals (118, 128) and with other
aspacts of ilonospheric structure (20, 50), including iconospheric tilts
(95) and motions (127, 130). Controversy centred on the extent to which
Doppler frequancy ashifts imparted to the backscatter signal by
ionospheric movements compared with those on a corresponding one-wvay
fixed path (3). Typical 1ionospheric Doppler shifts and spreads for
backacatter ays quoted by Earl and Bourne (52) and by Jones et al (79).

. It cannot bs stressed too strongly that ionogram interpretation is aided

considerably by having narrov-beam antenna systems, but these are
axpensivae. Limited use has bean made of elevation stesring (131) bur
this has not been widely adopted largely because of cost and coaplexity,
coupled with lack of frequency and szimuth sgility. Ray tracing through
appropriate ionoapheric modsls has been smployed to simulate backscatter
records (38, 40, 58, 73, 75, 76, 88, 111). Usually single-hop modes only
are considered and emphasis is placed on recording and identifying the
leading edge of the backscatter for each of those modes present.
Amplictudes can be synthasised with an appropriaste propagation loss model
(39). In some cases the sffacts of horizontal ionisation gradients are
introduced (99),

Allisd to simulstion 1is backscatter ionogram invarsion to the
corresponding electron-density distribucions, Hatfield (6%9) has shown the
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advantages to inversion techniques 1in having available associated
slevation angle measurements, particularly to allow for horizontal
gradients. Other inversion sapproaches have besan developed (26, 48, 110).
Automatic signal-processing techniques for record idencificacion have
baen proposed (114).

Bates made a number of studies of direct scattering from sporadic-E
irregularities (22) and from F-region irrsgularities (21). He showad that
the scattering is highly aspect sensitive with strongest returns when the
radio path 1is normal to the {rregularities which tend to bs field aligned
(25). Further results have besn reported by othar workeras (B, 56, £3,
83, 106, 129). Direct fonospheric scattering occurs from places wvhers
rays aras rafracted to the condition of perpsndicularity and thare are
irregularitcies presant.

3.4 Remote Sensing

Besides the atudy of the ionosphers, backecatter techniques aleso yield
information about ground scatter characteristics. This involves
discriminating the wantad signal 'target’ from the background ‘*clutter’.
Sloping striations meen on swept-frequency backscatter ionograms were
interpreted by Moller and Steiwict (98) and by Muldrew (102) as
interference effects arising from scattering by ocean waves. Crombie (42)
demonstrated experimentally for HF ground waves that signals are
subjected to Bragg scattering from sea waves, with w®ost ensrgy
concentrated in a pair of spectral lines Doppler offset by a fraction of
s Hertz either wide of the carrier frequency. The precisea offset dapends
on the carrisr frequancy (136); the spactral lines arise from resonant
scattering by thoss components of the ocean wave directional aspactrum
approaching or receding along the antenns boresight direction. Stewart
and Barnum (125) have shown how the relative amplitude of the two 1lines
gives an indication of the strength and direction of the wind gasnerating
thes waves. A more detailed analysis which takes it of wsecond-ordar
offects has baen presented by Lipa and Barrick (86).

Throughout the 1970'a groups built installations to monitor ssa state
using both ground-wave and aky-wave. An important resquirement is to have
narrow antenna beams that can be atestrad. Hence grouwnd-wave systams are
usually srected near the coast and opsrate st low VHF; sky-wave systems
are limited in upper fregquency by ionospheric support. Thers are also the
sdded complications of ionospheric corruption of the ses spectra,
Sky-wave soundars tend to ba built several hundred kilometrsa inland to
avold use of ths lowsr fragquencies for which antenna beaswidths are wider
and bacause multiple modes are a major problem at the shorter distances.
Ressarch facilities wvere established in a mnumber of countries using
antenna errays the orders of 300m-2km long with beam stesring for
different dirsctions of survelllance (&, 6, 23, 64, 65, 137, 140). Date
cbtained have been described in many papers and the reader is referred to
& selection of these (5, 13, 14, 59, 78, 89, 120).

Barnum {(12) has demonstrated that ships can be detected againat the
background sea clutter and tracked by their differing Doppler. Ship
Dopplers are a few tenths of s Hertz depending on soundar frequency snd
ships heading relative to antenna boresight. Coharent integration times
of several tens of seconds are needed. Alrcraft also can be detectad by
HF backscatter. Although their effective scattering cross sections are
much less than those of ships their speeds are such that they give
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Doppler offsets of up to tens of Hertz so that returna are resolved from
the ses clutter. For aircraft monitoring integration times of just & few

seconds are nesded.
3.5 Oparational Radar Systems

Probably the first operational radar for destecting aireraft was the
British 'Chain Home' link used in World War II (103). Current intarest in
over-the-horizon radar for military surveillance stems from raquirsments
to provide long-distance coverage for air and sea defence, coupled with s
belief that current technology now permite systems to be developed at a
fraction the cost of alternative sensors. Any such radar is likely to
involve: high transmitter powsrs for good detection capability of wesk
targets, narrow antenns beams to sid target location and minimise
clutter, frequency agility couplad with aspectral monitoring, asdvanced
signal processing including tracker algorithms for rapid analysis of the
radar returns and dedicated relisble communication links for dats
dissemination. Buch systems ars known to be currently under development
in the USA (66) and in Australis(44).

There are many limitations in the use of over-the-horizon radars besides
cost. Propagation effects are undoubtedly of over-riding importance (11,
30, 91, 121). Deployment at high latitudes poses further problems. In
this case, besidas the naed to use lover frequencies because of the less
dense jonisation, direct ionospheric clutter is more common; also,
greater fonospheric fraquency spreads must be contended with (31, 100,
104). Plasms instabilities can be genersted by high power waves (72}
leading to additional clutter, so that the expected improved detection
capability with i{ncrease of transmitter power is not always achieved.

Radar dasign has to bs given particular attention. A gocd propagation and
systss-performanca assessment wodeal is & necessary pre-requisite.
Fraquency management for optimum {llumination of wanted targets and ways
of transforming from radar to ground coordinates for position finding
pose sspecial problems. Variocus approaches are currently being considersd
(53, 54). It seems likely that the adopted solution will incorporate
some form of resl-time ionospheric channel sounding: a separate
mini-radar, an oblique point-te-point sounder, the use of networks of
transpondsrs or wersly s vertical sounder at the radar site for the
up-date of long-term propagation predictions.

3.6 The Future

The promise of the 1960's of backscatter scunding as an ald to
peint-to-peint comsuwnications and broadcasting did not materiaslise,
largely because of cost to achisve narrov beamwidths and difficulties of
data interpretation, The promise of the 1970's of synoptic sky-wave
sea-gtate sensing over large ocean regions also has not been fulfilled.
Systems wexrs built at considerable expanss but the difficulties of area
surveillance largely without frequency agilicy, data ambjiguities,
ionospheric corruptions and signal processing complications have now led
to their demise. Over-the-horizon radars have been considered for use in
such Toles as air traffic control but expenss would be great and
reliability not guaranteed: there are other preferable options for the
turn of the century, based on satellite-monitoring systems.
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Radars look like being pursued further solely by the militsry, though it
is a personal view that ultimately they too will become disillusioned
vith wvhat can be achieved. Radar design should be optimised to meat
well-dafined objectives. For example, thers have to ba compromisas
regarding wsurveillance area coverage and dwell cycling which affect
anteanna design, signal processing and Frequency-management stratagles.
Clutter liwits target detectability. Changes in target signatures and
amplitudes coupled with variatiom in background intensities make
detection a statistical esvent. Multisods propagation causes excessive
numbers of felse datections. So long as operational over-the-horizon
radars are sesn as extansions of general-purpose research facilities,
they too will fail to satiefy.
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