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"It is probably safe to say that clutter will
never be understood completely because there

" are so many variables to control ...... coes

‘TOMLINSON
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ABSTRACT

Modern militery acquisition and tracking radars are required to operate
against aircraft and missiles specifically designed to have minimal
radar cross section (RCS) and which fly st very low level to take

| maximum advantege of terrain screening.

A model for predicting system performance is necessary for a range of
terrain types in varying precipitation and seasonal cultural conditions.
"While the main degradation is from surface clutter and denial of sightline

due to terrain and other local obstructions, several other factors such
as multipath propagation, deliberate jamming and even operator performance
contribute to the total model. The possibility that some radars may
track obscured térgets, however briefly, by using the diffractibn path,

is of particular interest.

Although this report critically examines each of the contributory factors
in order to select optimum values for inclusion in an overall computer

prediction model; a new surface clutter model is specifically developed

. for sloped terrain using actual clutter measurements. The model is

validated by comparison with an extensive survey of worldwide clutter

results from both published and unpublished sources.,

Certain constraints have been necessary to restrict the study to a

menagesble size, while meeting the requirements of the sponsors.
Attention is therefore focussed upon performance prediction for
" typical mobile tracking radar systems designed for operation against

small RCS low level targets flying overland.
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Radar pulse width (pulse duration) secs,
The angle between the local horizon at the
target and the radar beam direction.

Radar wavelength (m),
Distance or range to target (m
Height of radar transmitter (m).

Farth's radius (km).
Height of Target (m).

3 Earth's Radius = 8494,7 Xm (4587 nmls),

Radar Transmitter frequency (Hz}.

Particle diameter {(cm).

Density of water.

Optical visibility (feet). _
Liquid water content of cloud or fog (g.m 3)
Atmospheric Attenuation Coefficient,

Renge (target, obstacle or rain) (m).
Complex refractive index (water).
Diameter of rain drop. ‘ 3
Radar reflectivity of rain (m”.m
Rain reflectivity factor. -1
Precipitation rate (mm.hr ).
Aerial 3dB Beamwidth, Azimuth (deg).

Aerial 3dB Beamwidth, Elevation (deg).

Angular departure from beam sxis in Azimuth or
Elevation (rads).
Beam rain filled echoing area (m ).

Windshear coefficient (m sec "l.mfl).

Speed of light (m s-l)

Spectrum of wind velocity.

Doppler frequency (Hz).

Doppler freq at mean wind velocity (Hz),
Standard devistion,

Rainfall frequency per 10 years.
Rainfall duration (hours).

Total rainfall in time t- (inches).

-3y

Median RCS mo.m ~ {or average where shown).

Spatial mean value of m.

)

) Amplitude, Range and Phase components

2w/
Radar pulse durastion.
Lumped amplitude term



m Average 00.

Y Grazing Angle (without terrain slope).

Y

c Weibull shape parameter.

a Weibull slope parameter,

4,8, C, D, X, A, n, Yoo W, € )

R . ) Model constants (subscrlpted as

1? Rh’ ' ) necessary). .

Fs Spherical earth shadow factor.

wl Actual surface grazing angle, ‘

Ah rms height of surface 1rregular1t1es.

OA Radar beamwidth.

r, 4/3 earths radius.

v Detector output voltage.

V£ False alarm threshold.

Pfa Probability of False Alarm.

Py Probability of detection.

N, No of radar operating frequencies.

Tr’ Cr: ‘ Target and clutter received power. -

I " Integration improvement factor.

Cm Median Clutter Power.
Chapter 5

v Wind Veloeity ( ES

v, Wind Velocity (ms ™).

B ‘Azimuth angle relative to beamwidth,

8, 2-way half power beamwidth (rads).

g Chaff RCS per dipole. _

Eo -Chaff volume reflectivity density (m?.mfs).

N No of chaff dipoles.

E Chaff Dispersal efficiency.

p(f) Clutter power spectrum as a function of frequency.
Chapter 6

Standard symbols are listed with equations (1-13).

Average target RCS (m?).

o
AV o
o Quoted target RCS (m“).
Lo/h ‘ Characteristic target length,
AB /At Rate of change of target aspect.
Chapter T .
ES’ Er, E, Scattered and incident intensity from target.

o . Diffraction sngle,
v Dimensionless Fresnel~K1rchoff parameter,
Alv) ' Diffraction loss rate.
r(m) Fresnel zone radius,
Diffraction loss.

Free space loss,

xi



R Range beyond diffraction ridge.

Rc Radius of curvature of diffracting edge.
R First Fresnel zone radius.
Ptgt Power at target.
o Curvature factor.
Chapter 8
& @ Earth's radius 6370 Km, effective earth's radius.
N Refractivity.
NS Refractivity at earths surface.
(Remaining symbols dimensioned on diagrams),
Chapter 9
Ep Incident radiation.Ep Transmilted Radiation
Ed Directly backscattered radiation.
o Surface reflection coefficient.
-RD’ RI Direct and indirect path lengths,
bg Path length difference (m).
ad Phase difference between paths (rads). -
F Pattern Propagation Factor.
F, Tracker loop bandwidth (Hz).
£ Elevation error (radsl.
v Target velocity (m.s™t).
c¢ rms elevation tracking error.
BE,E Radar elevation beamwidth, target elevation angle.
o, Specular reflection angle.
Gy Main to sidelobe gain (power) ratio.
P, Signal power received via multipath.
Ty gt Target RCS (m").

(Remaining symbols dimensioned on diagrams).

Chapter 10
hy Average height terrain clutter pateh (m).
ht . Height of radar aerial. ' ' '
X

(Remaining symbols dimensioned on diagrams).

Chapter 11
PDET - Probability: Detection., 7
PTL ¢ of obtaining minumum track length.
PMX : of missile success.
POE : of operator (efficiency) performsnce.
Po : of system availability (Readiness).




} Annex A and Appendix 1 to Annex A
|

Weibull shape. parameter (replaced by b).

m
A Weibull scale parameter {(replaced by c).
X Signal level. .
(n) Gamma function.
N Fcho amplitude level,
P Echo amplitude level.
m2 Ratio of constant power to random power.
S Standard deviation,
v Median value of x. )
x Normally distributed variable.
Y Lognormally distributed variable.
Ym Median value of Y.
Annex B
Sq Received echo from target (watts).
Pp Peak transmitted power (watts).
G Peak Aerisl Cain.
o Raedar cross section (RCS) of target (m ).
R Range to target (m). 5
A, Effective aserisl capture area {m”).
A Radar wavelength (m).
L Combined system losses.
T Radar pulsewidth (sec).
eA Aerial azimuth 3dB beamwidth {(deg).
' Grazing eangle characteristic.
o° Scattering RCS pwer unit area (m )
9 Grazing angle (defined at Chap 1) (deg).
o Aerial elevation 3dB beamwidth (deg).
Ah Height difference due to surface
ps : Specular reflectioun.
rs Smill Foctor
Annex €
B = Electronic field at receiver (target) from unit source.
SlC . = Fresnel integrals of argument. '
6 = Diffraction angle.
v = 8vao/x
k- = 2n/x
] = dld2/d (distences annotated on diagrems in
© Chapter T).
Annex B
£ Linear tracking error {(m).
qg Power ratio of direct and indirect signal.
a Tracking error for target.
oy Displacement of peak of aerial beam relative to
equal signal line, _
Aa Angular distance between real and image target.
Sl Required signal, :
8 Interfering signal (multipath).




G Specular power gain ratio.

S
(Remalnlng symbols gpecified in Annex text or in dlagrams)
pol Fresnel reflection coefficient for element i
pos Fresnel reflection coefficient for specular reflection,
T Tracking condition,
T Non tracking condition.
q 1- probability of suceess.,
V£ Threshold voltage.
N Number of signals integrated.

Annex T and Appendix 1 to Annex F

Al.to A9 Terrain spot heights in 3 x 3 grouping.

ato f Terrain slope, aspect and convexity coefficients.
s 0y Ay U Ys) Direction cosine-désignation.

l, m, n

(A1l other symbols listed in text or on diagrams).

P Actual terrain/radar energy gr321ng'angle.

8 Mean terrasin gradient,

s Observable (in shadowed) slope.

Annex G

v, ‘ Velocity of missile (m.s_l)._

PE Probability. of detection becoming an engagement.

Pfa Probability of false alarm,

Py ' Probability of detection during a single
transmitter burst of pulses.

D, Diffraction enhancement factor.

P Probsbility of sightline falling on target.

E,. ECM effectiveness factors.




CHAPTER 1

THE NATURE OF RADAR CLUTTER

INTRODUCTION

1, This report co#siders radar performance prediction when operéting

‘at low grazing angles with the horizon - such that radsr besm illumination
of the_groﬁpd inevifably oceurs, resulting in unwanted élutter echoes.,
These clutter signals diminish the probability, or even totally prevent

the radar from détecting the wanted signal from aircraft and missiles.

2, Minimisation of interference effects, based on a knowlédge of the

expected clutter, is possible to a certain degree at the radar design

stage. However, it is also necessary to be able to assess the probability

of’ detectingand'tracking a target of gifen rader érOSs section (RC8) for

en existing rader when the target.is at very low altitude over variable terrain;

or water, Probability of overall success clearly depends upon the

likelihood of eﬁcountering competing clutter, the time for which such . !
ciutter persists before the target moves to & more advantageous positioﬁ

(where the target signal overrides the clutter sigpal) and the resction

time of the associated command and control or missile system which.is to

make use of the target tracking data. Hence a statistical analysis is

necessary which takes into account the very large numbers of variables ' ;

involved. (Annex A).

3. fo meke & complete assessment for a particularnraaar'type and location
it is‘first necessary fo‘analyse the terrain profile to obtain sightline
data to the target. Segondly to investigate thé corresponding surface
'characteristicé_beneath the target, and finaily to mssess degradation of

signals due to volume clutter including cloud, rain, snow etc and the




E ei"fecté of deliberate“clutter such as chaff (electronic countermeasufes)
Several technlques are used to reduce clutter effects but even these may
" have only mlnlma.l effect 1!1 the scenario in quest:.on. A gener&l selectl'cn

of para:neters to mmmlse clut_ter are set out at Table_ 1l belo_w:'

EFFECTIVE AGAINST

 PARAMETERS _GROUND WEATHER | CHAFF - SEA

‘CLUPTER | CLUTTER | (EcM) | crurrEm | ANGELS
werr x
WEROWAEBY | x| X B x| ox
SHORT PULSE - )
" (RESOLUTION CELL) X X X X
stc R P Cx o box

MIT . | X | ® | x ®

LOG RX/FIC = X X X
CIRCULAR -} 1.
POLARISATI_O_N N X ® | x
FREQ DIVERSITY/ b . N
| AGILITY S X © X

Table 1 = Clutter Reduction' Techniques - |
Notes: ‘1. "X Effect:.ve in 11mt1ng clutter

2 @ Effect:.ve in some cases

FORMS OF CLUTTER
1&‘, In differenti'ating' between surfa.ce—distributed and volﬁmeédistributed
clutter the sxtuatlon can be 1n1t19.11y descnbed by geometry, deta.mled

at Annex B. In part:.cular it is seen that the 111um1nated su.rfa.ce ares -

1-2




I . and vo1umé vdrylwith range and pulse duration,.as well'aé with the
y radar aerial.depreésion engle. The existence of clutter returns
._dverland.frcm long réﬁges is significantly dependeht upon the height -
-of the scanned tgrrain, since hills at shprt range will’ofteh shadow |
any possible signai réturns (éee Fig 1b) from targets fur ther avay.
However, ﬁhis shadowing_efféct may be iimited in azimnth end will therefore
dépend critically upon 1ine of sight terrain screening'as the rader
aerisl is incrementally_seanﬁéd in azimuth. On the contrary,
”measﬁreménts féken at sea will be ﬁore or less.uniférmly distributed
over the surface, ﬁere the surface clutter echo.stfength‘will be
directly related to the area of the resolution cell,_in contrast to
ground clutter which véfies from.placé to place within the cell, and

“is not therefore proportional to the resolution cell size (Warden {1}

ﬁer resolﬁﬁion.cell (0g) as.a étandard; explained at-p.h—82.:.lThis.
allovs direct comparison with the target echoing afeé in gtudies of

the probability of detection. At sea, multipath signal phenbména'

(see Fig.la)ér:»qnite-probable, vhereas this effect is:possible overland,

but fer less likely.

RESEARCH PARAMETERS

\
|
\
\
\
\
\
\
\
\
\
~and Bileyr{_2})} It.is however convenieht to ﬁsé the.eghoing area - |
\
\
\
1
\
|
\
\
|
|
5, _Detectipn predictions are required for radars having'the_typical
paraheterﬁ listed below. Monoétatic radars a;e_the main interest; |
although some bistatic work has been done (mainly in the USA) and this
.may be refefred to, where applicable. The following main characteristics

aré adhered to‘throughout the study:
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a.

bl

and mounted on masts up to 30 m high,

C.

d.

e.

" Radar Wavelength < 3 cm (10 GHz up to 18 GHz)

Pencil or Fan aerial beams, with.sharp beamwidths

Small radar resolution cells (15ns < T < 2us).
Small target radar cross section (0.05 mz'minimum).

Tracking type radars, as distinet from surveillance radars.

CLUTTER VARIABLES .

6. Variables contributing to the complex'overall'extent of clutter in

any particular radar system include:

al

1. . Resolution cell size ~ dependent on pulse duration (PD)

_ receivé'aérials and distribution of radiation.
3. Aerial‘induced fluctuations.

'.h.'- Grazing angle of radar beam‘wifh.surface, also known

Topographical Features

1. Terrain Type - Snow, Desert, Forest, Urban, Water etc.

2. Seasonal Variations - Defoliation, surface water content,

surface motion.

3. _Terrain_Profile - Hills, undulating, fiat‘étc.

Redar Characteristics

and radisted beamvidth (BV).

2, Radio Frequency (RF),‘polarisation of transmit and




‘as 'depression' or 'incidence! angle. (But see later definitions).

‘e¢. Atmospheric.and Propdgation Effects

1.  Diffraction, Reflection and:Refraction,‘includihg

multipath. -
2. Air temperature, water vapour absorption.

3. Rain/precipitation, chaff attenuation and backscatter.

-CLUTTER STATISTICAL DISTRIBUTIONS

T;-';WEibull,'Ricean,'Rayléigh and Gaussian statistical distributions are

used in;clutter research and although stated in the‘maiﬁ text, since some

'axg uhcﬁﬁmon, they.are detailed at Annex A, Spatial and_témporal characteristics
'qf the.variables at ﬁara 6 above‘ﬁre summarized at téble 2 and eaéh is |

investigated fully in the following chapters. (except sea clutter).

RELTABILITY AND REPEATABILITY OF CLUTTER MEASUREMENTS AND ASSESSMENTS

8. bespite.thg coﬁéiderabie number of clutter research programmes over
many yeers it is unfortunate that few have used identicalAteét parameters,
particqlgrly in felétidn-to those areas eritical fo this study.
Pfobabilitieé 6bfained even dey to day have varied significaﬁtlj and a
lﬁige'numbef'of research workers have reported that the available date-
'.base'may Be inadequaﬁe at present for conclusive and répeatabie feiation-'
ships to.ﬁe stated. While there are considerable ghortcomings in most
cluttérlmodels, worse still there appears to be no standardiéé§ afproach

discernable . in the many papers read during this study.

1-5




%, TABLE 2 CIUTTER MODELLING PARAMETERS

g1

CLUTTER TYPE -

':_INPUT PARAMETERS o

'MODELLING DESCRIPTION

RAIN BACKSCATTER .

Ralnfall Rate, Type, Raln Frequency,‘
‘Radar Frequency. (RF)

Spatial distribution of Reflectivity
Spectrum and Probability of occurence.

CHAFF BACKSCATTER

RF.

Amount and Type, Dzssemlnatlon Mode,

Spatlal and Temporal dlstrlbutlon of
Reflect1v1ty, Spectrum :

SEA BACKSCATTER

Sea State Incldence Angle, RF and -

radar polarlsatlon.

Reflectivity (average) and: Clutter

. Signal distribution,

LAND BACKSCATTER

Land type, Incidence Angie, RF,
Pulse length.

Distribution of reflect1v1ty Spectrum
of motion.

Coherent propagation loss. Diffuse

REFLECTTONS/MULTIPATH Geometry, RF, Surface Roughness,.

e ‘ ' - | Polarisation : scattering intensity.
AEMOSPHERIC/RAIﬁ' " KF, Range, Rain Rate, Type end Propagation loss. Attenﬁation rates.
 ATTENUATION - Frequency, . Atmospherlc Character- .

: ’ - istics.

REFRACTION ARD Geometry, RF. Propagation losses, path'patterns.
DIFFRACTION o L C |
JAMMING ‘Type. Modulation, Signal ratios end thresholds.




9, Recehtly, Allan { 3 } in particular, surveyed a numoer.of
ciutter predictionlpspers and found both'anomelies aod inadequecy.of deta;
‘.concludlng thst "a completely general analxglcal method is probebly
an 1mposslb111ty : The added complications of terrain screen1ng, chaff
-j or atmospherlc propogetxon effects were outside the scope of Allan s
7'paper, as w;th-many other research studies. On conslderatlon_lt_was

felt necessary to include ell these factors in a more comprehessive

4 study 'Meanwhile, it was discovered (by chance) thst an ongoing study.
at MIT (usa) has similar terms of research hence the euthor end Dr Brzggs
Ty} have been able to exchange information on clutter research reports.
Desplte_the,wmde resources of MIT in produclng 8 wor1d~w1de clutter
ﬁibliography.of scﬁe ‘ 300 items, the author's-investigations at Cranwell
"have resulted in the sddrtlon of another T0 to 80 reports to the MIT ‘
_illst @w&PMtrIt) _' | o -__ - ‘J  o -_' .Q. |

 REVIEW OF CLUTTER RESEARCH - o - L

16.' In oreparation for the construction of a model, a comprehensive :
review of rader clutter and associated llterature was a time consumlng _
initial requlrement waever, wlth respect to the rader parameters
requlred for this study, the search revealed that many reports used
psrameters very w1dely dlspersed from those of 1nterest. Nevertheless

"severallhundred papera were filtered for information.

li. Extenslve descr1ptxons of clutter are given rslseveral standard

texts {5, 6, 7 )}, However, they are usually 1ntended for the radar

student requ1r1ng a general grasp of the problem and they 1nvar1ably

,av01d the d;ff;culty of assessing practical system performencet‘ That |
there is e‘seriots lack of data and that researchers,_for‘their own specific

| purposes, have emberkedion‘measurement programmes with a range of -
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different averaglng cr1terla - even though osten31b1y repeating research

done by others -~ all serves to cast doubt on the 1ntegr1ty of conclusions
drawn from ecmparlson studles. Hence, published sets of results for
(apparently) the same test conditions may not correlate and it is clear

that the phenomenon of surface clutter in radar receivers remains poorly

.understood and poorly predlctable.

12, During the study, discussions and correspondence with MIT (Usa),

RSRE (ﬂalvern) and UK Ihdustry has prbved rewarding, It is clear that

the respective Departments of Defence have & particular interest at present

in this topic, but both now reslise the enormityldf the task if ell
unknovns in the clutter parameter matrix are to be'found. The use of the

best published research is therefore essential, since no orgenisation

" could afford to undertake the vast renge of measurements necessery to -
build a complete picture from the beginning. On the other hand, confidence

in a-mddel will only be acheived if a apread ofkrepedtable'results is

identified, and with the shortage of dsta, certain assumptions and judge4
ments based upon sound reasoning must be used if any sort of useable
algorithm is to be attempted., It is found that research papers fall,

in generdl, into 3 main types:

_.a.-:lShoft radar range, sciéntificallyjorientated reflectivity
‘expérimgnts,‘sﬁecifically radiated narr@w-béam energy against -
émall buf.highly homogeneous clutter patches eg Snow, crops, |
cqncfeté or regﬁlar vegetations. Usug;ly the radiating'gﬁd_reéeiving

- aerials are stationary.

b, Intermediate range measurements using large clutter
‘patches, trees, fields, ete, again using narrow beamwidths, and .

“often exploring stationary single resolution cells.
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e .Surveillahce radar measurements, usually involving

360° azimuth coferage with clutter sources varying.from flat
fo rough.terréin and contasining both diffuse scatterers such
as croﬁs, weeds etc and point scatterers of the isolated type

such ag pylons, and water towers.

13. Since a complete clutter detection model should embrace all possible
varisbles which degrade the radar performance it is appropriate at this
point to differentiate between the amplitude, phase and other fluctuations
leading to the clutter statistics received as sigﬁals from outside the
receiver, énd including all the effects mentioned.so far including RF !
spectrum aﬁd frequency agility effects; contrﬁstéd_with the characteristics |
of the clutter signel pro@essing circuits which are inside the radar.
Puﬁliéhed repérts'ofteﬁ attempt modelling while acéouhting for several
variableé butbignofe others pertinent to the ciréumstances of & practical
scenario. Tor exémple a seaborne radar model would not normally need to
account fof sightline screening since, unlike on land, the only screening

at sea is the longer range horizon limiting. On land there is the infinite
variability of the terrain to contend with and sb the modelling task

becomes daunting; and evenlworse if the model is to cover both sea and land
mixed. Invéstigations have shown that the simple categorisation of

landscape into broad types is not suitable, and it has been well

established that detﬁiled categorisation is necessary. Indeed it is possible
that'réliable'radar prediction under all conditions may be denied until

clutter descriptions become more elaborate.

14, The Canadian Scil Survey Committee adopted a hierarchical classification
scheme in 1976 { 8 } which allocates 10 first level classes (eg undulating,
folling, level etec); second level modifiers {eg eroded} and other levels
specifying coverage slope, local relief and éo on. Any type of terréin

- can be described by the system., The USA also have a land use and cover
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classification system. However a truly comprehensive scheme would
necessitéte a means of describing, for example, the naﬁural, cultural ,'_
and man-made verﬁical obstructions which tend to cluster along roads and
field edgess’ and éeasonal effects., United Kindom and Furopean terrsain

data bases are also considered in the investigations at Chapter U4,

PROBLEM AREAS

15.. Therforegoing paragraphs generally highlight the éhortcomings in the
raw ﬁaterigl to insert into a clutter model. Coupling this with the lack

of a wideiy applicable analysis method, one approach would bé to use

~ homogeneous clutter, using perhaps 8 or 10 surface classificatioris and to
assume the entire resolution cell "footprint” contains one type of
scatterer, ‘An extreme alternative would involve defailed.mathematical
répreéeﬂtaﬂion of the reflectivity of every scatterer within the éell,
taking for exampleé in the limit, grass-blades to be dipoles with assoéiated
phﬁse and'amplitude behaviéUf. After investigations & method is |
developed (and justified in later chapters)as the most reasonsble practical

approeach, given the limitations described above.

16. Chaff snd Electronic Jamming. One agpect, so far not expanded

upon, is the use of deliberate radar clutter to reduce the probability
of detéétion, ie the dispersion of "chaff" within the resolution cell
by-military targets or the radiation of interfering or misleading {deception)

signalg., In both cases a seriocus degradation of radar performance may

result in tracking disturbance or break-lock on a target of interest,




17. Electronic jemming may not emanate from the target being tracked but
from another squrcelwhich is giving countermeasures support, ie a 'stand-off'
jammipg aircraft. These emissions may enter the tracking radar through the
main beam or sidelqbes. Chaff interference is also considered and it is of

interest that statistically chaff and rain backscatter characteristics are

similar.

18. Diffraction and Terrain Slope. Surface obstacle diffraction and clutter

from sloped terrain are of particular importance to the prediction of
performance of low grazing angle tracking radars. Since few practical
neasurements have been published on these topiecs, they seemed to be worthwhile

areas for detailed study.

MINTMUM AIMS OF THE STUDY

. _
19. As a minimum the author sets out, it is believed uniquely, to summarize
in one document:
a. A reasonably detailed method of assessing the performance to be
expected from a tracking radar and associated missile system when

déplpyed on a pre-surveyed site, by computer modelling.

b. A simpler method of performance prediction for a system deployed
anywhere within a geographical area where terrain data may be available

only.in general form and where radar performance data is perhaps limited.
In both cases either the specific radar and relevant system parameters are

known or can be varied to observe the effects, for example, with and without

interference.
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BIBLIOGRAPHY

20. It should be stated that the bibliography, because of the nature

of the study, is unusually extensive for a report of this type. Items listed
are not all cross-referenced in the main text but it is considered

necessary to include the entire reading list for completeness as & new
consolidated clutter reference. Readers will find & proportion of the
bibliography repeated in the MIT list {4)Y as mentioned at para § above.

DEFINITION

21, Tor the purpose of this study 'clutter' is generally taken to mean all
effects which impede or degrade detection and hence tracking. It maybe
caused by the type or condition of the surface, hindrance or disturbance of
rropagation due to volume clutter, atmospheric effects, or by jamming or
target manoeuyre. ‘

ORIGINAL RESEARCH

22, It has already been mentioned that a single prediction document is

probably unique. To achieve the aims at para 19 above, each of the contributory
factors to tracking radar performance (relevant to the radar characteristics
described at para 5) have been examined in detail:

8. To select the begt method of representing terrain dats for
prediction purposes.

b. To select the best model to describe elutter in all it's forms with

particular emphasis on those aspects where measurements or results are
scarce or of doubtful value.

As a result, indeed as expected, surface clutter modelling proved to be the
weakest link in the overall prediction model. To overcome this shortcoming,
first an extensive survey of existing measurements was made to bring all known
models together for comparison. But., most importantly. a new model is
developed from raw radar measurements and critically compared with the
existing real or interpolated models.

PRESENTATION

23. Perhaps unusually, so that the report should meet the requirements of the
sponsors as an easily readable reference for both the scientific and non-
scientific reader, results, reasoning and models are stated in the

appropriate chapter with a summary at each chapter end., Expanded detail

is in the Annexures; hence the original research on the new clutter model over
sloped terrain is detailed at Amnex F, with the resulting model contrasted
with others in the clutter chapter (Chap 4)}. All aspects are brought

together at Chapter 11, for the overall performance prediction model, with
detailed examples at Annexures G and H.
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CHAPTER 2

TERRAIN MODELLING

INTRODUCTION

1. Chapter 1 con31dered the various sources of radar clutter 1n general,

however, 8 more prec;se examlnatlon of the: system geometry pertalnlng to ground.

clutter is necassary for the plannlng of - meanlngful terraln model. Wlth the
exceptlon of those occasions where obstacle dlffractlon ocours (thus p0331bly
allow1ng radar tracklng vhen a direct optlcal.szght‘llne‘does-not ex1st), a
sight.iine from the radar aeriai to the target is ﬁﬁrmally esééntial. Radar
aerial and target heights and positions are used in a simple geometrical
calculatiqn in conjuncﬁion_with ferrgin, building.and_qbstaplg data to check

for-sight-liné blockege.

2. Tt is also necessary to comsider Earth's curvature, refraction and
reflection effe¢ts,k§¢m'ﬁhe terrain model is built up in several gtages.
Difftactioh gffeéts are coﬁplex and they are considered separately at

Chaptéf T

EARTH'S 'SURFACE MODEL

3. The purpose of the surface model is to determlne'

a. Unobsatructed Surface Sight Lines. Using contour helghts fram '

Ordznance Survey maps, it is posszble to test for the exlstence, or
‘otherwzse, of a trackxng sight lzne between any 2 points at any altltude
on the terralp._-Accurate terraln data is thus a ba31c_requ1rement_for
the.gebgfaphicai'area_in which the radar is to operate. Manuai produCtion
of thia type. of‘data-bﬁse-is tedious,.but several agencies have produced

‘terrain data whlch is suiteble for clutter studles._ Terrain data base

methods are outlxned in paras 16-19 below.
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b. Surface Obstructions. OSuper-position of a surface culture and

" obstacle array upon the terrain array and which deseribes the mean
height of ell surface obstacles and types of reflecting surface,
enables blocked sight lines to be identified and reflectivity to be

accurately modelled,

A

¢. Tracking Times., Low level target tracking may be periodically

interrupted by terrain or ébstacle screening., The time elapsing from
a gight line being first established unfil the sight line ceases to
exisf (as the target sgain becoﬁes obscured’), may be eritical in the
case of missile fire control systems or aircraft on 5 landing approach.
Tracking times are, of course, a functiog of aircraft velocity as well

-as obstructions. = (Also see Annex E).

d. Clutter Levels. Undulations in terrain may present a situstion where

a target can be seen but the underlying ground or cbstacles are in.
shadows and hence clutter returns in the main beem are not possible,

(exemples of this are noted later). Clutter may be received by side

lobes (if the side lobe suppression is poor) from terrain not in

the resolution cell currently being searched.
SIGHT-LINE

h'. Given the radar aerisl height and site position within the terrain array,
together with the target height, track, and the positi&n as it enfers the
array, the sight lines are calculated and fhen clutter criteria is applied.
Rgdar crogss gsection modelling of the target itself is of course necessary

for signal comparison purposes and the signal from the target should itself
fluctuate realistically to allow for glint {scintillation). If weather
degradation is to be included, the attenuation due to precipitation

can also be applied. The typical effegts of weather on radar are

considered at Chapter 3. Other assumptions made for the model are:

_ 2-1L =
_;




B Initially the targets will fly stfaight lines and constant
altitude and would not be planned;-fdr example, to take deliberate

advantage of terrain screening.

'b.  Ground tracks can transit across the terrain in any direction,

ineluding passing overhead the radar.

¢. No wind drift is incorporated and hence the attitude aspect of
the target with respect to the ground radar station would be

predictable within the limits of the secintillation required.

d. Radial ground tracks, with a snbseqﬁent period when targets are

- within the radar's minimum tracking range are simulated.

e. When RCS is modelled on a crossing target meximum signal value is

assigned vhen the target is at a tangent to the radar normal.

" f.  Vhen RCS is modelled on an approaching target RCS is modelled to

flﬁéﬁuate statistically about a mean.

" TERRAIN SPOT HEIGHTS

5 Terraiﬁ matrix array spacing of 500 metres was used initially for the
Malvern area, by interpolsting, as necessary, between contours. 250 metre .
and 125 metrg matrix spacing is also available for areas of UK and Germany.
A maximum usefﬁl radar tracking range of 25 km is aSsumed.against a low level
target flying at altitudes.between 30 metres and 150 metres {clearance above

ground level (agl)); A 50m matrix spacing was used for slope studies.

EARTH'S CURVATURE AND INTER-VISIBILITY

6. Earﬁh's curvature is a basie limitation in considering inter;visibility
at significant ranges over the earth's surface. Approximating the Earth's
radius as Gyoo km, there is a finite distance within which 2 points are
inter-visible depending on their heighﬁ. A general description follows ﬁhich

ignores refraction but gives an approximation of the range of values used in

the model. Refraction is considered separately at Chaptef 8, whene #, (s replaced
A . . A Yy e P
])j ‘k\“e)‘(,’{’»'\‘ilf'/i))' wiltn, e NI.SUL“TMj Lxtensiom of ﬁ.t._ raolos Ao rtbOr\,.
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r.= 6400 Km
7. Point A can Jjust see point B using a tangential sight line. Maximum range

_ _ 2 2 }/ ' 2 _ 2
R = dl + d2, where dl _d/(hl + ig r and 4, = (h2 + 39 x

If h is negligible in both cases compared with the earth's radius r, then
R =(2£?1 +’2§?2

=J2 x 6400 x 10°(fn, +hy )

23.6 thl 4\{ h, ) km

Example unobstructed maximum sight line ranges are given below at Table 1 .

Targets and radars at various altitudes are assumed to be over a "smooth earth”

and with no refraction or diffraction,

Maximum
A Rg:irHt Ta;fet Unobstructed
eri Sight Line
{m) (m) (km)
|
30 27.16
5 60 35.93
io 30 31.10
10 €0 39.26
30 30 39. 4
&0 60 Y7, 6
TABLE 1

MAXIMUM UNOBSTRUCTED SIGHT LINE RANGES
FOR GIVEN RADAR AND TARGET HEIGHTS

corrections, using the simplified method above:
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GRAZING ANGLES

8.

to be at ground level) for various aerial heights at fixed ranges.

Table 2 gives approximated grazing angles to the surface (assuming the target

(See figure 1).

Bracketed figures are for the 4/3 earth correction, which is necessary for

the more exact results regquired in subsequent chapters.

GRAZING ANGLE FOR TARGETS AT FIXED

Grazing Angle for Target :
Aerial Horizon Range (Degrees)
Ht (m)
5 km 10 xm 15 km
> 0.05 (0.0k) { 0.03 (0.02) | 0.01 (-)
15 0.17 (0.15) { 0.08 (0.05) | 0.05 (-)
20 0.22 {0.21) } 0.11 (0.08) { 0.07 (0.02)
30 0.3% (0.32) | 0.17 (0.14) | 0.11 (0.06)
TABLE 2 :

EFFECT OF AERIAL BEAMWIDIHS

g.

RANGES FOR GIVEN RADAR AFRIAL MAST HEIGHTS

angles for a spread of typical 3dB beemwidths. (See figure 2).
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| TARGET RANGE km FOR ]
Vert 3dB AERTAL HEIGHT (m)}
BEAMWIDTH |-—~--—— - —
(Deg) 30 20 15 5
0.2 17.18 km | 11.46 Ym | 8.59 km | 2.86 ¥m
0.k 8.59 ¥m 5.73 km | %.30 km | 1.L43 km
0.6 5.73km | 3.82 km | 2.86 xm | 0.95 xm-
0.8 4.28km | 2.86km | 2.15km | 0.71 km
1.0 3.43 km 2.20 km | 1.72 ¥m | 0.57 km
TABLE 3

Table 3 gives the approximate range to the surface vwhen grazing at low




10. If a radar is designed for tracking rather than surveillance, it's

vertical Beamwidth is narrow, hence targets tracked at the higher angles

‘enable the radar to be well clear of the ground clutter. A4s target

- altitudes are reduced eventually the beam will collect ground clutter.

For tracking radars & ‘rule of thumb’ for radars at ground level, is to

assume the radar beam is well clear of ground clutter if the difference

in élévation bétween the target and the ground is > 0.7 times the vertical
beamnidth. ' For example s tracking radar with a 1%levetion beamwidth and
target at 100 metres altitude ﬁill-be free of clutter if the target is
closer than 8 km; but at 30 metres altitude the farget must be at fange

2.4 ¥m or closer. _The geometry is shown ét figure 3.




RESOLUTION CELLS
11. The simulation model calculates the cell size and associated surface area,

"footprint" teking into account the diverging radar beam.

: . Resolution Cell
. Pulse Width Length (m)
13 ns 1.95
15 ns 2.25
20 ns _ 3.00
Lo ns ' 6.00
200 ne (0.2us) |  99.00
| - : J
TABLE L
RESOLUTION CELI, LENGTH FOR
~ GIVEN PULSE WIDTHS |

CLULTER, REFLECTORS, WITHIN RESOLUTION, CELLS

12, Wifhin each resolution cell the reflecting surface type can be determined
from the obs'taclle matrix (see para 3b above). This is achieved by adding a
terrain identifying factor into the terrain data and extracting this value each

time to assess the surface clutter reflectivity likely to occur. A scale of

identifiers is used as follows:)wi:{?k ‘:ypd:oﬂ it A O bacbscaller nvafuss (‘F"’ A:SC“‘)"

| 1 Swamp/Marsh. (‘-'1_—[-00!3‘)
2 Discrete (promiﬁenf_ isolated reflectors)
3 Water (Landlocked) (—boclb)
h Grassland/cfoi)ped fields ("350{3)
5 Buil;iings (cOntiﬁuous) C‘“"13l’w}
6 ‘Built.lings (scattered) (-30016)
T Forest /Trees ('—3-0013)
A roughness factor and hence reflectivity (backscatter) value is then ellocated,
so that clutter versus target signal levels can be studied.(b{.s (.Mﬂ Mmor, ‘Fse_,c,t‘ﬁe .
oolefp a/( )C/me L paras 11-'31.[.).
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| _ 13;‘Hdmeéeneity-of Terrain Hithin e:Cellf It'is seen-that thedSPatialz -
_;distribﬁtion ofﬂecetterers‘ﬁithiﬁfé reseiution cell willtsignifieantly
'aiter the received‘bdckeeatter. This problem is necesseriir-eddressed;egein

at'CEEPter‘h: ae.it'is.ef'prime importance in the determinetion of &

statlstlcal nlutter dlstrlbutlon. From the purely geometrical VléWpOlnt

the area of the surface 'Pootprint' can be calculated from the resolutlon

',cell length end dlverglng aerlal beamwidth at the glven range. It is

_  however cleer that really eccurate predlctlons from modelling will only.

j be p0351b1e with an enhanced terraln descrlptlve system in contrast to the

very ba51c framework shown at para 12. Terrain spot helghts will also be

reqnlred-on a flner matrix spacing of 90, T5 or even 36_metree (us National

Cartographic Centre Grid).

SIOPE(TILT) OF SURFACE WITHIN RESOLUTION CFLL

lhf‘ Backscatter is not only dependent upon the.resolutlon cell area, but
also to some extent on the aspect or 'tilt! of the cell erea or 'facet' to
tthe 1nc1dent wavefront. The terrain model must calculate the cell ares

and cell slope to provxde the clutter subroutine w1th 1nformatlon to enable
'adJustment of the 31gna1/c1utter ratio. It is of lnterest_that the clutter
; and target aspects presented'by'a partlcular-reselution celi to arradar d .t
_recelver at & monostatlc site are qnlte dlfferent from that 1n a b1stat1c
system, where the espect 111um1nated by the trensmltter 1s not the Beme

as that presented to the recelver, however thls is out31de the scoPe of the

study
15. ”Francbie{gj' stetes that the average slope of terrein has only é_second

order effect on clutter patch locations and terreln maaklng. Adgie 1-10}

_1n conversatlon, states that slope probably has a - llmlted.? effect on -
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' backséat#er; It is clear that little, if any, serious work.has been dome
on thé dépéndencé‘of'backscatter on slppé fof any of thé térrain types of
intérést. As tﬁis seeméd a fruitful aréa in which fo make somé basie -
research, rav measﬁ?ements taken at RSRE and Bhe have been obtained
and_corrélatipn runs computed for terrain slope using a prepared terrain. | _

data base. The method and results are detailed at Chapter 10,&)«%‘:. APPI .

'TERRATN DATA BASE

16. Paragraph 3 intfoducgd the concept of a terrain data matrix, and
the necessitjlfor an adequate descriptive system for the tétal sﬁrface

features was further outlined st Chapter 1. It remainé to consolidate the

options availabie in the representation - . of surface obstacles and to

state the reasons for selecting the method ﬁsed here,

17. 1In the past many studies used an approach which.categorised lérge.

areas of terrain and obstacles according to average type — and used |
statistiéal descriptions for terrain hsving 1ike‘bachscﬁf&r characteristics,
Degradation was then determined over given flight profiles. This approach !

is not considered adequate (but see Chapter 11 for épproximate predictioné)?

18. Another alterﬁative for representing obstacles, but also rejected, is
briefly described here to show its disadvantages. A stfihg_of profile
co-ordinates is prodﬁced'to describe the edge profiles of each obstacle.
Each obstacle perimeter is therefore represented by a group of points ‘ !
produced by approximating all obstacles into a series of straight lines. ‘
Obscuration is then determined by geometric considerations as to whether ‘
the intended sightline and obstacle edge lines intersect. An underlying

basic culture date base using a matrix or lattice method would still be




ﬁeceasary,lbﬁ# the spprége::eqniremeﬁ#_fqr qhstacies w§uid ngtﬁrally bei :
a-vériabi; quantity f@f éach.geographicél area., depending on it's cénstitﬁent
aurfacé'features; Generation of this type of data is espécialiy.ﬁéﬁioﬁg

: éinbé évery'obstacle;must be catergorised_by its éxﬁréﬁitiés and assigﬁed'gn
obétaélé Height and type to be added to the underlyiné téfr#in_Sﬁof heights.

Dat¢7pro&ﬁcfibn'is'tedibus because it iS‘a'difficul§ process_t§:dﬁﬁométe..

19, An]added compllcatlon whlch.may arlse ‘with 1arge obstacles when usmng

) thms-method is shown-ht flgure-h Slghtllnes are coanrmed by checklng for
 obscurat1on at the obstacle boundaries Bl, Ba, and specxal arrangemenﬁh

'would be requlred to ensure the 51tuatlon at flgure % aid not exlst.r Theresby
_{11 } states that the "co-ordinate strlng method in fact has the potential

for s mo:e_accurate obstacle representation and 1ndeed=Hunt1ng Eng;neerlng-htd ‘

Y hafe uséd this approach for models of limited geographicai extent; The o

penaltles, apart frqm the relatlvely 1arger volume of data preparatlon ‘;l
.1mp1nge upon tlmlng cverheads, ‘extra software, retrleval,and storage -
requlrements. Theresby {ll}estlmates & total storage requlrement for a
_20 km by 20 km area to be h tlmes as great ag matr1x methods of obstacle

representatlon.
SEIECTED METHOD

_20. F1gure 5 shows an example terra:n matrlx at 500 x 500 metre spaczng;:
HTerraln spot- helghts are known at each 1ntersect1ng p01nt of the matrlx.
".The flgures bracketed represent the varlous terraln factors (see para 12)'
Rererence to f1gure 6 shows the same area as fig 5, but w1th forest areas
(F) and bullt-up areas (B) shown outlined. In allocat1ng terraln factors
two anomalles will be seen when the flgures are compared. One of the spot

: values (70) (at the South East Corner) is aas1gned terraln factor 6 although

220




it appeﬁrs outside the B area boundary. This illustrates the difficulty of
_ sharply'delineating towns or villages when discrete obstructions tend to

cluster, for example, along roeds in the suburbs.

21, A secdﬁd'anomaly is in the large forest area to the wegt wheré
95 (7) would appear to be the correct value but 95 (hj is used. This
situation éan arise when & significant open area (clearing), often seferal
.hundred_square metres in area is surrounded by tfees.. As a result it ié
seen that'sinée this particular forest does not embrace any other
interséctibns (ﬁith_the matrii spacing used X = Y = 500 metres) the forest
area would not be répresented correctly in the model; Interpolations made
for the remaiﬁdef of the aréa would be inaecuraté since tree height would
not_ﬁe'incorporatég.'VSuiface_objects such as the ﬁore'épecific vertical
'refiectoré eg toweré, culture and buildings can therefore only be represented
it the @atrik is fine. Much data hes been produced in the past using old
-‘mapslin which the contour eccuracy may be in doubt, and fhere is an urgent

need to digitise data directly from stereo photos.

INTERVISIBILITY AND SCREENING DIAGRAMS

22. Mobile radar systems unfortunately suffer from target and terrain
masking which is site-specific, and although a geometric model, given
sufficiént data, can predict the positions of probabie élutter patches,
clutter strength from within a pateh is far more difficult to predict

(see Chap L),
23, If the target is assumed to be at zero altitude then cluﬁter patchvnashﬁj

predictions are the same as predictions of target masking at zero altitude

(see para 30).
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- 24, Whether the clutter actually prevents detection or causes break-track

depends on the clutter strengths; clutter rejecticn cepability‘bf the

system and relatlve radar cross sectlon of the target Investigetions_

Aby Brlggs snd Bllllngsley'{h} have revealed in the pest thst 1nsuff1c1cnt

date is avellable to support an accurate low gra21ng angle model.'

25, Clubtter Predictions. Francois {9 } has researched the gsensitivity of

clutter'prediction using the geometry of aerial and target height. In

‘particular 1t was found that on examlnatlon of some 20 51tes, coverage in

gecmetrical predlctlon was "rarely in good quantatltlve agreement w1th the

spherlcal earth"' Further, the radar site must be in good fit; or very

" near to the best flt plane w1th the terraln dsta. Plots showing the

sen51t1v1ty of coverage to the aerlal and target hezghts typlcally take the
form shown-at flgure 7. These are clearly 31te*spec1f1c however it is.

posslble to predlct (for the type of terraln prevalllng in a general

..geographlc srea), a probablllty that unmask w1ll occur out to & glven range

for a glven target height and radar height. In these assessments an

expected percentage of the 360° scan will be denied due to terrain screening.

26.'_0nce a clutter prediction has been made it is further modified in |

practice_by smearing due to the convolution of the clutter Withh\thl;.i

appropriate resolution cell (see alsoc dependence of clutter on aerial

) motisn - Chapter 5 ).

" 27. Actual andfgeametricslly - predicted clutter maps have, on occasion,

proved successful and useful; but uncertainties in terraih'spot:height,

'data base, culture varlatlons and propzgation effects unfortunately tend

to degrsde results,
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INTERVISIBILITY PLOTS

28, Figures 8 and 9 show typical intérvisibility plots (using program
SLINE.FOR) - for tﬁo serial heights. Térgets were at To'métres altitude
in both cases. Thé percentage masking at a given fange is plotted at

Figure 10. Terrain spot héight only was used to pfoduce these results
and a féf mofelserioﬁs effect follows when the ter?ain surfacé culture

and obstructions are included. (See also Annex E).

29. A first apéroach to the production of realistic séreening diagrams
ignorga the effects of microwave rédar energy partially ﬁenetrating
vegetation, diffrection effects, or multipath which causes angular errors.

- It ig assumed that target range~gating will always be used by modern
tracklng radars, hence only clutter from a range close to that of the target
' has to be considered.’ This implies a clutter problem only when the surfacg
beneath an airCraft‘is illuminated by the radar. Since a sightline may

not exist to this area beneath the target due to terrain or obstacle

screening, there will be many occasions when clutter cannot be received.

30. A simple way to check those cells in which clutter is obscured is to
place the target aﬁ zero altitude and test fdr the existence of & sightline.
A "Clutter Visibility" map can be drawn and combined with the terrain
screening map to produce an overall map where the clear areas repfesgnt
positions where the target can be seen but the ground underneath cannot.

On flat ground, near to the radar, the ground is likely to be seen, since
the probability of a sightline is high. Hence at close ranges the target
will be in a clutter region. Readers of the. short paper‘{lO} could

misinterpret the significance of this situation and it should be noted that

paper was produced initially for en optical visibility study. At close target
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rénges the radar beam élevatign angle is likely-tg increase, (taking néfrow“
.‘tracking beams clear of the surface clutter), vhile simultanépusly‘ﬁﬁ shorter

rahgés the returned targét signél will‘bé greatef due to fhé shortene& .

two-waf trénsmlssion_path‘léngth and will better compété with any remaining

noise or clutter.

31. 'Figures.ll and 12 show typical (max rangé 30 km) scréening diagrams a

"for falrly flat terraln for aireraft at 100 metres ‘altitude and. zero

"" (notionally) altltude respectlvely. The example ) o dlagram at Flg 13{10}

‘ ) 1nd1cates where targets can be seen but the co-locaxed clutter cells cannot.
_It is seen that many (clear) areas exlst, partlcularly in the NIE qnadrant |

‘ . l- :where a‘hlgh probablllty of successful and unlnterrupted detection and

'Eré.c_:king_ 'W'lll exist. U':‘j 3= F‘j 'H""'B‘*-'{W'- "Fc‘b n- .

\
‘-.:.:;lw' ‘32. Flgures lh and 15 compare the probabllltles of target v131b111ty (for
targets at 100 m altltude) and clutter averaglng Om and. lOm above terraln
'.spot helghts. Adgle § paper naturally assumes the same clutter from all |
renges, since from the optlcal point of v1ew all obstacles are the same,
Chapter h“investigates_rgdar clutter 1evels in detail., Figure il shows the
typiéal ffend'for'faifly flat terrain'where“theﬁupper curve probability |
i : falls almost llnearly w1thraage, compared with Fig 15, where hllly terrain -
cause the correspondlng curve to fall rap1d1y as the closest ground cover to
_ the_radar on some azlmnths causes the 1nev1tab1e loss pf slghtllne. The
measurements at fig 1% _correspoﬁd with the plaﬁ diagram at_fig_ll. Two
lower curves at figs.lh end 15 representing the'coﬁbingd effeﬁts.(with éﬁd

without the 10m tree éové:)'indicatqi |

a. As e#pécted'thé'prObhbility of detection is lower in hilly
,'terrainf(bUt not necessarily the probabiiity of obtaining & required

_ecrossing track length in the same terrain - See Annex.E).
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b. Best visibility is at intermediate range (ie the highest
probability of target sightline coinecident with the lowest_probabiiity

of clutter beneath the target).

¢, The difference in detection probability made by & 10 m coverage
- of trees is small, The differences are plotted at figure 16 where it
can be seen that they are remarksbly constant out to about 26km on

flat terrain ard out to 1L-16 km on hilly ground,

It should of coufse be stressed that results are site dependent, but the trend
ﬁerhaps indicates that constant height ground cover (ie over large tree covered
areas) does not reduce the oversll detection probability by as much aé was
expected, particularly in the intermediate.rangeBSimpértant for example in

surface to air missile tracking scenarios, (See Fig 16).

35, Dependent on the radar type,2km may be an impractically short range for
tracking purpoées, zince although the minimum range of the radar may be less

than 2kmy high speed targets at very short range present an extremely high
sightline rate which may well exceed the lock-follow rate of the associated bracher

control loop.

CHAPTER SUMMARY

_736. An earth's surface model has been investigated in order_to'set;uﬁ;
a. Sight lines to the ta?get.

b. Corresponding sightline to clutter regions below the target.

Methods of constructing a terrain data base have been examined and the
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matrix method of spot heights and culture identification-system selected

for this project. The necessity of allbwing for ground footprint

_resolution cell "tilt" (or slope) has been reéogﬁised send some Qrkﬁh«l

work has been done on thls in a later chapter. The problems of 1nterv1sl—-
_ b111ty have been outllned and shown to be slte—speclflc.' Clutte: H
- prediction research in the USA has been 1nvest1gated and thié;confirms 
the néééésity for fiﬁeness of terrain descriptive datﬁ tp'enablé a |
realistic clutter predictioﬁ mep to be produced. This appfoach is of
course recognlsed as a means only of identifying the exlstence of a
:_probable elutter patch in any particular position, and not of the 51gnal

| n&ture of the clutter itgself; these aspects are examined in detall in-

Chapter 4.

37. -Example intervisibility plots have been used to:highlight the
difficulty of'predicting maéking, even in a most arbitrary manner.
Particularly sensitive variables in relation to mobile radars will

theréfore'be:

a., The necessity to operate at any time in terrain whieh

veries from hilly to smooth.

b. ‘Nearby obstacles which are fixed (ie poleé, pylons etc)which

* block sectors, .but which nay not aﬁpear on mapé;

c, The inability br inadvisability) of the redar to move to a

‘better position from the clutter viedeinﬁ_under battle conditions.

38. Thus it is seen that a realistic assessment'of the prdhability of a
radar obtaiﬁing a sightline to a target at a given range and altitude when

sited at some arbitary position that has not been‘painstakingly surveyed
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is indeed difficult, and this does not yet include the many other factors
covered in later chapters concerning the ability of the radar to detect and
track the target successfully when the clutter backscatter is competing with

the target echo.

39. Computer Program. Details of a terrain sightline computer program are

btie(’lj de§cri5ad_€i¢(' Aoangx D,

L0, Observed Track-Lengths. A useful aspect of terrain.survey data is the
ability to predict, for'a given radar positibn, the ﬁnmaskedISectors (shown
at'Figure 10}, notlin unmasked percentaées but as probability of observing
given track lengths, This is an important concept since‘tragking of any
consequence can only take place if a sightline exists for a minimum period.
Taken a stage further by the author, it is shOWn'that:this can be_extended'to
a probability plot for totel missile firing opportunities; by taking missile
and terget speeds and system reaction time into account. This is pursued as
a sepafafe part of the study, with en attempt to classify typical areas with
deployed radars as 'high' or 'low' risk areas to an aircraft transitting

through; (See also Amex E).
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FIG 8 |NTER\!ISIBILITY PLOT
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FIG 9 INTERVISIBILITY PLOT
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CHAPTER 3

VOLUME CLUTTER - RAIN AND ATMOSPHERIC CLUTTER
GENERAL

1. Attempis are made to detect and track low level military aircraft in
almost any conditions of weather, in contrast to civil operations, where
airports may be below safe civil operating criteria if the visibility is

degraded under conditions of intemnse rainfall, low cloud or fog.

2. The aim of this chapter is to.pro§ide realistic modelling values

for rain and atmospheric clutter and to assess the atmospheric cbnstraints
on target detection for incorporation into the overall clutter model at
chapter 11. .

3. Effect of Operating Wavelength., For the purpose of the study the radar

frequency is fixed at > 10,000 Miz; but where a choice is to be made for

a radar 6perating in rain fhe'preference would be for lower frequencies
unless of course rain is to be deliberately'detected for #eath;r avoidance
purposes. That the échoing area of rain increases dramatically with
freqﬁency 1s clearly seeﬁ from a simple example, Dy taking the specific
echoing area of rain (m?m_s) for 1 and 3 GHz band fadarg'respectively

(with two identical raders 1° Beamwidth, 1 p sec pulse.length and 50 nml
_.range),.would givera ratio of Q 32 to l;l.m?, ie approximaﬁely 15 dB extra
echoing ares. in favour of the 10 cm equipment.'uAnd'for'éiample, a difference
_:of 20 dBf(t&pically_; 73 dB and - 53 dB)nis found respectively for |
.'A = 3 em and 9.3 cmin heavy rain at precipitafion fate p =16 mm.hr—l.
Rain aﬁtenuapion'effects.are alsq important aﬁd these are cohsidered first,

followed by the reflectivity of rain later in the chapter at para 1b.
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ASSESSMENT OF RAIN AND CLOUD ATTENUATION

4, Rain. While the little atmospheric attenuation in good #eather ig
due to gases and water vapour, precipitation in the form of rain, ice,.
hail or snow can significantly increase signal attenuation. Values can be
calculeted using Mie {12} theory and is given in graphical form for a
raﬁge of values in Skolnik P543/54k (note graphical error in Skolnik Fig

12,12).

5. For 3‘em radars calculated values are found to be different than those
summarised by Nathanson‘{l3} P 197 see figufe 1, who presents measurements
by a number of researchers, mostly at frequencies above 10 GHz (3 cm), and

arrives at a mean curve which is fitted by the equation:

Log A = 1.85 Log (£ x 2077) - 3.0 - (1)
Whoe A= 2wegallen © f= frequency iz |
dB. K-t wam ] | .
Both sets of values are summarised at Table 1 below (for 10 GHz). Hayes uses
1.16 0,64 1 |

0.00919p and |-bp dB.Km — for 9.U4 GHz and 94 GHz respectively {5i}.

' -1
Rainfell rabe TWO-WAY ATTENUATION dB.Km
) mm ! 10 ¢z | 10 gEz 9.4 GHz | ob. GHz
(p . Mie Nathanson | Heyes Hayes
0.25_(Drizz1e) 0.008 | 0.016 0.002 0.65 |
1.0 (Light Rain)} 0.0% 0.063 0,009 1.6 |
4,0 (Moderate ‘ : ‘
Rain) 0.16 0.25 0,046 3.88
16 (Heavy Rain)] 1.2 1.0 0.229 9.4 |
ko ho |- - - ‘
6l {(Excessive) { - k.0 - -

TABLE 1 ~ Rain Attenuation of Radar Signals:
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6. Attenuation Modelling Values. Specific values for attenuation and

reflectivity for rain and cloud for use in the overall model are considered

in the summery to this chapter at para 37,

T.  Cléud and Fog. Water droplets are small compered with A, and suming '

over lm> the Rayleigh approximatidn is usea {14},

Attn (aB.m™T) = 0.43k %2- (£p?) mm (k) - (2)

D = Particle Diemeter {(cm)
Im(-K) = Imeginary part of -K (0.024T for A = 3.2 cm), the
d'i'electric dependent factor,

re~writing (2) .

Attn (dB.km>) = 0.b34 %’- 3%?2- (-k) ' (3)
M = Liquid water content (g.mh3)

o = Density of water (taken as unity)

A=

Wavelength (cm)

8, Since it has been shown empirically that at X = 3 cm, Im varies

&as A"'l, eqn (3) can be approximated within 5% to be:

Attn (dB.Jm 1) = 0.438M - (1)
X

Together with M = 166051—1"43

, where % = optical visibility (feet) and M
= average moisture content ( g.m-3) the one way attemuation curve at
figure 2 is produced at 18°C. (Two way attenuation variation with RF '

is shown at Fig 3.)
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9. It is seen that one way attenuation values at X\ = 3 cm spread from

sbout 0.10 db.km L for heavy fog to 0.001 dB.km = for light fog. These
values decrease by more than a factor of 3 as the temperature varies

over the range 0°C to 40°¢..

10. Figure 3a. presents two atmospheric attenuations curves interpolated for

the radar paremeters for this study, from which it is seen that within

the lowranges and low grazing angles limits, there is an almost linear

relationship. " These were calculated from the US Cenﬁral Radio Propogation

Laboratory exponential refefence atmosphere for refraction and the

International Civil Aviation Organisation (ICAQ) standard atmosphere for

pressure — temperature vﬁlues. The atmosphere is assumed to be regular

and the one way attenuation factor (F) is given by:

F=e % o &R (gor two-way) (5)
o = ﬁxfenuation coefficient o

R = target range

o = one-way.attenﬁation loss . (6)

range

11. Attenustion coefficients.for a 10 CHz (3 cm) radar with 0° and 0.5°
elevation anglgs hafe been calculated at intervals frén figure 3, and
graphed at figure 4a (1). It is seen that the curve of the atteénuation
coefficients is not linear with range. Using a constant value for the
attenuation coefficient introduces an error that can be significant

for high frequency radars at low grazing engles. Table 2 gives the

cne way attenuatioﬁ losses for 10 GHz at 0.5O grazing angle. Fig 3b

(from an alternative source) confirms the 10 GHz (Pamd 0,5° spot

values,
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Range

_ . X )
) | 5 | w0 | 3 | | [ |3 | s |

Loss dB [0.0250 {0.0241 [0.0230 {0.0225 {0.0220 (0.0217 {0.021k |0.0212{0.0208 [0.0205
Per;tml | ) I .

TABLE 2 ~ ONE WAY ATTEN, I.OSSES 10 GHz AND 0.5o ANGLE

12, To determine the attenuation coefficient a natural logaritim curve
fitting technique was used with egn (7) as the regression equation.
Regression coefficients are o, and a,.

a=a ta, Loge.R (7

changing to attenuation loss from Fig k.

Ra=Ra, +R ay Loge R - : - (8}

1

'L =1, + L, Log R ' - (9)

I = attn loss for range R at 0.5° = 0.0283 - 0.001972 Log_ R {See rigure ha(2))

13. The theoretical values are plotted at figure 5 using eqn (9) and
compared with the values from figure 3. Conclusions as to the most

reasonable values to use in the model are at pars 37 below.

ASSESSMENT OF RAIN 'REFLECTIVITY

14, Rain. The second effect of precipitation produces backscatter, or
clutter. Sﬁrveillance raders are designed to detect targets in rainfall
up to 15 mm.hr*l. Heavier rsinfall is the exception and nofmally only

,  ocecurs fbr a small percentage of the time and it's spatial extent iz
usually limited., Modification to the basic radaf equation is necessary to
take account of the reflectivity of rain. When viewed with linear
polariéﬁtion tﬁe‘echoing area of a singlé raindrop whose dismeter is very

small compared with A, is given by {15} Lp 38, as:
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a (m ) (10)

.
u

complex refractive index of water

diameter of raindrop

£
"

15. Up to a frequency of 10 GHz (3 cm) the raindrop size assumption holds
but beyond 10 GHz in heavy rain the Mie scattering theory is required.
Using a f:l.gure of 0.93 for A = 3.2 em {18}, for |--2-——[ , the redar
reflect1v1tya ig the echomg area of unit volume of rain:

o, = (0. 93) L A ) (11)
Qué.ntity 2d-6 is the reflectivity factor, normally denoted Z, and the

relationship between precipitation rate p (mm.hr-l) end Z is taken {18} and
{16} to ve %ﬂh“’. m3);

(a) Stratiform rain 7 = 2001)1'6
(b) Orgraphic rain 7 = ?:,ljpl"rl
(¢) Thunderstorm rain Z = 1&86pl'37

16. Nathanson {13} p200 and Barton {'17} pl05 quote the value for
stratiform rain as the most representative, and so this value is used

here. Taking the value 7 and changing units in eqn (11):

-~

= 0.93 -E- (200 x 10718y p 16,2 3 (12)

for X in metres and f in Hz:

-1k 1.6 ' -248p 1.6 fh _

= 5,69 x 10 or 7.05 x 10
AE
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In terms of dB relative to In®

= - hig
10 log o 1;71.5 + 16 log,, p + 40 log,, (1)
Hence for A = 3Zcm the reflectivity in dB relative to 2 is at Table 3.
Rainfall |y 0 v | 4 mmobr | 26 mmobe ™ | 64 mm et
. .Rate AR I I A
dB - =T2.6 -63 ~53.k o =h3.7

Teble 3 Radar Reflectivity for X = 32em for Rain

17. According to'Battgn {19} p 1od it has been shown fﬁat on the aversge
the'calculafed rain‘echd will be 1.4 dB greater than the measured

value but it is not usual to make sny allowance for this. Figuré 6-

shows radar reflectivity of rain for given rad&r frequency and precipifatiOn

rate, however variation in drop size causes minor varistions regardless of rate.

ECHOING AREA OF RADAR PENCIL BEAM FILLED WITH RAIN

18. .Since this study is concerned solely with monostati¢ pencil beem
tracking radsr performance(which are often mobile}, it is assumed that’

the radar uses the same beam for both transmit and receive, It must
also be assumed that the precipitation rate is uniform within the radar
resolution cell. If the_résolution cell is completely filled (worst

case radér condition), and the polar disgram in both planes is rectangulsr,
a first approximation of the echoing area of the rain in the beam is

. given by: |

2

Op =0, 9, Op (5 » 2 & (m°) _ (15)
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| g, = azimuth 3dB beemwidth (dleg)
| 0 = elevation 3B beamwidth (cagq)
R = range of rain_(metres)

|
]_ 19. A more ex.act result would be obtained by teking into account the
varietion in merisl gain over the beam cross section, If the polar diagram

is essumed Gaussian in both planes the azimuth pola.r‘ diegrsm power pattern is:

exp |-3 (1-565% )2 - (16)
8

and, the two-way pattern in terms of power is:

exp {-3 (3.330, )%

BA._

(17)

9 = Angular departure in azimuth from the beam axis (radians)

a .
g—wou 9{ - & ' h d-&.ud{h " c.r “ " “

20. Considering now a horizontal slice of beam with this pattern, of

width d¢ and s maximum value of power:

e |
Dlorice) =PI 1 exp |-} (237 | ap —m-mv (18)
. —~o0 SA .
= Pdg | % le, = 0.7527¢, Pag - (19)
‘AMso, P = exp |-} (3:33e)? (20)

%




Total Powér =0.75271 9, [ P4 4 = 0.566 8, o : (21)

Compared with ﬁ-BA by &t ean {15) above.

21, Beam Echoing Arem. With linear polarisation the beam echoing ares of

the gaussiaﬁ beam filled with rain is:

o = (71,05 x 07 0)p 26 2 Mo.5666) 0, 0y (p)® 2Per @) — (22)

or o, = (1.82 x 10_h3) 8, O Ran 1.8 fh, ——————m e (me) —————— (23)

If rain exists between the radar transmitter snd the resclution cell,
‘attenuation effects will make the resolution cell rain echoing area

appear to be less (see attenuation effects at paras 4 and 5 above).

Eé. The case wheré a béam is partially filled.with rain {20, 16}

is not pursued, since only low level targets are of interest. For radar
modelling it is cuatcméry to assume {16} that.precipitaﬁion is constant
below some arbitrery ceiling and zero above, hence with & pencil béam at
low grazing angles and short range it is reasonable to assume that only
rain filled resolution cells are pertinent. For very low angles part of

the beam may intercept the ground but the small effect of this is ignored.

23. An exception to this situation would exist if the resolution cell
was just below the 0°C altitude level, where the so called "bright band"
is situated and the reflectivity suddenly increases, because water has

a greaster reflectivity.than snow and so the particles also chenge size

end shape. Battan {19} p 192 gives the increase in the bright band as
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ieﬁiS-dB ebove that of snow 500 metres abové, while the value. of thé

rain at lower altitudes beneath the bright band may be 6-10 4B iéwer.

Herrold {21} suggests 9 4B and 8 dB respectively, The 0°C level may

oceur at any eltitude. It is assumed that there exists an expoﬁential;

change of reflectivity above the 0° level, and oo exp (-0.6 x 1076 h_z) - (24)

h = height ebove the freezing level (metres),

POLARTSATION EFFECTS

24, If in an ideal éituation a perfectly spherical raindrop is

illuminated by a circﬁlarly polarized wave, the reflécted signal will

have the Opposite hand of polarisation and can be totally rejéctéd on
reception. In prectice,raindrops are not perfectly spherical and it'

is ﬁbt practicable to generate perfecﬁly po;arised waves, particulﬁrly_

over the whole of the beam. Rain rejection is ndt.perfect although |

a siggificant.degree of cancellation can be achieved. Warden {22}

giveé experimental results averaging 20 dB; Reiss et al {23 usiné results
taken over a year averages 16 dB and this ig accepted as a typical figure
(cencellation = ratio of return using linear polariéation to thé accépted

part of the return with cirecular polarisation).

25. Since raindrops can be regarded as oblate sphéroids,optimised
elliptical polarisation will give better cancellation than circular.
Howéver the 0ptimum cancellation characteristics vary with range and the
nature of the precipitation. This point is not pursued for the study in
hand. On the average the backscatter for horizontal polarisation is

larger than that for vertical polarisation.
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DOPPLER 'SPECTRUM OF RAIN

26. Assuming the rain mbved with the wind {24} pp 205-212, thé doppler
spectrum arises from the resolved radial compdnent of fhe wind vélocitjr
as it cha.nges. across the resolution volume. To this is added a component
represenﬁing turbulence. The worst cases exist when 'locsking .up or down
wind. Mean wihd velocity and change of velocity with height (wind shear)
ere. the main pérameters. Assuming a two-way power pattern, Gaussian béa.m

| vertical polar diagram:

- 2 )
Power = exp | - 3 (3:33%)? (25)
: eE :
. eE = 34B beamwidth
8 = Angular departure in elevation from the beam axis (rads)

27.. If it is assumed that wind velocity changes uniformly with height
and therefore uniformly - with elevation angle, the stendard deviation

of velocity due to wind shear is {2h):

' % -1
K = "l "l

Windshear coefficient m.sec ., m

o
i

Range in metres

(5.2k x 1073) KRe,, m.s - (21

28. The turbulént component is assumed to have a standard deviation of

Im.sec™t, So that the total standard deviation of velocity is:
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_ _ _ . )
= [1 + (2.75 x 107?) (KReE)E]2 n.e (28)

the corresponding standard deviation of the doppler spectrum is thus:

£a= {1+ (275 107) (.KRBE)Q}% o (wa) e (29)

sd
= (6.67 x 107) {1 + (2,75 x 1077) (kRo)*}’e  (Hz) -—-—ov (30)
where £ is the frequency in hertz.

29, This specfrum is Gaussian in shape and centred on the frequency

' corresponding to the mean wind velocity in the resolution cell and can

be written as:

5 (£a) = exp {-} (4193} e (31)

sd
fd = doppler frequency (Hz)

"fw = doppler frequency corresponding to mesn wind velocity (Hz)

SHORT TERM FLUCTUATION OF RAIN ECHOES

30. As the rain echo is made up of contributions'frcm 8 very large
number of droplet scatterers the probebility distributions of the |
envelope can be expected to be Rayleigh in characteristic, providing
preéipitation is constant. Warden {22} has confirmed this expérimeptally.
The rein echo therefore has the same distribution as thermal noise but
with a much longer correlation time which can be significant when
integfation ovér the beamwidth of a scanning radar is cénsidered. Any
imprqvément in signal detectability as ﬁ result of integratioﬁ will

. depend on the number of independent semples integrated. For thermal
noise this would be equal to the number of pulses integrated, but for

‘rain clutter it can be congiderably less.
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31. ‘Referring to the doppler sPectmm('Qqh&)_u{nll result tn anouto~

correlation function of Gaussian Shape and sd = %ﬁ:——-.. Assuming a
ed ‘ :

time equal to two standard deviationsrepresents neer complete decorrelation.
this is typica.lly of the order of 10 mil'lisecs when fsdl is near to it's
lower iimit, and thié may be a substantial fraction of, or even exceed,

the integration time.

SPATTAL CONSIDERATTONS

32, Nathanson {13}.15 217 states that the mesn echoiﬁg area mey cha.ngé by
as much as + 10 dB over 10 mmls under showery conditions and by as
little as + 1 dB in uniform rain, There is evidence {25}from
_ méé.suréments é.t _Ca.rdington that considerably larger flugtuationé can
~occur; 20 4B ':i_n 0.5 km oﬁ OF‘casions. I\.Ta.thanson. also .'sﬁ:a.te.d a fall in
spatisl correlation to 0.5 in 0.6 to 1.k mmls in shdwérs, and in 2 to 3

mils in uniform rein.

33. TFrequency Correlation of Rain. Nathanson '{13:} p 213 shows that a
change of frequency by the reciprocal of the pulse length is sufficient

to reduce the correlation to near zero.

'FREQUENCY 'AND DURATION OF INTENSE RAINFALL

34, Bilhem {26} quotes an empirical formuls relating rainfall, its

duration and frequency of occurence in the UK.

log n = 0.0952 + logyy ¥ = 3.55 log;y (A + Lol) ——————- (32)
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S

u .
B

mmber of occagions in 10 years
£ = duration in hours
A = total reinfall in inches in time ¢

Re-written for p = precipitation rate in mm/hour_ax@r§33d over time t.

loglo'y. = 0.Q952 + 1oglot - 3.55 loglo'('tag'2; 1) Jp—— 1 )

This is plotted at figure T and relates to rainfall at e. point on the

 ground. -

‘RAIN OVER "SMOOTH FARTH"

35.. Txtensive small random écatterera over & smooth earth or ses cen bé
‘considered to‘be uniforml} distributed., With certain combinations of.
pdlarisatiqn at low grazing angles (HH/VV) the relative.radar cross section
of the scatteférs is enhanced by the smooth surface. 'This is shown by
Long end Zehner {27} to be as much as 7.8 dB larger aﬁ A =10 cm ovérfthe
sea. It is mot clear if this would ‘affect multipath at l=-3cm.' |

The réin scatterers are assumed to extend at least several interférence
lobes in sltitude above the earth's surface. As the deﬁression (grezing)
engle approaches zer§ specular reflection increases. Work réported upon in
this field suggests £hat the problem is complex and that information is

incomplete, no results have been found for A = 3 em.

CHAPTER 'SUMMARY : )

.36f From tﬁe foregoing, extensive reading and by contrasting the findings
of many reportsz, e mumber of mainbgonclusiqns applicable to the radar
parameters required have been selected.. These are éet out bélow as the
basis for the rain end stmospheric clutter inputs to the overall modél

at Chapterii,
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37. Selécted Values. Using as far as possible practical measuremenfs from

the sources quoted and including opinions from uhpublished sou:ces:'

a, ) Rain'Attenuetion. Rain sttenuation velues used ere those
‘from Natheﬁson shOwn.at Table 1 at para 5 o The sef of reeults .

graphed at flgure 1 are considered the most representatlve and the

" curves show the 1mportant trends as both radar operatlng frequency

and rainfall increase.

b. "Cloud/FoglAtteﬁuetion. Modelling values.for cloud eﬁd;fog_
_aﬁtenuation'are relatively small compared with‘the othet eources'
1nterfer1ng with radar detection. However fhis value is included'.f
lfor completeness and under certaln condltlons cloud or fog
attenuatlon effects mey Just take the redar system below detectlon
threshold or. 1ntroduce uncertalnty.‘ Values calculated from e (9)
'~ are used. These are plotted at Flgure 5 and elao tdbulated for
severalrvelues.‘ Curve flttlng for eqn 9 was done by computer

program, correlation coefficient 0.996.

¢, Rain Reflectivity. Rain reflectivity values at Table 3 are

l considered suitable,

d, Penc11 Been Reln Ech01ng ‘Ares. Resolution cells w1th1n pencll

:radar beams are always considered to be razn—f1lled never part:ally
fllled because of the geametry of the smtuat1on. Aerlel polar

'dlagrems are taken to be Gaussian in power dlstrlbution.

3-58



‘e.  Polarisstion Effects. Figures from Reiss {see para 24) are taken

to be statistically sound.

f. Doppler Spectrum of Rain. Total standard deviation of doppler
shift due to wind effects are incorporated by using equations (30) and

(31).

g. Rain Fluctuation and Spatial Extent. Probability meterological
statistics for precipitation frequency, duratién, short-term fluctuation
and intensity are well documented. The model initially operates without
referénce to the statistics, by using fixeé rain valueé for each

target run.

38. Details of the programs used for signsl and statistical ahﬁlyais are

briefly desecribed at Annex D.

39. Anomalous Propagation. Finally, astmospheric conditions might exist to

produce 'ducting', allowing the unexpected detection of low level targets at
greater ranges than normal. Sﬁch conditions cannot be predictéd overland with
total accuracy:; but are probable over water as 'evapor&tioh ducts'. Overland
there iéla 35% probability of some ducting in Europe. Prediction can be
enhanced by using radiosonde data, and by using software such as the Ferranti
predicfion programs. Ducting is not considered to be of interest for alowlevel
tracking redar since 'ducting' ranges are likely to exceed missile system ranges.
Ducting might however allow an off-site search radar to detect the target

at greater range and thus direct a tracking radar onto a target.at an earlier.

time.
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CHAPTER L4

DEPENDENCE OF TERRAIN BACKSCATTER ON
“RADAR AND SURFACE PARAMETERS

INTRODUCTION

1. *Ndn-uniforﬁ.scatterérs surrounding a radar c&ﬁhot be easily described
bylé single gbefficient, since the gubject of radar enérgy scaftef from
gerrgin is_cdmplex. Standard texts often describe surface returns, which
prodﬁce clufter, in & relatively simple wa&, but regearch into terrain
:re3p6nse‘haélbeen the subjéct of many detailed résegrch reports in past
.yéars; Tt could perhaps be reasonably expected that fhe_muitiplicty_qf
ﬁeasufemeﬁts teken over scme 30 years (although each pfo&ucing results
pertinent to a particular requirement), would nefeftheléss léave few gaps .
in the-éverall knowledge. This is not the case - ahd so an eﬁtensive‘survey'_
of §ast surface clﬁtter mesasurement programmes, aﬁd information from other
sources has béen ﬁade and summerised. Many of the clutter me&surementS‘

made since World War IT can be found at {28 } {29} {30} {31}.

RESEARCH ATMS |

2. In order to assess radar performance with a reasonable degree of

confidence, two main aims must be met:

&, A description is required, in mathematical terms, for
the expected clutter from any terrain radar resolution cell
over which & target is flying, or from which clutter is .-

 ‘received (eg sidelobes), The descriptidn should account for
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the clutter dependence of the surface itself, radar grazing
angle,‘fesolution cell size, radar frequency, polarisation

and spectra; since o, = £(6, R, 1, ¥) ete,

b. An assessment of the degrading effect on rader detection, :
which a specific type of clutter is likely to have on a radar,
~given the various signal processing options‘which could be

iécorporate&_in the radar, together with its other parameters,

3.. Téking 2(a)Iabov¢, if is suggested that aﬁ\ide&l model should examine
the terrain beneath each tgrget regsolution cell, by saccessing a_terraih

_ cultufé data base for the area overflown, Predgtermined.reflectivity
co—éffibienté.or the reflectivity distributionéshoﬁld 5¢_usea'for‘£he.
vafidus types of terrain cover, suitaﬁly adjustéd for the parsmeters at

| para 2(a) and further scaled after using local terrain spot heights to
calcﬁléte slopét?gspect angle , With terrain reflectivity as a function
‘ofiaspect angle it should be possible to finally produce & single valué

for clutter power to représent the cell under investigdtion.

4, Initially each contributory clutter factor, in an idesl approach,

- should.be seﬁarated from the others, proven experimentélly and later
made avaiiaﬁle for recombination with fhe other deﬁéction'fagtors.
Separation of the.individual dependencies. is howeVef extremeiy difficult

in the first place.
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5. The observable clutter values have rarely been coliected in.a
useful menner for this purpose; since many researchqre'have usually
‘collected clutter amplitude, temporal ﬁnd polarisation'chhracteriética
separately but not simultaneously =~ thus not'allbwiﬁg‘ﬁesﬁ co;relation
“to be.investigéééd betﬁéeh the variables. Others have usually igﬁored

terrain slope effects, or radar resolution cell size. . -

CLUTTER DEPENDENCE

6. Surface clutter characteristics overall caﬁ'be divided into

two categories:

. a, ‘ Clutter"Processing Dependent. This grouping includes
radaf signal characteristics, such as ampliﬁude fluctuation

stafistiés; spectrum and frequency agility.

b. . Clutter4Bdckscatter Dependent. Including previously
. ligted parameterg, such as grazing angle,'RCS terrain type,

polarisation, RF and spatial distribution.

T. -It is necessary to apportion the probabiiity of detection and false
alarm rate (FAR) factors correctly between the two groupings ébove. A
siﬁplifig@_approach,is ﬁhen taken for the purpdée_of meetiﬁg the-geometrj
1and target parameters, Detection and FAR proBabilitiés cﬁn-be obtained.
from target.and clutter fluctuation models - aepending upon the effective
numbers of staﬁiéficaily indepeﬁdent target clutter smmplgs integrated by

‘a_poétulated radar 'signal procesgsing system.:
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8§, Detection probability (high} and FAR (low) thresholds can then be.
established, based on clutter statistics and the desired FAR. Overall
detection probability, above the mean integrated clutter level, can then

be computed, based on signel statistics.

STATISTICAL DISTRIBUTIONS 7 N |

9. Three example stafistical distributions { 32} are detailed 8t

Annex As

" a. The exponential statistic (Wiebull with exponent
parameter = 1) is used when many independent scatterers

are within a radar resolution cell.

b, A surface clutter (Ricean) distribution which is
used in the case of a single dominant non-fluctuating
scatterer {point speecular) plus many smaller scatberers

" in the seme resolution cell,

|
|
|
|
¢. The Log-Normal distribution has a longer "tail, is !
applicable to modelling 'gpiky' clutter, and which has also

been shown {33}, to give a reasénable description of

scattering from randomly orientated shapes which can be

represented as plates or cylinders.




DEPFENDENCE OF o ON TERRAIN

iQ,  of thé élutter;dependent paraheters at para 2(b) above, terrain is
‘the most Siénificént. When observed by puléed radar at loﬁ gfazing angles .
mbétrterrain is non-homogenecus and so a statistical gppréach is required,
since the charactef of the surface, its slope {see Chapter 10) and | |
consequently the backscatter coefficient,ﬁill vary almost from one
résolution-cell to the next. An overall probability density function
(pdf) is requlred to descrlbe the amplitude dlstrlbutlon. This will.
prcv1de the probablllty that a resolution cell selected et random, w1th1n
the.terra;n:area, will contain clutter with a partlcular average of
éiutter'ﬁoﬁer. The model at Chapter 11 will account for those cases
where the surface 1s ’shadowed' using the sightline technlques descrlbed
:at Chapter 2 and Wlll also indicate if diffraction or refraction_could

teke effect and possibly produce clutter from alcell'in 'shadow’.

11. The typical radar resolution cell clutter footprint geometry assumes
that any cell will contribute an average clutter value for the particular
type of terrain dependent upon grazing angle, slope and the applicable

pdf or coefficient of reflectivity.

12.;'It'is.§een thﬁt'the amplitude probahility for a single cell does
not descrlbe Sp&tl&l dlstrlbutlon, since each cell is taken independently
_ fram wlthln the overall area of radsr track:ng;. Also adjacent cells .
could be 'shadowed' in hilly terrain, while at other times in a'given

area there will be extensive regions with the same surface reflectivity
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characteristics and slope. Spatial distribution must be necessarily
considered whenever a quick (overview) prediction is required for a
4

given area of interest, since backscatter from adjacent cells will

often be spatially correlated.

PROBLEMS'OF'MODELLINC THE TERRATIN AMPLITUDE PROBABILITY FUNCTION

13}_ It hgs_reéentl&'{Bh } been acknowledged that "more comprehensive and
cafefﬁlly;cohfrolled backsdatter measurement programﬁesﬁ are necessary

aﬁ low graziﬁg angles, A.preliminary survey in this'érea by Allan has
ihdiéated both disparities and consistencies in an éxémipation of a
sample of results from the UK and USA. No attempt is ﬁéde here to repeat
Allan's summaries, but rather to extend his results to include several

more sets of measurements which have now become svailable,

?ORMULATION OF;STATISTICS

ih. .It.is.wideli_accepﬁéd that terrain clutter is the result of 2 basic
meéhanigms;;thé_individuﬁl or specular reflections frdm'strong point
refleétofs;”aﬁd 8 Rayleigh distribution for diffuse clutter. The process
can be 'developéd’{ 35} in terms of the stetistical ﬁroperties of the
scintillatihg returns frdm the elementary point scatterer, with the more
' ccmpiex distribution.obtained by superposition of many point scatterers

" within the radar beem.

b=TT.



15. Type of Terrain. Investigatigns’{36} deduce as a general rule

that the. type of terrain is identified most markedly in the mean of the
Normalised Radar Cross Section (NRCS) and in general clutter is neither
Géussian nér Log-normal. This has been demopstrated by means of a
KOLMOGOROV-SMIRNOV test of the cimulative distribution of the NRCS'fBT}.
The returﬁ from a point scatterer within the resolution éell will be of the

complex form:

— (1)

—

(t)

we) = Ax) 5900 u(6)
for Og£tgT

¢ = 2BR(t) is the phase, where 8 = 2v/A {propagation factor)

%t is the observation time (dependent on aerial beamwidth)

Alt) contains both the emplitude component of the 2-way aerial radiation

pattérn and the intrinsic amplitude of the scatterer. R(t) =, 2 . V2t2)

is the range to the scatterers at the extremities of the beam and R0 is

the range along the beam centreline. As the aircraft moves at velocity V

this sets the observation time for s given range and beamwidth; for example,

if mean R, =5 im, V = 300 m.s—l and beamwidth O.ho, then t = 0.058 sec.
Generallf Vi << RO, giving an approximastion of the return signal ("scintillating" 

linear FM signal due to aircraft velocity causing radar resolution cell

motion across the point seatterer):

T(t) = At) _ i(F, + Kt°) - dp t e e (2)
e Vo 0
R .
o
wo = QBRO ‘ 3
K = BV2/RO, the secintillation rate

Assuming't>0, then representing terrain clutter as a superposition of
many individual scintillating targets:

, n . . 2
¥(t) = §9° 1 akebgk +iK(y - 1)" - (3)
k= for O <t < T




16, Several assumptions are made above, since in practice, even

with the obﬁervation time T, with a moving radar gefial the amplitudes
'aﬁd.phases and fhe numﬁer of scatterers will be varying. All
'gmplitu&e effects at (3) are lumped into 8. Figure 1 shows the
-genefai concept-cf eveniy distributed scatterers within a resolution

cell.,’

17, It is normal when following the 'point scatterer approéch:to
consider fluctuations from & single scatterer, using equation (1)
vhere fluctuations about zero frequency for s linear frequency

modulated signal are based upon:

© Y(t) = ACos (ktZ + ¢) - (4)
0gt g'T_
It is'shqwn“{37'} that as KI2—3 » the spectrum of thelscintillating

signal tends to o constant, and this is assumed during the'ofservation

time. The characteristic function of equation (k) ie obtained from:

- 2%, - O
F(E);_j LieACos Exz/x) + gzl p(X)dx o )
Whe?e'x.%'Kf _
D S Y
P =g T wT

18, By manipulafion, reversing the order of integration, summation and by
changes in variables and, since by definition the pdf is the Fourier

tranasform of the characteristic function then:
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Y>A

19, From (6) the mean value of the scintillating signal and the

. convergence of the distribution function are shown at {38 } in some

‘detail, Finally, since in practical terms terrain clutter is the result

“of many point scatterers within the aerisl beam, the mean, variance
and other'ﬁsgful descriptive parémeters can be obfgined so. that the
staﬁistics of ihe distribution envelope are evolﬁed, lCumulative
distributiéns at { 39} over.city aress clearly show the specular
nature of clutter ffom this type of target, however,bbne of the
diffiéult areas in thi§ report is the correlation of statistics found

by one researcher at a specific location, with those of others at

different locations, Much of the early work on the point scatterer

‘formﬁlation'of the statistics of terrain clutter_wﬁé‘by { hb}, but
more recent and extensive work using this techniqué {hl } invariabiy
recommends the necessity for many more measurementé;' In general {42 }
concludedﬁthat the Gaussian distribution appliedrdver homogeneous
'surfaceS'éuch-as désert and farmland and.lognormdl(lohg tail)
dlstrlbutlons would, be 11kely over urban and moutalnous areas, ‘Many
. researchers used smooth surfaces to develop reflect1v1ty models { h3},
however { khy states that the accompenying theorles do not apply -

directly to the earths vegetation.
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SIMULATION OF CLUTTER .

20. An alternative‘approacﬁ for the agsessment of redar performance
in clutter is the use of clutter simulation. However,'the‘Simple
simulation of clutter as noise alone ignores the need for time,

- spatial correlation, or of frequency effects. Time cerrelaticﬁ could

. perﬁeps be_intrcduced in an appropriate way by'numericei filteriﬁg
of the renccﬁ‘nﬁmbers ﬁsed to simulate the noiee,'but‘freqﬁency.and
spectral effects are complex. Andre et al {45 } recommends an

_ 'Open 100p approach to clutter simulations for ba51c performance
predlctlon, w1th a 'closed loop! method preferred for detalled
ana1y51s. In the open loop case the sum of the gignals from clubter
and target szgnals (from clutter and target signal generators)are fed
.to the 51mulated radar veceiver, The essential difference for the

: clcsed loop-solution involves the simulation of a radar transmitter

. signal which is then processed to obtain signals'forlterget_and radar
pcictter ehich are mutuallp coupled to allow signal modification.
Flnally target and clutter 51gnals are merged for. process1ng by the

51mulated r&dar recelver.

21, Considerable effort has also been expended, { H6}, in modelling

_'clutter maps for other purposes, such as flight 51mulat10n, where the
51mulated airborne radar is "looking down' for targets flying over

" a clutter-producing surface. In the main such simuletions aim to
evaluate gystem reaction to the clutter, Lognormal‘distributiOns

areoften used, and since moving radar platforms are being simulated,




a ﬁeasﬁre.of the rapidity of clutter variatioﬁ is idegli& incorporated.
. These siﬁulations do nét investigate the clutter itself:and merely.
repfédﬁce approxiﬁate (but nevertheless'representative)_visual

effects for training purposes. The reader is directed to the reference
for further general reading, but the technique cannot realistically

contribute to this study.

.BACKSCATTER FROM VARIOUS TERRAIN TYPES

- 22, Although ﬁ0st.terrain is composite in character; éiving an
obserGed‘widé dynamic range of land clutter distribufiohs for the
”differing‘pombinations of woods, fields, rocks, man-made objgcts gﬁd
shadowed regions; the following paragraphs briefly conéidef individual

. te:raip-type feflectivity characteristics, prior to investigations

of £he depenaence of clutter upon the radar parameteis T,,FF, pblarisaﬁion.

and Y. Normelised RCS per unit surface area is used'thfoughout;

;." ' Effective RCS Ares .
90 = 10 Logo ~ Effective Illuminated Surface Area

@2, n2)(7)

.23, Séverailhﬁndred éets of conditions would be néééssary to specify
all backscatter, with 8 or 10 different terrain type classifications,
Some researchers { 47} have included an extra pafamefer to account for
tﬁe pfactical iﬁconsistencies of 0, For examplé, the large number
of.émall scatterers which under normal circumstances would be labelled
'Rayleigh! in cheracter are found in practice to occur on less than
50% of ocassions { 481}. For the low grazihg angles requiréd in
this‘report iand backacatter amplitude distributions.aré often

conteminated by shadowing due to trees, hills etc. Teking the extra
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problems of backscatter coefficient variations vith sufface moiéture
content, and the past measurements taken with fixed and movingiradar
‘platforms (ie spatial average v time average), it is seen that
uncertginty-cén easily occur when attempting td sufvey findings and

errive at a ressonable model.

24, Trees[Fbrests.. Electromagnetic radiation at 10 GHz or above
.&Qes not §igﬁificantly'penetrate dense areés {49 }, -Diffuse réturns
therefore come predominantly from the upper part of‘fhe'tree canopy.
Raising the merial above trees and using pencil beam radar reduces
clutter dnly‘for high flying aircraft { S0}, but gives 1imitéd signal
to clutter bnprovement for ultra-low flying aircraft.' Aircraft which
would otherw1se suffer blocked optical 51ght11ne may therefore be

observed subJect to clutter limitations.

25, Reséarchers in the past {51 } p 221, have investigated backscatter

from dlfferlng types of tree, ie pine, dec1duous, under different

mozsture condltlons and seascons of the year. The average RCS per
unit ares for trees.seéms to be about —20d8 - . with horizontal .
polarisétioﬁ exceeding vertical by 1 or 2 4B, Evefgreen (pine trees)
ténd towards a slightly lower RCS per unit area ihan deciduoﬁs (3_dﬁ).
usiﬁg.1=10 GHz {53 }. Clearly those trees which refain tﬁeir foliage
w1ll not vary appreclably in reflectivity with the seasons., From
reported data { 54} a survey of amplitude returns from trees, u51ng

horizontal polar:satlon, with log-normal fit is g;ven at eguation (8).

Contrary to {52} above vertically polarised values were 3 to 4 dB higher.
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o, = =15 + 15 Loglo-%g ~ 8 L°810'6T§§ B m™im *f“f---(B)

for ¢ < 25 s 2 95 GHz. The_dependence upon ¢ and A is considered further

at pares 47 and 68.

26. Effects of Pfecipitation. Moisture probably contrlbutes 5 dB

extrsa reflect1v1ty compared with dry trees { 55} show and ice cover

are separately examined at para 29 below,

27. Urban and City. Significant shadowing can be expected from
bﬁildingsrwheh operating at low grazing angles, but resﬁlts;mhst be
‘analysed carefﬁlly.' For example, Linnells results {'56}'wehe

obtalned under condltlons where perhaps reduced shadowlng is probablj

| hecause of h1s radar locat1on on a high tower (30 m). Medians back-
scatter from urban and city areas at A = 3 cm are llkely to fall

| between-PL-30 dh‘(below 1 mg.ﬁe), for very low éraziné.angles. Katz

t{ °T3, and ethers'{ 58}, {59}, have also produced results for

buildings., .In general, {60} concluded that the 1og-norhal distribution.

is .the best fit for reflectivity from buildings.

28.' Flat Farmland and Cultivsted Land. Linnell {61 } also obtalned

results for farmland these ranged from -33 4B in March to =21 4B in
‘August, for a spread of values for ¥, discussed belowr ‘As expected

8 maximum d; occurred-when the area contained fully érown crops. Also
confirmed were other pfeviously assumed conditions,lsuch'as that of

ploughed ground giving a'greater value before a rainstorm, since

. the surface is rougher in texture compared with values after the raln;

the d1e1ectr1c-constant of soil being moisture dependent., The reader

h-8L
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No other parameters were included, however it is thought that (8) was derived



-': is refefred to {62 } for detailed information on the variation
ein average height and feflectivity of farm erops for giﬁen ground
helght above sea level in Germany. Land utilisation fer certain
Zcr0ps 1s predomlnant in given geographical areas and in N Germany culture
data is held to a grld spacing of 150 m (N/S) x 95 m (E/W) in the

German Nhlltary Geophyslcal Office Dstabank,

29, Snow and Ice., In some respects limited data is'eVailable

concernlng clutter directly from ice or snow, especlally in those
measurements which 2llow a comparison of the clutter plot from the‘
‘same terraig beth with and without snow cover. Some values obtained
with ep aerial height of 2 m, RF's at 10, 35 and 94 GHz Were made
'befﬁeen_o.h to 1° grazing angle {63 }, but ﬁith ;imiﬁations in range
aﬁdewithxthe,snow_overlayihg fresh-water ice rather thaﬁ'over trees
or soil, Krason end Randig { 64} made reflectivitj coefficient_
meaéﬁrements at '3 and 10 GHz for ¥ = 0.5 to U4 degrees using_common
terrain; and with leaves both on and off the trees. AT 9.505 GHz -

values were consistently shifted by43 dB due to snow cover.

‘.30. Results obtained u51ng short pulse durations .of O 125, 0 lT and
0.10 u secs (Hoekstra,and Spanogle), together wlth aerlal beamw;dths

of 1'3, l 9 and 0 38 degrees, are of particular inferest here, since
they are approprlate to hlgh performance tracklng radars. Unfortunately
the 500 to 600 n range is not representatlve and the results could-

only be used 1f theyJU&ﬁHlpolate satlsfactorlly to longer ranges.
Further at short ranges it ig thought p0551b1e that the clutter returns
may come from beneath the dry snow cover, whicﬁ varied ih depth from

0 to 30 em. Small amounts of free water in snow can significantly

-85




affect the measured value, which kﬁumnﬁedﬁdue to this effect by about

410 dB in the case of Hoekstra.

31, Teﬁporal Changés. More recently dramatic differénéeé hqve been
observed over short time periods, These may be as much as 10 dB in
30 minutes {65} {66 }, and specifically occur when free water
freeées, gsually - though not exclusively, at night; Transition.time
is unequallbgtweén the two extremes as freezing geherglly'takes longer
than thawing. Hayes {67 } observes that ﬁt least 6;15 m depth of
snow 1is neéésséry ﬁo énsﬁre no reflections from the underlying terraiﬂ;

' éndlthat "éalibrated date are insufficient to permit comparisog with

* theoretical calculations".

32, Polarisetion.in Snow.. Polarisation effects under normal conditions

sre agein considered at para 64 below, however it is well established
' that horizontal aerial polariestion in snow gives approximately 10 dB
more thaﬁ'vertical_when the snow is dry, but this'diffefence reduces when

_.the snow is wet,

33. Reflectivity Modelé for Snow. The above comments sre included

" here to show.the ﬁhgéftainty associated with seiecfing s suitable
.modei, since it is prdposed that the underlying snﬁw which receives 
ﬁ proﬁortion of energy (variable with RF), may refract tﬁe energy
towards the normel; thus allowing backscatter fé occur at & higher

grazing engle ¥. 1In practical terms there will be difficulty,
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for example, in predicting Fhe freeze-thaw cycles aﬁd'pOSsibly
sporadic rgin on variable~depth snow. It seems probéble that

a very general statistical clutter value for snow is the best

to be hoped for.. Other effects noted include e;idence of returns
from "bloﬁn snow" from hill tops {68} getting into sidelobes,

and snow in forward scatter (at 35, 95 and 140 GHZ) measurements
_producihg_as much &s 25 dB.variation in multipath-signals, leading

to serious angle tracking errors against horizon targets.

3k, Tomlinson {69} obtained backscatter information for space~based:
radars for seven terrain types, and by regression analysis as a function

of RF and y obtained anslytical models, for snow and other surfaces:

06 = A + By + (C +Dp) log £ ‘ - _ (9)

" Much larger reédlution célls were used than is the case for low

'1evé1 tfacking radars, and the applicability of the model calls for
cqution. ‘However it is seen later that the values produced by thié
model equate reasonably well with thoseifrdm other sourcés. The choice
of an ebsolute vélue of % to be use& for a particular aséessment is
much more of a problem than the gradientg for exsmple, as the value of
¥ changes. ZEguation (9) above for snow computes with A, B, C and D

as -32,97, O.3h0, - 1.797 and 0.035 resﬁéctively. An 'adjustment |

factor' of + 2.9dB is applicable.
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DEFPENDENCE OF 9 ON 1

35. Besults‘{TO} as far dback as 1969 indicated that clutter levels, &s
expected, must be a function of the area of the illuminated clutter patch
end therefore dependent on T and beamwidth. Measurements made at thaﬁ time
with long and short pulses transmitted alternately from the ssme radar gave

differences in clutter levels of about 18 4B.

36." It seems that the effect of 7 on clutter lies somewhere between two
extremes. On the cne hand with a very large number of scatterers, the power
returned is proportional to pulse length. But with a very small number of
scatterers the probability of any power level being returned is proportional
to pulse iength. A note on each of these conditions follOWS,‘before the
results of various research papers and reports are discussed and a suitable

model selected.

37. Many Scatterers. As an aerial i1s moved the short term clutter returns

are assumed to be Rayleigh distributed with a mean value which varies slowly to
give a lognormal diStribution with sd about 20 dB, (ie lognormal running mean
with superimposed Rayleigh for the difference between the clutter signal

and the running mean). The scatterers are often located in patches so with t
reduced there is scme probability that no scatterers are in the reduced
regolution cell, It is assumed each large cell (if unshadqwed) does contain

some clutter.

38, On the average the scatterers in those cells containing them are more
densely packed in the smaller cells (to give the same clutter levels). A
situation can arise for very small values of T, where some cells return no power

while others may return (since clutter is spatially distributed in patches),




proportionately more, . . Por example .‘F' T is reduced Orbihnﬁftd b‘_—l
" a factor of 10 and éiﬁo'half the new cells contain clutter
then:

T

-1 : o - '
93 b= .o-sl—oj - , (10)

p'is the probébility of the smaller (new) cell containing clutter.

T : o
1. 12 are the short and long values of 1 respectively,

L
P=7 Log ?; dB (11)

P is the power level returned by the small cell relamive to the large

cell,

39, Dodsworth { 71} proposed a deduction of the effect of & change
of pulse length on the probability disﬁribution of éiutter. Using
a numerical example where p = 0,5 and 7%-= 0.1, giving P =-T dB;

- for the small cell to have an RCS of Q4B (ref 1m?), the large cell
must‘have'a échoing area of +7 dB, and the probability that this is
exceeded'is 37%. But p = 0.5, hence the probability of the small
cell exceediﬁg 0dB is 18.5%. The results are plotted st Figure 2
.for 5 raﬁios of fi, Y. Inmodelling clutter {71.} chose a
:lognormai distribution for uniformly reflecting poiﬁts expfessed
as a deﬁarture from the running mean of the clutter signal, ie

the short term clutter component, Using an appropriate number

of integrations and by adjustment to the pulse length 1, the sd

of the clutter signal increases as pulse length is reduced.
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4o, 1If it is assumed that the many clutter points from a large
cell are more or less uniform and varying from cell to cell in
a lognormel manner, this cen be plotted with an érbitrary sd of

25 dB and replotted after T is reduced by a factor of 10, reducing

‘all echoing areas by 10 4B as shown at figure 3 . If only one

echoing point exists within each large resolution cell and the same
distribution applies as in the first curve sbove; and t is now

reduced by a factor of 10,  a third curve results with a difference

fram the first of about 40 dB at the 5% level and 25 dB at the

- 1% level. This gives the approximate result in para 39 above.

41. Relationship of t With Wiebull Shape Parameter, In practice,
for a given cell, ground clutter is not uniform, leading to
a non~proportionate change in clutter when a resolution cell is

shortened due to shadowing and other effects. Whereas a radar

:designer may wisgh tolselect a set of radar parameters and then

find a suitable distribution - typical of'the parameters,  or

alﬁerhatively to estimate the distribution change likely when

T alters; performance prediction of existing radar can only be based

on the known parameters of the radar., {71}, using the pulse -
length — beamwidth product has made empirical estimates of the

effect of changing the resolution cell by factor N, on surface

clutter distribution, It is established for a range of T x 8, of

A

2,5 % 10 2 to 2,5 x 10" 7 radian seconds that a relationship

exists between the size 7 and the Weibull shape parameter;'
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42, 1In practical terms here, with an assumed pulse length
T = 0,51 sec and GA = 20, giving‘0.0BhQ x 0.5 x 10 © radian
seconds = 1.7 x 10 8, Given the Wiebull shape parameter

relationship:

= 0,192 ~ 0,076k Log (9,1) e (12)

From which scale parameter b can be obtained An empirical method
of estimating the clutter distribution for other resolution cell

sizes is possible, (See also Annex A).

h3f fﬁereXistence of the Weibull distributioﬁ a5 being applicable to
land“clﬁtter fetﬁrns vas probably first reported by Bﬁothe {72} in
1969.f:But again, like 56 many others since he.took Linell's results -
éresuﬁabiy beéause the& were almost the only ones available at that

‘ time.which offeféd a sPreéd of values. It will be shown at para 51
that certain characteristics of Linell's results differ Significgn$1y
from the majority teken elsevhere - althouéh it must be recognised
that this may in part be due to different ferrain in Sweden. Also
there is a genersl absence of availasble meaéurémenﬁafrom Continental

BEurope.

'hh. _B6othe's Weibull values, based on Linell's results have been
compared by the author here with 11 other scurces, now available.

Dafa is listed at Table 1, and ccrrelation_computations made between
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TABLE 1 DATA FOR WEIBULL INVESTIGATION

Selected Date - Serials 1 to T rural /farmland

Serials 8-11 {incl) Rural

Serial 12a, 12b rural
Serial 12¢, 124 forest
¢ {cale uses Ean (12)

Lh-92

x :
T 6y % cq~z ) b
{us). | (m.rad) | (4B).. (cALe) | (meas)
1 | RILEY 3.0 33.1 - 43 0.343 2.7
5 GHz 1.5 33.1 - k6 0.366 3.6
176} 0.9 331 | -51 C0.382 | k.2
: 0.3 33.1 - 51 0.419 1.3
2 | RIGDEN 575GHz | 0.015 | 33.1 | - b7 0,518 3.0
3 | DODSWORTH .5 8.7 | -80(Est) | 0.3821 7.7 | Estimated
{77} 5 GHz 0.5 8.7 - 80 (Est) 0.446 9.0 | o
L | WARDEN et al 5.0 8.7 - 70 (Est) 0.370 6.6 Estimated
{787 5 Giz 0.5 8.7 - 70 (Est) | 0.446 9.5 a : 1
5.0 8.7 - 70 (Eat) 0.370. 6.8
0.5 8.7 - 70 (Est) 0.khu6 5.9
5 | DE LOOR et al { 0.5 31.b - 28 0. kol 9.5 | APR
{79} 10 GHz - 16 0,404 7.0 | JUL
1h ~0.hob 9.5 | szp
6 | SURADS 0.25 27.9 -~ 3k 0.431 5,7
{60} 10 GHz
T | WARDEN 0.4 26,17 | - 21 0.417 2,16 | €5bimafed
{81} 12,0 8.7 - 70 (Est) | 0.348 - Shn
5 GHz 5.0 26.17 - 70 {Est) 0.333 3.05 :
8 | ERTCSON 1.0 57.5 - 25 0.361 | (not p=5°
{83} ‘ ~ 30 0.361 |aveil) p = 0.5
9 | APL 0.34 34,9 ~ Lo 0.113 3.4 |
{85} 5 GHz | |
10 | NATHANSON 2.0 26.1 ~ 46,25 0.364 3.9 |
(8L} 3 GHz -
11 | APL . |o.e5 | 20,0 | ~52 o.uh2 | 3.8 |
{85} 8.8 CHz ‘
12 | LINELL a | 0.17 2k - 48 o.524 | 3.3 | ¢ =1.25arm |
{88} 10 GHz b ~ 46 0.52% 2,84 | ¢ = 1.25 MAY
e - 36.4 0.52h 3.76 { ¢ = 0.7 BOV
d - 42 . 0.524 3.95 | ¢ = 0.7 MAR/AU}
NOTE



ar T product and shape parameter c, and between BA T product and
G . Few values are still available at A = 3em. Detailed results

are at Annex A, App 1.

45, Sea Clutter. Observations made in Japan in 1980 {73} relating
sea clutter to Weibull, but at A = 30 cm, were made down to very low |
values of ¢ (0.13 to 0.250). Sekine et al concluded that a Log Weibull |
reiationship exists, and are currently checking this at A = 3 cm.
Other relevant papers are‘by Shelerher {T4} at about 24 GHz and

RSRE {75} at 3 cm ~ all for ses clutter.

46. In view of the above conclusion in favour of .  Weibull -

which for temporal and small scale fluctuations has implications for
CFAR arrangements ~ it was considered useful here to check some of the
measurements taken by Dodsworth and others to see if they also
exhibited Weibull for gggg'backscatter.xResults of the author's
investigations into this are also at Annex A, App 1. False alarm rates

are considered later in this chapter at para 85,

DEPENDENCE ON ¥

h?. It has been clearly demonstrated {86} that 7, increases

rapidly as near grazing angles aig reached, and as expected, o, will
also be higher at low grazing angles for rougher surfaces. LA the
median RCs, is.used here for a brief investigation into the
dependence of ¢ on the grazing anglé. Many reports use average RCS
of h ¢ (see-Aﬁnex B ang para_h9 below), caution should be exercised

if compesrisons are made.
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48. While the quantity of measurements is now incfegsing,

principly from space-based observation platforms'{éT}, these are
mostly taken at high grazing angles - usually down to about ¢ = 200;
It'isloften'difficult and imprecise to,éxt}apolate the low angle

significance of these measurements.

'hé. It is assumed that all targets of interest are'ih the.négr
grazing zone -~ in which the use of the conversion ¥ = sin w/oo ié of
little use. As { reduces, an appreciable rate of change in
reflectivity seems to be initiated at values 100<w< 15° and
unfortunately this corresponds t0o the lowest valuekof Y chosen by the
majorify of researchers in the past. Extro_polation difficulties can
be seen from the general curve at Figure h.‘ This of course has . |

limited the us#;ble results from which to evolve a model.

50, In Chapter 1, mention was made of the 'slope' or 'aspect angle'
of terrain and the scant attention which appears to have been paid to
this effect when measurements were teken. Clearly a change in terrain

slope implies a change in ¢ for the particulsr resolution cell under

investigation. This chapter confines investigations to selecting a
model from those measurements already available..-It is aésumed that
fhe values of w are‘correct and the statistigal spread of terrain
éioée within all the resolution cells scanned did not affect the
'@easured RCS} The author's investigations into slope effeéts are

. considered separately at Chapter 10, % Arnnen FoApel s
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Si;‘ Trend of om:with_w‘ The well documented and:widely quoted
meésuremenfs'of Linell {88}, together with as many'others evailable
with 1ike‘(or near like} parameters were plotted by éktrdcting 9
Ifér variation of y. In all cases the results uéed were for rural,
_farm;and, cultivated terrain and forest/woods. Mapy results were
rejected. A few were interpolated, with care, into the lower valués :
of ¢ (eg 15° % ¢ ?706). The resulting plot at Figure 5 suggests the

following conclusions for cultivated terrain:

a.. A remarkable number of the curves give similar gradients
whiéh averagé'approximately 1.25 4B per degfee'for w9'30.

Linell's results give a significantly different gradient,

b.  There is a wide spread of absolute values of Oy However,
it seems reasonable to expect this spread of values; taken in.
different countries, under varigble conditions of moisture,
wiﬁd, measuremeht aceuracy, calibration differences and

instrumentation (monitor losses),

.  The point at which the rate of change of reflectivity

: : . °
becomes more marked 1s around ¢ = 2

. Below 2° the slope could
be reasonably be approximated by a second straight line with a

‘gradient of approximately 5 dB per degree.

d. ~Linell's results (figure 5, curve 12) appear to come from a
system which is far mo?e sensitive to changes in ¢ than the
others. It is not clear why this is so, but is may be a direct
consequence 6f the 33 metre aeriﬁl height - and that a less
shadowed area might provide a greater dynamic range of clutter

levels. -
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i'52.‘ A further point to consider is that of aerlal ga:n towards a
partlcular clutter patch. Bome researchers mentlon‘thls as part of
their’ cal;bratlon prqcess. Others, indeed few have not apparently
corrected for fhis, or for "electrical tilt angle"”, sidelobe clutter,

or variation of gain with range,

53. Forests and Woods. Figure 6, a similar plot for forest and
wooded areas, is less explicit. A meximum of 0.5 dB per degree is taken
as g ressongble value to use.

SURVEY OF MODELS

_5&.‘ Incorporatlon of ¢ into a set of model equatlons together wzth
other parameters has been atiempted by several researchers, but again
Vthese'are often for higher grazing angles such as eipécted from space
and’ u31ng excessrvely large dimensions of resolution celi. Models

1nvest1gated for sxmllarlty of results (in regre851on form) 1nclude

a. oo'= -20 + 10 log ¢/25 ~ 15 log A dB:f%m-e -------- (13)
" where ¢ is in degrees, % in cm.
. ¥ 2 -2
b. o =-15+151og /25 - 8log A 4B m .m < ~———mmmmmm (1h}

° 0.32

where ¢ is in degrees, A is in metres.

A+ B + Cf 4B m? m“2

. 0,=a% B0+ A nm " T _ (15)
where 8 = 90 - ¢ (deg) f is in GHz.
d. o= -42,36 + 0.52 ¢ + (24,93 - 0,358h) LOs:dern.' -416)
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0

where ¢ is grazing angle in radians %, is RMS surface
roughness {cm)

2

o = A(p + C)B exp[:—D/(l + 0;035h):] T T —— -

o, = FSh 2 x 10"6f sin ¢ aBm® .

where Fs = gpherical earth shadow factor

f = freq (MHz)

x | 2 -2
= 1.5 2 A X) £ (h) 4B mT.m Temememe—s
Fo=2 (v X) pey  SXP (=3 n
Fo=1- 0. h65%
fdr x>1
x<l ‘
2 1/3

X = R(2w/12re)

Where R = Range {(metres)
r, = 4/3 earth radius
An = set of complex constants
n = mode 1, 2 ~—— X
K = maximum of 40
fn(h) = height gain function.
o, = oi/(l + R/R0)X) aB non 2
R = Range to clutter {(lm)
R, = Clutter horizon {km)
X = Constant (Value 4~12)

1 . -
o (typical value as a constant 34dB m°.m 2)

h-g7

(18)

(20)



- ' 2 -2
.h' ¢, = ~C1+C2 log (¢/¢0) Cq Log (%/lo) dB m .m“ --------
T&Pical values are: - C1 11,3 b, = 35°
o c2 26
C3 8 wo = 1Im

2

J. o, = Yy £ 8in® ¢ dBmE.m”
Eqns 21, 22. €y, Cpy Cy, ¥ &nd y, are terrain sensitive

~ Typical values are: Yy 2.1

m > 0
n 1.8
c 0,008

: (SL& COuuutwkﬁ°~¥E%r¥ﬂ4$ 'Hmifizd ﬂ&odalia£ﬂ6£m4¥ F-A?rlip

{m_r}

(22) -
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55, Equation (13) above is an empirical formuls based on
statistical information. 2104B extra should be added for foliated

" trees {dry) and 15 aB for wet trees. {90}. Fig 5 curve 11,

56, Equation (14} above {91} is taken as reasonable for Horizontal

pqlarisationzand mbre accurate at higher RFs than 10CHz. TFig 6 curve 2,

STEI‘EQuafion (15) is applicsble over the range of frequencies
6-17 GHz but o be used with caution at angles of y< 20° {92}.

Moore et al also include a general model with different coefficients.
Referring to Figure 5, curve (6), the coefficients used for A, B and.
¢ were fe#pectively -7.09, -0.131 and 0.315. While for Figure 6,
curve (7) the resuits of Moore fit over Tomlinsons with negligible
‘.differeﬁcé; Hence curves (3) and (T7) are idenfical; with vaiueé of.

=9.1, -0.12, and 0.25 reépectively.

- 58, Eﬁuation (16) contains the coefficients for forest plotted (3)
at Figure 6 and is subject to an adjustment factor of +0.91 4B {93}.
This equation format is the same for rursl térfain'(curve (1) at
figure 5).but in this case the coefficients for equation (16) chﬁnge

to gife:

‘o = -23.61 + 0.99ky + (3.53 + 0.091y) Log £ ----- — (23)

and the 'mdjustment factor' is + 0.79 dB. {94} goes further to
discuss snow, desert, terrain and sea, with models for each type. His
main objective was to obtain models for space based radars and so

detailed measurements at low grazing angies were not required.
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59, _E@ﬁation {17) {95} is the first equation to incorpofgte EMS surface
roughness;rpresumably to indirectly quantify RF in the model. Plots at
Figé 5 and 6 (curves 14, 15 and 8, 9 respectively) use the stated |
empirical constants for ABC, as 0.079, 1.5 and 0.012 for rural end
0.019, 0.6k, 0.002 fﬁr'fofests. There is insufficient date to compute
constant D in both_dases, although this is stated as 2,3 for éoil, sand

 or rocks. .

60, Eguation.(18), the FTD model {96} is based on genefalised gite
" geometry for ¥ = 0.1T to 0,057, but not validated above 2.8 GHz, until
present measurements at MIT are completed. Curve 16 at figuré 5 shows this

result using a K of 3.

61. Equation (20) {97} describes clutter as range dependent remaining
constant up to the radar horizon. Beyond Rh the clutter decreases at
10 KdB pef.decadé of range. It is not included on the curves at Figs 5

or 6.

62. EqﬁatiOns'(ZI} and (22). Both developed'by Georgia Institute of
Technology, are’included for completeness but have unfortunately not been

validated at low values of ¥ and are not included at Fig-S'or 6.

63. TProm the results examined, replotted and recalculﬁted wﬁere neceséary
to fit the required parameters, it is concluded that the effect of Y on
co.is sﬁéh that.the_median (ch backscatter increases'linéﬁ;y ﬁ{th ?_in the
range approx 0.5_O to 100, But below 0.50 the variance.is.likely fo increase
quite markedly. 'Va;ués selected for the model here are c&nsidered at tﬁe

Chapter Sﬁmmary.
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o, DEPENDENCE ON POLARISATION

64, The maln cause for polarlsatlon sen31t1V1ty of backscatter is

._ ultlpath reflectlons, hence polarlsatlon effects are of concern only

.'_over reletlvely smooth surfaces. At A = 3 em (or greater RF), and very
low values of ¢, the surf&ce is not considered smooth in terms of the

o Raylelgh Roughness Crlterlon.

65;"Linear Polarisation. For practical purpeses, over general terraln a few

dB dlfference may exist between %un and va linear polarzsatlons;_w1th
‘horlzontal belng thelhghtr This has been well supported w1th 8 good spread p
.f,of measurements over 9 different surfaces at Ohio State Unlver51ty {98},

by COsgrlffe et al, and is reprinted in Barton's textbook {99} pp 165"286

' for. easy reference.A For general terraln it is proposed +0 neglect small
e_dlfferences at low gr331ng angles 1n the model at Chapter 11, and for thls
reason polarlsatlon was 1gnored in comparing the effects of ¢ and Tt from the
various sources earller in thls chapter. At the lowest values of w, where

multlpath surfaces exlst, a maximue of 10 dB should be &pplled for horlzontal

polar1sat10n.

66. Cross and Circular Polarisation. Cross and clrcular polarlsat1on are'

of 1nterest here in performance predlctlon, since. the€> technlques
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| may be employed to reduce clutter returns compared w:.th the wa.nted a.:l.rcra.f‘t

slgnals. Few new polarlsstlon results have became avazlable s1nce

L‘Allan 8 recent summary,except Tomlinson {100}, who relnforces earller

findlngs._ The follow1ng conclusions apply:

. a. . For lineef (plane) polarisation with croes?polar
'“'receptlon, the backscatter is 11ke1y to be up to 10 dB lower :

 1n the orthogonal plane than in the parallel plane. For

:1solated domlnant reflectors (eg pylons), this dlfferenee may

be over 20 dB.

b..' At the frequen01es in use and low values of w, 1ower
than Brewster's angle (20° for earth, 5 to 10 for sea),

| e;the sense of c1rcu1ar polarisation is probably not reversed.

;; 67‘ The reader 1s cross referred to remarks on polarlsatlon change
o for relndr0p reJectlon at Chepter 3, and remlnded that the RCS- of

'alrcraft may ‘be reduced, (typically by 3 to 5 dB), w1th the same-

sense circular polarisation; compared to perhaps T dB with croseed

_ llnear polarlsatlon. Finally, polarisation effects are usefully
"consldered in the following papers: Ament {101}, Rlder {102},

| Relss et al {103} Gent et al {104}, Brlndley {105} Daley et ai _'
:'{106} Goodyear {107} Linell {88 }, Katz and Spetner (for w> 10 )
‘:{108}

o, DEPENDENCE ON RF

68, It has prev1ously been stated that backscatter for Bnow covered

_terraln 18 difficult to predict, because of penetratlon, and 1t is
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'here fnat-caﬁ.bé eeen an analogous si@uation in'atﬁeﬁpoiog to
. isolete'the effecta.of RF on backscatter, The dieiectric propertiea.

of the surface are clearly.allﬂimpoffaﬁt, BinCe-earth,‘like énow; is.
penetrafed.ﬁo.an extent by microwaves and the aéﬁual eleotromagnetic.
'roughness of the surface may not be visually apparent ' Slnce the  ?'.
_dlelectrlc constant of terrain is also a functlon of Ay that thCh 1s
seen as 'Smooth' by a particular wavelength w1ll be seen as rough by
f_'a shorter wavelengthf An upwards change in RF therefore ;mplles a

changeffrom femooﬁh"to 'rough' if the ohange is such that:

b atn g 3 | SRR

whefe Ah = rms height of surface irregularities

¥ = Grazing Angle {after Rayleigh}:f

.69; However, as stated shove, mlcrowaves will penetraxe the surface
(typlcally 1 to 10 cm {106}) dependent on the condltlons - which

mlght vary f‘rom one resolutlon cell to the-next - even for the same |
f’surface materlal And so it is seen that a general tendency can be -
‘concluded rather than absolute values. .Long {86 } surveyed results

”i in thls o;ea and states "the totality of_experimentol‘reoultsido not _
'yield egreement". It is probably reasonsbly to state thet the

o wa#eleogth dependance of o, can be expreeeed generelly in terms of'_‘
n (noimaily O<n <1). Classical interféreﬁce effécts (eee Loog

{86 } PP 219-220) can in principle cause o, to vary as fast as

th at grazlng 1nc1dence, but this 15 for the ideal surface, and is.

perhaps appllcable at Bed.
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70. It should also be noted that 'roughness', as viewed along the
£adar beam will depend on ¢, as in equation (th at para 68! Once
again because of the shortage of measurements available at iow ¥,
reliable data relating o, f and ¢ cannot be used to produce s

model of adequate validity. Since this project involves RF's of

10 GHz (or above) it is assumed that all (land) surfaces are 'rough',
and indeed this would be the case for measurements used here from all

the sources used in earlier paragraphs.

DISTRIBUTION AND CORRELATION OF SPATTAL AND TEMPORAL CLUTTER

71. Distribution. A composite scattering model where the probability

density function %?‘)= f (x. y, t} is considered by {109}, who derive'
pdf's for use at se:,, built-up areas, forest and rural conditions,
measurements show time variations to be éxponentially distributed.

If the required value is P then:

©

- S P, (oln) P_(n) dn —-—nmr- (25)

m is the average Oy teing into account local terrain slope in the
resolution cell. If the surface is flat (facet tilt zero - see
Chapter 10), Ps(m) =d{m - u). (o

This is to be expected at sea with many independent scatterers. On\land

if a log normal distribution is assumed then:

P(UO) = 10 exp. [- 100 (log o - log o )2]
2 g 0 & om
T loge lOsa0 2s
2
with median ¢__ = jexp [ -3 (lOgelO) 52]
om TR
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.Pt (cr | m) = {1 exp (-~ a, )yo 3 o e ‘:'(26)' ‘
= {o e

Flog) =7y (ol 1 = exp (-0 ) (28)

(s22) |

' P (m) 1s the spatlal variation pdf

',nils is the spatlal mean value of m

T72. Cofrelation. The few published data on spatlal correlatlon of
land clutter are usually concerned with scanning (rotating)} search radars.
Results may not bhe applicable at all times te the penc;l beam tracklng
_ redats under investigation here. With a cifcular scannicg pattern.the
clutter components change continuously since clutter elements are regularly
‘ enterlng and leav1ng the illuminated surface footprlnt For a narrow
beam tracklng rader th1s would occur most markedly for cr0551ng target
. flown past at a veloclty end renge to produce a high sightline
'-xate; reachlng a peak-rate at the tangential po1nt. Radially oreﬁeer..

:radicelly approaching or receding targets could cause less effect.

T3. In areas where 1arge single man made obgects oceur, glVlng
predamlnant specular returns,  the probablllty of spat1al correlatlon is
less llkely between.adqacent resolution cells, but in normal terraln

o % 36' ,7 : ‘ L !

cr‘foreet,epctiel'correlation is likely to be'higher,providing adjacent
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cells are similarly tilted to the incident surfsce illumination.

Seek Igloo {110} confirms distributions tending towards 1og—normal:
3ss sampled terre1n becomes more homogeneous, slthough other reeent
research has shown a dlstrzbutlon falllng somewhere between 1og-normel
.and contam;nsted normal. Earlier work by Dodswerth {111} 1solsted '
"fsst' and 'slow' components as the radar aerial scans the clutter
'_surfaee. “fFast' components are found to fluctuste vwith the median.
_usiuesequel to the ruuniug mean, while 'slowrcenpbnents reflect the

majority features of the terrain and are regsraed as the running mean.

Th. Strong clutter tends to occur in patches, sgiving good spatial
correlation, sleped terrain giving the strongestitalues. for,s pfe-
surveyed rsdsr 31te position a terrain data base of the type proposed;
in Chapter 2 ‘can 1nd1cate with fair accuracy the 11ke11hood of pos1t10ns '
of clutter patches.' At the shorter(mllllmetrlc)wsvelengths a good |
'flndlcatlon can be galned from large scale ordlnance survey or more

part;eule:ly_ve;tlcsl photogrephs of the areaa.'

75; Since elutter is not evenly distributeu fn practice and it has '
been shown experlmentally (see paras 38 to hO above) that a chsnge in
resolutlon cell size does not bring about a proportlonal change in
.clutter, it is clear that as the radar beam scans with a flxed :
resolutlon cell smze, et by T and 0 ) the 1oss or geln of surfece.

‘ reflectors for pert of the resolutlon cell due to ser1al rotatlon,
1.lw111 1ncrease or reduee the number of clutter produc1ng elements in the-
ucell and. heve 'y temporary effect asg though actual resolutlon cell size
'f'ls‘chsnglng. With very large relolut1on cells (not ususlly eppllcable

.'to the tracking radsrs), they become more 11ke1y to contaln partly

‘ man-made and pertly natural reflectors. In & mobile battle situstion
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there is some reaeon“to suppose a higher probability that man-mede
objects will eppear in tracker resolution cells since many vehicles
are lzkely to be dlspersed in the same area. However this will be .

dependent on local terra1n screening c0nd1t1ons fbr & ground based

radar, _If 8 log-normal distribution is assumed, th;s w1ll_str1ctly o

- only be epplieable to & fraction of the resolution cells in an area

(since many are shadowed), or for only parts of,cells - if the cells
are large. This approach is confirmed at {112} where the cell values_'

:aggregated would produce & threshold which is applled to every cell.

TG.-fSpatial,Ciutter Decorrelation. Autocorrelation factors derived

. fbr RF~changee (frequency agility) have been researched at {113}

where 1t 13 propoaed that the autocorrelatlon functmon of clutter nay

: fbe perlodlc, W1th increasing pulse to pulse RF chenge._ Conditions w1ll-._

.be_expeeted-to vary wlth 1 &and the number ef'domlnant seatterers in the

resolution cell, although {114} found thet decorrelation times of

clutter were not appreciably affected by changes in T. Autocorrelation

lengths investigated by Tomlinson {115} over several terrain types show

almost like variations in autocorrelation coefficient irrespective of

terrain type at renges'greater than approximetely 4 ¥m,

CLUTTER PATCE LENGTH STATISTICS

TT..'it,vilitteeshdwn in succeeding ehepters that the factors

. affectihg an overall effectiveness preeiction model:'for -1 éiuen.

t tracking radar located at & known geogrephieal positien are ciose;y
 re1ated. No eingle aspect can be teken_.in igolation without‘

eonsidering the others. Although this report first attempts to

f:ﬂseparate these factors for more detailed examination before bringing.
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| them finally together as & complete model, it is difficult_tb_ignere the
closely related topic of.'prebability‘ef obtaining a given track length'

at this early point in the report. The importance oftetservable track
length ean be-éeen from Annex E, but the oversll requiremeﬁt for a certein

| Eystemfmuet‘inclﬁde the probability of meintaining signai'detection above‘

' theqeet'thresholé for the dﬁretion of the observable track-lengtﬁ.. Taklng

| th1s a stage further, 1t concerns the probability of malntalnlng track
under‘these eondltlons.-_Probablllty of holding radar treck, loosing treek or

jgaihigg.a new‘traek ie”aleo considered. at Annex E.
- 18, Spatial'eiutter statistics can be presented in various ways:
a. Probability of clutter exceeding a given track iength.

i b. tProbabilitj of clutter patch seperations.eiceeding'gifen

e“lehgths.f- 5
‘¢. Probability of exceeding set threshold levels.
4. Pr6bebility of clutter variations with range.f‘

T9. Clutter Patth Lengths and Discrimination. Two reports by the SHAPEt“

Technical Centre {114 {117 on clutter in Europe, tOgether with Rigden
18 in the UK and Briggs (L1 in the UBA, haVe been consldered the results:"
A]_ﬁréﬂ _ 1nterpolated and re-presented in different forms at Flgs T to

10, Clutter patchee very in length from a few metres up to 1h00m althOugh
of course at varylng s1gnal levels. UK figures for a SPElelc slte ﬂad}

show that clutter >1m? does not exceed about 30m length vhile strong
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levels such ag 1om2'5 are 1in{ited'to patthes about €m in length., It is
not clear whether the available US results are wrt lmz' however the main
_poxnt or 1nterest 18 the slmllarzty of dlatrlbut1ons at Fig T. When -
replotted (plot not ;ncluded)_on log-normal_graph_paper ‘these give

sénsibiy straight lines over most of the patch lengths for 0.1<P<O.7.

1'807 Clutter can be reduced by using pulse length dlscrlmlnatlon. For
_the UK site about 75% of the clutter exceeds 0 lm2 (Fig 8) and is in
) patches longer than 30m - these could be removed slmply by settlng the

"gpProPriétérthreshblds. Fig 9 compares UK and EuroPean'measurements.

' 81. If the probﬁbiiity of clutter exceeding given éQﬁivalent reflecting_f
' areéé égn bé blottﬁd_ffcm'é knowledge @f the terrain, this, togetﬁér with
| the_é@riiér”daté‘gnd dgéalonléiutter patch separétioﬁs could lesd to &
mod51 f6r'rddni.£fﬁckihg conditions by asaessiﬁg‘the'statiéficai..-
opportuﬁities when traéking cen take place for gifén track léngths,":

These would of coursie be site specific assessments.

82; ~ For fracking in clutter to be successful (aé opposed to‘intermittght

detectibﬁ) the two‘cases'are-esséntially:
a._; Statlstlcal llkellhood of clutter patch separatlon such
fthat the target may be tracked w1th no clutter present (1e

'target track‘held for a minimum time perlod).

‘end b. Those occasions where the target can be (additioﬁa;ly)

tracked.where the clutter level, ihougﬂ'present,.is negligibly"
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B .."lqw - or can be processed out in the receiver.

| '_ In both a. and b. ahove, eonditions mist exist with a-sightline to the
target {see Chap 2 - Screenlng) and a sightline to the clutter(ln case b.

-.ebove)

. 83.__It'is_fu;ther'propoeed that from the statistics for a particular-
terrain efea; an examination of track length unscreened, clutter patch .-

length'end fhe distribution of resolution cell slope facets, could

|

|

|

|

|

\

|

\

! _ _f -produce a predlctlon for example "when a target entere'an‘area Type A' |

| (eg flat terreln w1th 30% vegetation cover up to say lOm high) with known

| target velocity and altitude, with missile and radar'type 'X' deployed, - .

.there will be a-20$ prebapility of the gystem obtaigiqg a‘firing | |

| ‘opportunitj in which & complete engagement'could occur", Furtﬁer'it o

‘ 'mlght be pose1b1e to vary the prediction to take account of the hlgher

- -“ e probebllmty expected where the radar system is deployed in a premed1tatee
manner on a prev1ously surveyed (optlmum) gite. For example a hxgher
probeblllty would be expected from a presurveyed sxte in undulating
rterraln - 31nce the probebillty of obtaining & taxget slghtllne is more
.llkely as the target cannot maintain a set altmtude clearance over

‘texraln_whlch undulates with a fast period. Theee points are eonaldered

~ further at Annex E and Chapter 10.

84, Vﬁriaﬁion of Clutter with Range. The SHAPE'feporte alse express'

clutter probablllty in terms of range, the medlan values of whlch are l .
' replotted a.t Flgure 10 (from fig 9 in {121} a.nd Fz.g he in @22}), converted
"1n each case to glve relatlve echoing area by applylng a R" correctlon
' by taklng the averege range in each interval. - The UK and USA results

'eare_elso shown for cemparlgon. - It is Been that the median clﬁtter
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value reduces slmost linearly with range for all sites and altheugh the .
individusl values'ere eite—specific, +he rate of change'of clutter

level with range‘variee between approximately 0.5 dB.Km ! to 1,5 dB.Km I,

| FALSE ALARM BATES

8s. It is not the 1ntent10n here to repeat recelver proce551ng 0pt10ns,
.such as MTI, whlch are well covered in many standard texts However a dbrief

'mentlon of false alarm rates is approprlate.

.86. At the receiver input will be a combined signal of noise, clutter and

~ wanted target; from Which the receiver will adjust the ratios to eeparate the_

target'frem the ether.unwanfed signals.- The distributien ofwthe neise j 

envelope at’ the detector 1nput is given by the Raylelgh dlstr1butlon.

In weak 31gnal conditions (1e wanted signal near. n01se level) the actlon of
Ca detector is square law and the dlstrlbutlon of the 51gnal envelope mOdlfled

by the square lew action wzll be:

‘ Pn (v) dv = 1  exp ( -v ) dv ' ‘ ._- : - (30) -
P | . .

where 2aq2 ieithe_meen yelﬁe; a is a constant. v is the detector output

'voltage.{'lf'fhe:noise envelope exceeds & threshold V%*a-falee alarm with.

prob&bilit&fPfa;ie given:



= e_kn (norﬁaliéed threshold for noiée) = vt

2
280

A threshold is chosen to glve a tolerable false alarm rate eg 10 -6 and

the probablllty of detectlng the presence of a signal (or the probablllty

that 81gna1 + n01se exceeds the threshold Vt) 13 then:
'Voo
R | 3 — {wﬁ> ( ) . dV_ (32)
280" (1 + x) 280" (l + x) o -
8
= eXp— 8
* Where ksis-a fiormelised threshold (signal + noise) = Vi

._éaoe (1 +x)

X is the mean signal to-'noise power ratio at the receiver input.

e % (A defnad on pi3)

8 —
(1 + x)
: heﬁce'P "= Tkn o i | '(33)' .
fa ¢ | S o |
Rl € 1)

7andhc;P 'lqg P -
F I § :
| 2 (35)
(l + x)
87. ~ For exémpié if Pfa‘é 10_6 and 8/N = 10 then on the. basis of a 91ngle

-echo:
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: Ehi: .10 . = -1.,26
S 14100 -

and Pc; = exp - 1.26 = 0.28h (ie 28.12)

88. Assuming a number of successive pulses N are integrated, each hﬁ#ing .

crossed the threshold Vt then:

. . . o N - . ) ’ . - :
Prg = N X . (exp - N)g)d.x : . - (36) .
R § B R o S
n
-”'Whére kﬁ = Vt 3 X is the value at any instant. -
o = = o
L 2a0

The soluﬁion to'this_integrgi is tabulated by standard methods as thg o
_indomplete Gamma function, of which a solution is:
2 N -1

k n n _
2! S (N ~1) '

fa

and the prbb&bility.of‘detection after integrating N samples of the signal

. noise is:

o -VTNN :   ‘ N1 _
B Pd = (N -~1).! X exp - Nx dx (38)
A solution is: _ : S (1= 1) _
A Nk _ s ok A
‘ _ s ‘ Nk . 8 . (39)
Py=e (1+Nks+§2's) + e ) T
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89, Assuming N =2, P, = 107 and x = 10 then P = 5%, compared

~with 28 L% when N = l {(see para 87 above).

90. . :Figure 11 shows P. when N = 8 for a radar operating'on & number of -

frequencxes (N ) where the probability den51ty funct1on of N 1ntegrated

. pulses 1s

e? (*)_?-NN'(;N-ﬁljz en-n) | ' e_f.._ - (bo)

for which the genersal case is

P (x) ___EL____ xP -1 exp(L ax) o ‘ .:_; ()
‘ (b + 1) ' - S :
e a, b erefconstantsfwhere if b =1 and a %;then ;
- . N ) . ’ : ) x :

p(X)

foH_
5
ERRE

a ‘and b are deduced from:

TN, (1 - %)
a= L 2 3

- yf ~_1 + (1 + Np x)

b= NN, {1+ x)

Nf -1+ (1 + fo)

'91. For further deta1ls the readeris referred to SWerllng {123} {89} or .

Mnrcum {12ﬁ} to Chapter 6, para 1, and to Annex E Paﬂtlﬂ

92.‘g'Ideally'ah'adaptive‘value of V£ is reqﬁired to take account of the

varlatlons 1n clutter recelved from each resolutlon cell since the probablllty

of detectlon iz a functlon of falge alarm probablllty and S1gnal to noise
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‘ratio as rdicta.‘ted_.by‘ the statistical model. The overall probability of

- det'ect.i_o.h is found from:

| .(overa.ll‘) P, | (43) ‘

_9_3. If T e.nd C are received Target and Clutter power respectlvely, _ . ‘
' |
'and N is noise power (referred to receiver input) and :Lf I is the ‘ |

. 1mprovement ‘factor then, from (35):-

L°3 d= 5f"‘(c' - S )
ﬂ +IT : .

‘ From (h3) above the overa.ll probability of detectlon in clutter mll be :

 eobta1ned B - | |

AT SN . (l/(l+IT/C +m)))‘
(overall) Py = Pt - — P(C)dC o (k)

o | \

|

|

- and with C_ (assuming a log-normal pdf) :

g exp.(-log, (C_/c ) /26°) (46)
‘-P,K‘.’r’_.-mc,gr TBTT Mt ,_ o
. ,Where C :|.s the medlan E:lutter power Cr.

Comb:.n:l.ng together (116) and (45):

f

overa) £y = [ 2y QU+ Im o )

+ exp (= (logfC_/0_ )) f26%) a0, gy 1
""f_aTc c. . |

r o .
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ok, , Some assumptions have been made here concerning the faise alarm‘
probability since the work by Marcum and Swarlihg'are bﬁSed'dn a constant '

false alarm rate whereas @s atpara 92) thls will not strlctly be the

case._ However any pred1ctlon model w1ll necessarlly operate w1th1n constralnts'

since’ many modern radars will have MTI fllters the ba91c eqns above |

w111 not always apply dlrectly but w1ll be subJect to certaln assumptlons of

“f‘clutter resldue characterlstlcs after p3531ng through the MTI filter compared

with recelver thermal noise levels. Slmllarly there may be reCelver non- f

llnearltles whlch 1ntroduce changed statlstlcs, however the above equatlons

assume no recelver llmltlng. Pursuance of the relatlve performance of :

_11m1t1ng clrcultry is beyond the scope of this report. ’1“f“k;(d~*tji““55'£°’
R“U"'”@"" th.:.an and, L—vyNormwl clulter are aJ: F\gsll"q« |

CHAPTER smmax

S 95, At the outset of thls research it was dec1dea to 1nclude many terraln

'f types from a w1de varlety of sources to prov1de 8 broad ‘basis for a

.general pred1ct1on model rather than ba51ng the concluslons on a few models f

albelt w1th more preclse values Wh1Ch may be 51tewspec1f1c. A model 15
thus sought whlch.ls both simple and contains adequ&te stat1stical information

to give reasonsble integrity for a generalised prediction.

96. In the past it may be that excessive importance has beéh attdchéd,-td f'

dlstrlbutlons and curve flttlng to clutter prediction étatisticé;-'ForJ_

acceptable false alarm rates the 51gnal to clutter ratlo must be very hlgh,
hence only the talls of dlstrlbutlons are of real 1nterest. Predlctlons at .'

these extremes may be based on excessive 1nterpolatlon.
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GRAZING ANGLES

Q7. It is clear that land statistics are less easily related to the surface
than sea clutter statistics and that loﬁ grazing angles produce variable
statistics which are much affected by 'shadowing'. As the grazing angle

increases the shadowing effect diminishes and the s5.d4. decreases.,

98. By careful examination of the plots of clutter values (figure 5) for
grazing angle, and by rejecting the space-based results {94} {92} and {88}
respectively shovm at Figure 5 as curves (1) (2) and (12), a model is proposed
for rural terrain as follows:

o, =A+BY : (48)

By regression analysis A =-32.22, B = - 1,017, with correlation coefficient
- 0.99. This is plotted at Figure 5 at curve {17). It is seen that the
model forms:reasonable medien of the world-wide results surveyed.

" A gradient of 1.25 aB/degree is taken for ¢ >3° and 5dB/deg for ¢ < 3°

Forest Terrain

99.  Similarly the coefficients proposed for forest are A = —33+

B = +h625, This is plotted at figure 6, curve {10). This proposal

Rural Terrain _
|
|
\
i

equates well with the model at egqn (8). An adjustment of 3 dB is necessary
for vertical polarisation or with snow cover, and 5 4B for wet trees

(see also para 101 below). Both rural and forest results are based upon

analysis of worldwide data.

\
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Radar Frequency

100. The general trend for low ¥ and homogeneous terrain is that the median

backscatter coefficient increases linearly withfrequency for most terrain

typesy put o tha '\-0"‘12-01\,) anol more. M’H'"U'U (Rereafter {feealca Paﬁe,F\-Lfl)¢ y
A new_moded s proposed for K Banel at Appt & Anaex T,

Snow Cover’

101, Due to temporal, snow depth, wa.f;er content and polarisation variations

a reliable backscatter model is probably impossible to assess espgcially as
these parameters may vary from one resultion cell to another in any bu_t the most
homogeneous conditions. Up to 10 4B should be added if conditions of

free-water exist due to partial thawing and re-freezing.

Pulse Length

102. Median o, is taken to vary with T as suggested by Dodsworth buk (1acontlusively )

related to the Weibull shape parameter as investigated at Appendix 1 to Annex A.

Simulation of Clutter

103. Computer simulation of site specific data is possible within reasonable
limits if a precise digital data matrix is available. In general however a
digital landmass data bage does not i)rovide precise terrain screening
information for vegetation. Therefore sighfline information would be

unreliable for an unknown site.
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New Backscatter V Grazing_Angk, Model Based on Measurements at K Band:

104. The model developed by the author from raw radar measurements is
also plotted at Figure 5 (Curve 18). Details of the analysis method
are at Annex F, Appendix 1. They éonfirm‘the general model,
although at a higher value of RF. | When the data‘was taken as an
entity it did not exhibit the reversal of o, at low grazing angles
reported by some other researchérs. It is on interest that the values
obtained clearly plot as a Weibull distribution and statistical tests
show they are definitely not log—normal.

105. Selective Analysis: when the K Band data (at Annex F, Appendix

1) was examined critically, and outlying values from specular

reflectors and probable sidelobe leakage removed; it became apparent

that the clutter values did in fact rise at very low grazing angles.

This confirms the reports mentioned above. PossiBle causes of this
phenomena, including the possibility of terrain measurement errors,
are at Annex F, Appendix 1, with mahy of the results. In the course of
phis analysis considerable care was taken in matching the measured
backscatter to the terrain matrix and hence to the surface gradient
concerned.

106. The results obtained compare favourably with Barton's latest
unified clutter model proposed at this frequency, but not apparently

- supported by published measurements at present.
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CHAPTER 5

. NON STATIONARY CLUTTER

WIND, ATR TURBULENCE, CHAFF AND BIRDS

WIND EFFECT ON GROUND SCATTERERS

l; 'Sihce'the re-radistion of electromagnetic energy from‘ground objects
@pd chﬁfﬂdmoved by the wind can have significant effecfs on backscatter,

a survey was made to isolate pf&ctical wind or turbulence_pafameters for
~incorporation into the detection model. Twigs, branches, grass, crops‘étc
all oscillﬁte.in the wind and ﬁhen {1luminated with centimetric (and
especially millimetric) radar energy will_éontribute almost'alllpossible
electrical phases to the overall backscatter signal. ‘Heyes {125} has
.éhowﬁ a directif increasing relationship in signal.fluctuation rete with
.increasiﬁg.windspeed, as would be expected; but researchers have generally :
found a.lack in correlatioh for measurements of tree flﬁétuations for
- yarying polarisétions; in'particulﬁr when using:a pencil'beam at 3 em
wavelength. Radﬁr observations on foliage have generally yielded Rayléigh—
type statisticé (See Annex A), with many researchers concluding that the
ground echo from & resolution cell is likely to contain a senéibly steady
component plus fluctuating echoes caused by cscillating surface motion;'thué

modifying the components into a Ricean distribution (alao see Annex A).

2. Land and séa doppler spectra and surface radar cross section of
folisge are all windspeed dependent. Kerr {126} confirmed ground echo
&mplitﬁde to be peakéd at a velue near the amplitude of the.bdnstant
component. As the wind increased,the ratioc of the clutter emanating from
the moving component increased, compared with the steady component of the

overall signal, When the steady to moving ratio m? is small, ie <1,
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. there ie little difference betweeﬁ equations (9) and (IO)Iat Anner A.

As m? incresses, the distribution_approaches a Gaussian shape centred about
- the ratio of ‘the eteedy echo component, Thisleffect hae been well -
establlshed at A 3em to show variation with eurface culture {127} with:
varlous polarlsatlons with and wlthout 8NowW cover, wlth small graz1ng

angles and at d;fferent tlmes of the year.r

3, Seneitirlty‘et'certein Windspeeds. Hayes and Walsh {128} found an abrupt

‘increase 1n fluctuatlon rete comprlslng pos1t1ve to negetlve reversals in
-_slope and vice veree'neer w1ndspeeds of 10 mph (k4 ms 1),_end that leaves
and twigs are likely to be in constant; rather than.intermittent, motion

8t 8—12-m@h.:'0ther researchers (Barlow, Fishbein,'Greveline,.Kerr and
thenbach) agree that the spectra are more complex than the ba31c Gaussman
-dlstrlbutlon.. As an example, in wooded areas the &d of clutter u51ng Gau551en ‘
values would be 25 Hz 1n 11 GH=z. Wlnd-produced clutter is part of the

overall clutter characterlst1c where, for example, the Rayleigh characterlstlc
1s often seen in the homogeneoue clutter of urban areas ‘and very rough |

terraln havlng hlghtlnten51ty tails tendlng towards the lognormal .

L. - Motion of Radar Beam. Additionally, wind spectrs are found to be

' hroadeued by the motion of a radar beem'{129}, but this is more appropriate
to redare‘oh moving platforms‘such es-aircraft end it is not.thought to be

' applicable to thle'partlcular study; since it is assuued_tﬁat a low-level
tracking'radar will be stationary whenftracking éven though in.alﬁobile
radar system some assoclated acqu:sltlon radars may have 11m1ted ablllty

to acquzre on the move. ¥hen track;ng, the land-besed radar tracker beam

only noves slowiy, ccmpared wvith amrcraft speeds,

SURVEY'
5, Table 1 summerizes a survey of 30 years work on windspeed effects
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9ET-S

' TABLE 1 SURVEY OF EFFECTS OF WIND ON SURFACE CLUTTER

. Wind. .

Serial | Yeer [ Researcher | - Scatterer AU Y Veloeity | P - Distribution Remarks
_ B ahatachal (em) T B : '
Y R - fem (MPH) | | -
1 | 1949 | BARLOW - | Woods, Sea, Rain, Chaff | 30 - - See pare 5
2 ] 1951 | kemr * Woods, Sparse, Rocky 9.2 | 2550 |- Gaussian (Approx)
‘ S : S 3.2 Gusts : -
S 1.25 -
3 1956 | IVEY*et &1 | Deciduous gnd - Moderate | H&V Also at 35 GHz
T | _ Coniferous : a A
L 1957 | HAYES et a1} " " " 3 0-7 /%X See.para 5 1.86° Pencil Beam
- - 2-15 /78X o PW 0.25usec
5 1959 | HAYES et al}] Deciduous 3 - A1l .Rayleigh
6 1963 | LINNELL Forest and 3 - Variable | Lognormal (epprox) Grazing Angles o
_ Cultivated | and Rayleigh 0.7% 1.25° and 5°
7 1967 GUINARD * Unknown 3 - H&V Ricean Also P, L & C
‘ et al T ‘ Bands down to 5
8 | 1967 | FIsmBEIN * | Deciduous 3 |10 E 'See para 5
' 1 et al > : ' .
1968 | DALEY et al| Unknown 3 - BH&VV Reyleigh (see Also P, L & C Bands

also Valenzuela)
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Details of this reference in Part IT b1b11ography

| | , . Wind . S .
.| Serial | Year | Researcher Scatterer (é;)“ Velocity | Pol " Distribution Remarks
1 10 1974 | ROSENBAYM * | Forest 23 Variasble Rayleigh-
" BT et al - ’ '
‘Note 1. //&X represent parallel‘and crOSS;P013T1§Et1°ﬁB
-~ 2. "A11" includes circular polar15at1on with //&X polarisations
'y




(msde on A = BCm vherever possible),’ however few measuremeuts are available
at the lower gra21ng ang;es necessary for this study. The ‘results of

_Hayes (serial h) and Linnell (serial 6) most nearly use‘parsreters of
rparticuler interest. Liuneli {130} used & 25 ﬁetre.resolutioﬁ-cell radar .
mounted on a’ 30 metre tower with a vertical beamw1dth of 30° and horlzontal”
beemw1dth 1. h ' Results included 15-17 4B standard dev1atlon at 0 T°

B graz1ng angle and an approxlmately lognormal d1str1butlon. FlSthIH et al
(serlal 8) produced a relatlonshlp whlch gave good agreement with measured

-power spectra but for deciduous follage only and horlzontal polarlsatlon.

1

p(f) = . — (1)
1+ (f/ )3
VWhere foq = 1;33e°j1356v n V= Windspeed.(knots)r

6,  Wind Effect at Sea. Wind effects on the surface at sea also cause

significant radar signal pertubations butfsince_this report is only
‘concerned'with radar tracking overland, values for wind effects at sea

are not‘required-for.the model,

CHAFF CHARACTERISTICS

T;, Chaff 1s 8 feature of the modern military electronlc countermeasures

sceuarlo and it 1s not the 1ntentlon of this study to examine the p0331ble
d1sturbance effects of chaff on the radar tracklng functlon when streamed

'or rapldly bloomed, but only as a clutter source, Statlstlcal characteristics

'  of chaff are s1m11ar to raln and therefore demand slmllar s1gnal processlng
.requ1rements to m1nimlse degradation of radar performsnce, dependent on RF

| end the spectral w1dth of the clutter so caused. The 1nstantaneous position

of chaff wlthzn the radar tracking beam is dependeot'upoo windshear, windspeed

and air turbulence. Windshear occurs when the radial windspeed varies
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vertieally thfough a radsr beam., Dodsworth {131} in a note on windshear

- _ refers to {132} which shows windshear to be largely indepen;ént of altitude.
‘ . .
|

" Ref {133} gives typical windshear values of 1 or 2 m sec “lxm } of altitude.
A typical MII canceller can be made to eliminate the mean effect of wind

- “velocity within limits,

‘_-8, ' Beam Broedening;.Turtulence and Chaff Fall-Velocity dietribution'cen '
ell be con51dered as produclng 1ndependent Spectra, but 1f all effects
are summed {13h}, a Gausslan variance dlstrlbutlon can be taken as a good
flt. Beam Broadenlng is a wind effect (small compared with windshear or

turhulence) with a typical sd ¢ = 0.h2V6928in8, where Vo = Wind Velocity,

beam

‘92 = 2 way half power beemwidth (rads) and B = azimuth angle relative to.

win Ldirectionak ceatre of-beam. .

..9;' Chaff Dlsperszon. Onece diepensed,chaff will disperse under tne influence .
' ‘of the 1oca1 turbulence. Windehe&r rates in the ﬁSA eppear to-be mere
.severe than those in Europe, perhaps as hlgh as 5m sec -1 km.-l'in altitude.
Thls is contrasted with a typical maximum chaff fall-rate of 0.7 m sec ! |
fer‘SQm wavelength chaff, Under turbulent condlthne ;t has been shown
{135} that cheff'under the influence er eddy'trensport‘speeds can exceed mean
..wind-speeds'{IBG}, and this causes a consideiatle problem in assessment. |
'.Haddow'{137}, concluded that the time—distanee_novement of eddy carried
cheff cennot be quantified with any-degree.of accuracy under all conditions.

Two espects of'chnff'must however be considered - ettenuetion and backscatter.

,10,: Chaff Attenuation. The total RCS of.disnereed:ehaff:seen within the
rade? resolution'ceii uill'neturally_depend'upon a signtline, end, as |
deseribed.in eeflier.enepters, this may be intermittent, clear with no
underlying‘ciutter; or edditional to underlying aunface‘eiutter.ﬂﬁTo

_cempietely obeeure a target, ie to prevent energy reaching the target'or

sl
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returning to the radar from the target, it can be shown that an exceptionaily
dense chaff cloud would be necessary. For 2-way ettenuution of & uniform -
chaff cloud of thitkntss P snd chaff dipole density of N per unit volume,

then:

s o T B(EL)

Where -E; is the average radar cross section per dipole. The product
E; N is the volume reflectivity density Lo in m? per unit volumef_'ExpreSSing

this in 4B per metre
2-vay attn (dB.m 1) = -4.3h (Zo) —e—mmemmme (3)

Where o is in units m2 m-3. A heavy cheff'cldud may‘compriee'a chaff
reflect1v1ty den31ty of approxlmately 3000 m? nm 3 (correspondlng to
'hTS x 10 2 m2 m 3). Therefore to attenuate a radar-return by 3 dB would

‘ requlrera chaff-cloud of thickness 800 nautical miles (1500 km)§ clearly

 an impracticable situation!.

11. Chaff Backscatter. Although signal attenuation due to chaff could

occur momentar11y under certain conditions when the chaff is selr—dlapensed
and_prOV1d1ng the dipole spacings are for a short'perlod of the corder

a wavelength apart, siénificant volume attenuatioh is not_a factor of
consequence compared with that of backscatter. As implied at para T above,
chaff may be dlspensed by m111tary eircraft so as to bloom rap1d1y within
the radar resolutlon cell in the hope of breaking tracking capability or at
the very;least to ﬁisturb tracking.accuracy by forcing the radar boresight
to move to & diffefent tracking centroid. Success or otherwise depends upon

many factors in the radar system, such as tracking loop time constants,
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resolution cell size,'deceieration of the chaff, causing'renge gate .
pull—off and the effects caused upon velocity gates, and several other

factors {138}

1é. After dlsper31on the chaff dlpoles are rendomly dlstrlbuted by
turbulence and researchers {139}, {140}, have dlscovered as meny as six
modes of fall when chaff of mixed characteslstles is dxspepsed. -Vaklnland
Shnstqr.{lhl}.suggest 2 main fall modes, one predoﬁinently horizontal |

ana the other vertical, In the absence of shadowing and clumping effects

the 1deallsed RCS of & number of dlpoles N is:

| ;’tot‘al' = oas — (1)
A However the chaff msy not be cut to preclselyAthe radar transm1531on
frequency (partlcularly with frequency agile redars), all dipoles may not
contrlbute.ldeelly”and the chaff material will have some finite conduct1v1ty;
More recent measurements {142} state that the RCS based on 0.18A2 is more
likely;, RCS varies with dipole thickness as well as ;ength,'apd maximum

RCS can be approximated for practical purposes as:

., Opotal ~ 0.1412EN (?)
E 13 the dlspersal eff1c1ency (ie a scaxterlng eff1c1ency factor) which may
vary between 0. 3 and 0. 6 Actual RCS achelved per unit welght of dlspensed

chaff is of course also dependent upon the chaff type.

13. The use of MII is likely to cancel most of the chaff spectral effects,
vhere low frequency clutter over several KHz may be eliminated by a notch
filter. If the entire chaff cloud was subjected to wind gusting in the |

same direction as an aircraft flying it cou;d be evident in more than one
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resolution cell, but it is of diminishing importance when using MIT; and

as explained above could not shield radar energy from reaching a target

at greater range.

BIRD ECHOES

lh. Backscatter frcm blrds can cause clutter at the very low altltudes

' relevant to this study. Bird clutter {also known as “angels") is brlefly-

explored under the following headings:

a. Height and Veloeity distribution.

H ﬁ.'f Blrd Radar Cross Section and distribution w1th1n a

-populatlon.

'  c. 'Raddr resolution cell, polarisation éffégts and spatial density.

Limited measurements were found at A = 3em, but the results of several

papers at other RF's are in reasonable agreeﬁent.

15. Height and Velocity Distribution. Results from several researchers

at different geographical locations show that 80% of all birds are encoﬁntered

below ‘a.ltitu,des of 250 metres and velocities spread between 10 and 25 m sec

16. Bird RCS and Distribution. Mean RCS per single (medium sized) bird

is unlikely to exceed'lo'cmz (pigeon at A = 3cm), and in isolation will

‘not be confused with an aircraft RCS, ' However flocks of birds very close
together can reach clutter proportions. The distribution of echoing areas

will héturally depend upon the proportion bf birds of various sizes in

a particulaf location, but in general will be lognormal.
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1T7. Resolution Cell and Radar Pelarisation. Effects of reselution cell

size 1nvestlgated by several workers, eg, (143}, {144}, wvere in some cases
made u31ng a penc11 ‘beam tracklng rader, but w1th longer pulse lengths then ,
appllcable here._Although there is no accurate predlctlon of the_effeet

of verjiﬁg feselution‘cell size on bird echoee, a smaller-cell size wouldxl
_spllt up larger groups of blrds into perhaps a number of adJacent cells,

: reduclng the observed RCS from the flock. M1n1m1sat10n of bird returns

by using C1rcular polarlsatlon has been shown {lhs} to be non productlve
‘since the clutter reduction obtained is approximately the same as for the

wanted aircraft targets and hence target filterihg‘ie not acheived.

18, Spat1a1 Densit Y. Several researchers have attempted to quantlfy the -

1den51ty of b1rd clutter ‘echoes llkely to be present w1th1n a PPI search
._area (assumlng these are not flltered out by the slgnal process1ng)
Avereged over one year in UK the probab1l1ty of. one bird echo per km2
"15 sllghtly less then_o.sﬂ. However, a typ1cel PPI may typically scan
11000 km?HOn:each_360° sweep, and so the probability of sdme'bir& activity
at most locations is high. With a target‘trackingnradar fbllowiﬁg Et‘target_
.eigﬁt~iine rate (or almost stationary for closiﬁé or receding targets);' |
birds may enter, leave, or pass through the resoiution cell of interest

‘at any time.

CHAPTER SUMMARY

19. Factore selected for 1ncorporst1on in the overall predxctaon '

algorithm fram this chapter are:
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a. Wind Effects. Values researched by Hayes are used in

conjunction with the surface cover discussed at Chapter L.

Hayes uges F ? i:%§)3 for 9.4 GHz and I;lf_-z at 95 GHz,
. 3, (35 |

giving, for a windspeed of 12 kts a half-power value of 9 Hz.

" b, Chaff Attenuation and Backscatter. Equations (2) and
(3) are used for modglling redar signal attenuation due to
dispersed chaff between target and redar. Backﬁcatﬁer is

) .incdrporated using equation {5), for non-MTI radars only,

" Bird Clutter - 'Angels'. Bird clutter can be expected

_in wooded locations end may cause significant signal returns at

| any time, but more particularly sb in migratory periods and at

sunriéé.énd sunset ﬁowever. it is assumed thatlénce'a target

is correctly range-gated and velocity-gated by [ narrow~beam

track1ng radar wlth good dmscrlmlnatlon (and since total tracklng

' periods are 11kely to last for no more than 60 secs for really
low level fast targets), then ‘angel' erfects are mlnlmal for the
track1ng radar 1t8e1f. It should be noted that overall system

effectlvenegs may_be rednced if 'angels’ clutter degrades an

‘ares search radar's performance to the extent that "hand-on"

_ to the aSsociated tracking radar is delayed or prevented.
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CHAPTER 6

. RADAR SYSTEM AND TARGET DETECTION PARAMETERS

1. Preceding chapters have shown that the probabiliﬁy of successful
detection end tracking very low - altitude targeté_ia dependent on a great

many variables, Additional to the very basic requirgmenf of a direct

sightline (or a set of fortuitous diffraction conditions), together with

~ the imposition of clutter - and even jamming signels - the end result i§
‘finally dependent upon the radar system characteriétiéa and the giveﬁ:
target response. This chapter summarises the radar gystem parsmeters
considered and their relationship in the radar equations used:in thélmoaél.
Scﬁe parameters, when varied sliéhtly, become crifical; sincé the very |
nature of the.sfudy involves targets vhich are likely to be often onifhe

~ threshold of detection.

RADAR SYSTEM -

2. Within the radar system, account must be taken of the rediation
patterﬁ, the transmitter waveform characteristic;:énd the signal prpcéﬁsing
of the target and clutter returns in the radar receiver, Equations to
) describe ciutter and target power received, receiver noise and jammingl
Effecfé'éré fairly étandard, however many basic texts generalise certain
losses'ﬁhich ﬁave been considered here in moré detail. Specialised
references such as {146} and’ (14T } give adeqﬁate relationships for such
topics as aefial ﬁotion and jenming., It has been necessary to inéludé_
the whole1rahge of paramefers for a'camplete model, but it is not the
intention to investigate every parameter in detail. Once fhé model va§'
completed further investigations, based on the model, were made into

diffraction and terrain slope effects (Chapters T and 10).
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3. Redar system paremeters considered, together with ty-pical'va.llues ere
shown below. A sample calculation for this system is shown at Annex G.

Example System

'TRACK-WHILE SCAN (TWS)

a. ._Aeria,l Gain (Mainlobe) 2290 _ 33,648

g

b. Aerial Gain (Sidelobes) - 204B
(aB) ' '

C. Peak Transmitter Power 150
Kw ' .

E

d.  Operating Frequency 10 GHz (3em) | - 15.2dBm
GH: : .

e. Receiver Noise Figure (dB) 8 9.03aB

f. System Losses (dB) - | 2282

E

g. DPulse Duration (u sec) 1

h. Azimuth & Flevation 2x9 .
Half Pwr - Beamwidths (deg) .

J. Aerial Polarisation H

k. Integration Improvement -
in S/N ratio dB

l. Radar Aerisl Height 20
above datum (m)
- m.  Radar Type (eg MTI, PD) PD -
n. Aerial Redistion Pattern -
p. . PRF (Hz) 12000/10750
'q. Rotation (scen) 6Crpem
' rég)rPrioritx Tgrget size (RCS)| = 0.05 . -13 aBn®

8. Signal Processing -
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t. Bange . Abcumfj (m) + 39 (30% of auoiubgs;vbw)

u. Velocity Resolution + 15
(m.5 ) |
v.  Azimuth Resolution 40.5
(deg) .

w. Frequency Agility -

x., Tracker mode . ' WS

{eg monopulse)

¥. Transmitter Character- I bursts of 10 pulse
istics : per scan [

RECETLVED_TARGET, CLUITER AND JAMMING POWERS

:_ b, At the:recéiver, target, clutter, attenuation and jamming powers are
largely debendent on statistical distribution dependent upon cross seg#idn
and on PRF, pulse duration, transmitted power, and ﬁﬁltipath. The overall
signal /noise ratio is given by:

S _ Sig (tgt). F (Attn2). F (mult) .o{2)

N MRy s Flavene)  S8(eae) * S(wer)) * Flattn 1), S8 (jen)

where Sig(tgt) = Sigﬁal from target

2:way sttenustion factor

: F(attn'2) =
F (mult) = 2 way multipath effect
NRX-' = Receiver Noise

Slg(clt) = Surface Clutter Signal

Sig(wtr) = Clutter SignaJ.@UMmospheric and Weather)

1]

Slg(jam) Jamming Signal from Target

F(attn 1)'= 1 wey attenuation factor
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5. Only the self-screening jemming signal (assumed to be noise) in the
main béam is considered. ILater it will also be seen that the numerator
8t (1) can be modified to allow for diffraction and the denominator

adjusted to incorporate a factor for terrain clutter variation with slope.

6. Using the standard (ummodified) radar equation (pulsed radar) the

received S/N ratio is:

I T eeeenenn (2)
(hn)B.K.To.b.NF.Rl‘.L
where
R = Target range (m)
L = Peak Transmitter Power (watts)
L = System Losses (but see para 7T )
b o= Receiver noise bandwidth Hz (eq30€¢d8 Hz for oo ttz)
o, = RCElS‘ of target (u?) | |
8 = Minimum detectable signal (watts)
K = Boltzmans Constant (- 204 dBW)
To = Tempersture (°x) (290°)
Nf = Noise Figure
A = Wavelength {(m)
nzi(n) C= Integration Improvement Factor
Gy = Aerial Power Gain (Receiver or Transmitter)

7. Losses. System losses included as L, in this general form, can also be
,more”ekactiylspecified, according to conditiong. The following losses are

gppiicabie; as abprbpriaté to paragrephs 6 above and paragraphs 9 and 13 below:
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L = A1l losses, both transmit, recelve, propagation and
beam pattern factor losses.

= A1) transmitter losses eg waveguide, feeder radume,
TR-switching. .

All receiver losses eg waveguides etc as above for LTé'l

FoFF

= Beam shape and pattern lob1ng eg tracklng radar .
cross—cver losses. .

-‘15 = Two way absorption or atmospheric prop=zzation losses.
Lo, = Collepsing losses.
L}ﬁ = .iSisnal processing losses applicable %o Jjamring.

NOTE L'as and L'p are the one-way losses applicable to jamming.

8. G, the aerial power gain, must be modified according to the aerial .

~radiation pattern, For example; if the (fairly commqn) cosine

distributibn is used GEE becomes (G° C052 (ﬂa/EB))a where Go'is'the on-

axis power.gain and 6 the one vay 34B beamwidth, .

9. Received Surface Clutter. Taking the basic equation the surface clutter

' pOWEr_Cﬁ at the receiver input is:

2 2 .
c = PT A IJF GT UO Ac TEEEEEENS (3)
P (h'lr)3 R ' :

The illuminated surface clutter area A, is:

A = Re 21 . . (AR RN RN (h)
2 . o . N

6-149




the clutter area is modified

1 o A =R, 8y Zx Secd - ceveiens (6)

2

(Tan ¥ < %A Be ) See Annex ® cdso,
.et/2

.glVlng ‘P 2 Ip Gg o, 8, Ot Sec ¥ B : Ceesarans (T?i

3 3
o (bm)” ) ch .

e g T o

oL LA (D) 0,0 e (8)

' (hn)a Rz Cos
This modifies the basic S/C retio (target/clutter ratio)

. ‘ = 't into Ls LPLFCOS wdt .l t.;tl.“l (9)
. - B o Ct 6, R
L ro 5 A°C R(Cr/a) 8y 9,

afm

where °o = Average surface clutter per unlt aresa (m )

Azimuth 328 beamvidth, A, = Effective Aerisl Aperture

Q‘
-
n

L, = Loss factor in cluxter receive chain (not necessarlly the same

| ) but ax very 1ow graz;ngamgles where tan § < 2R Sln 9/ ....;,... (S) _
|

: . ; as L in eqn (2)) (non-dimensional factor) .
| c, = Received clutter power (watts) o '
| | R, = Range of clutter cell - I
o . e : Avernge cluller LS 7' - o
| 0> Tergk RES | SRR ) -
R : . SR 6150 |
R




10, Detection Range in Clutter. It is often convenient to assess the_

detection range in clutter simply by re-arranging (9). Calculations for

an exsmple radar system sre included at Annex G.

11. Received Volume Clutter. Volume clutter is a éombination of back-

scatter,.attenuation and chaff (see chaps 3 & S).

Féffajndll

A 0.93 B, G, Crn'z  veenees. (10)
g(wtr)_ | : '

- b
128 1%°

where 2 = 200 F‘l'6 (See Chap 3).

It is assumed that only the single resclution volume containing the targét
is-contributing volume clutter. Skolnik {148} produces & composite
exp:essidn ihcorporating both attenuation end backscatter from the two

terms.at_(la)i |

E . ....l'...ﬂ. (ll)
(-S—) =2_'= IC-I-____Ut . |

where P‘='received echo power from target

' 2.2
= BGrA_
g ()3

N, = receiver noise pover

and

B . B% exp(2wm) veveonsns (12)
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where NC = Clutter backscatter power

@ = Attenuation coefficient

12, Chaff Clutter. Chaff backscatter is modelled at equation (5) Chapter 5.

| 13. Recelved Jamming Clutter. Although the foregoiﬁg clﬁtter sources are
'l almost. always present, Jammlng will only apply to speclfme sztuetlons, and
50 the computer model can be initialised to 1nclude or 1gnore the Jammlng
segment, as necessary. If the radar is modern, and assumed to have
minimﬁm sidelobes, with the mainlobe on the target all noise jamminglenefgy
enters along, or close to the mainbeam axis. Allowing for all losses the |

equation for signal to jemming noise ratio is:

P G L L' L' L'
bl [+

e s s (% ) - sesresnss (13)
5= = . _
| hw.B- R (PJGJ)

N T

' where Ry (=Rt) Range to jammer (ie target)

-G: = Jammer Aerisl Gain
Py = Power of jammer per unit bandwidth (watts for Hz)
By = Noise bandwidth of receiver (before detection)

Since only self screening jemming is considered RJ and Rt ere equal’

TARGET CHARAGTERISTICS

1k, Tefgets are generally taken to comprise a predominant (steady) signal
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re-inforced by many smell reflectors (ie Ricean distribution of reflectors).
Target fluctuations are taken to be independent scan to scan and based upon

Swerling Type 3 detection probability.

P (o) Lo exp(;gg) ‘ R 5113
oiv “av | -

for 030 (=0 elsevhere)

 where 0,y is the averege target RCS (n°) and o the instankancous - RCS,

Ail relévaﬁt priority tafgets are 'aspect sensitivef, as shown at fig 1,
vhere a 0.05 (m2) RCS target head-on can produce an enormous RCS on fhé

beam (crossing target). Since the overall model detection probability is
roughly the probability (excluding sightline blocking) that the target
return 31gnal will cross a detection threshold with a sufficient S/C ratlo,
it is seen that RCS can be a eritical parameter. Because of the uncertalnty,
of the 1nstantaneous value of RCS, present when an aireraft is ostens:bly

in straight and level fllght (end even more varlable when the aircraft is

| deliberately manoeuvring}, target RCS must be considered statisticelly, A
Rayleigh_distribution for larger targets has been found suitablé by -

Ament et al {lh9}.but aireraft and missiles of small RCS tend towards higher
ordef chi-square functions. Typical rader cfoss sections for smell aircraft
range from 1.2 n? (head-on) to 20 o 60 m> (besm-on), giving a median of

1.3 to 5m2 over 3600 and all roll plane aspecté. For the purpose of the

- model 0.05 to 1m® has been used for head on tafgets and bm® for beam targeté.
It is further assumed that the targets of interest are designed ﬁith
pfofiléd structures to minimise RCS and may comprise dielectric panels and
pdssibly radar absdrbent_cbating for a proportion of the observed echoing

skin area (see also Chap 4 and Annex E}.
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15. RCS”Spectre; Turﬁine and/or Propeller, and airframe spectra investigatione
are outeide the seope of'this report. Brlefly, the elrframe spectrum 15 due

to the relatlve motion between target scatterlng 901nts, and although an
RCS range (eg 1.3 to 5m ) was eagily selected for assessment purpoaee,.the .
selection of a suitable airframe spectrum (due to random and systeﬁa&ic-ehangee)'
is far more difficult. According to {150} the width of the aifframeisPectfum”':
has the relationship: o

AB

(10 (20) - (15)-
Af = K (""1") ("_-b") | | . ) sesssse s (15)

‘With smellef tArgets likely to have & greater random motion than large
aircraft.- Further spectra information is evellable from the reference
{15i} : Measurement of the rate of change of target aspect (46/at) is

complex although the factor L /A, the cherecterlstlc length of the targeta e

15 more readily available. K is a pr0portlona11ty constant..

16, Freqpency Ag_llty. Frequency agile radars have 1mproved performence
agalnst fluctuatlng targets since the probability is reduced that the

: target will be at_en aspect angle which gives & very low RCS or a null.
Fregquency: agzllty can also reduce renge and trecklng errors caused by .
.target gllnt and multlpath (see Chap 9 ). ImprOVements in detectablllty

| of several dB have been messured when using frequency eglllty {152} . at

| 10 cm.wavelength. At the same time frequency aglllty can be used to
decorrelete distributed clutter echoes (see Chap L )., The model incorporates-
an aliowence; if required, to improve detection probability for frequency |

agile systems.
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CHAPTER SUMMARY

17.  Relationships stated in the chapter for Received Target power;
) Surface Clutter pdwér,_Jamming power, Signal/Noise ratio, Volume
Clutter aﬁd'Fluctuating target charscteristics are incorporated in the

model.

' 18. Radar Croés Section. Experlmental dlstrlbutlons made by the US

Applled Physies Laboratory indicate no simple solution for RCS
modelling of all aircraft aspects. Much of the uncertainty in modelling
RCS lies in the observation time used to obtain the distribution.
Although the Rayleigh distribution is suitable for large aircraft,

.RCS ﬁodelling is necessarily & coarse procedure. Cumulstive detection
:purﬁes can be used if detection is required on an approaching target
before it rea&hes a‘ceftéin range. Missile targets have larger mean

to medidn-fatioé; a log—normal distribution is more accurate in this case than
Rayleigh Equatmon (lh) is used, for example, based on an average

RCS with Oy varled u31ng & random mumber genersted in the model to
simnlate‘target glinting. Distributions, Raylelgh or Log~Normal, are
selécted according to target type and appropriately for fixed RF or |

frequency agile radsrs, ie chenge of Swerling case.

19. Although the RCS of future aireraft will be reduced by carefﬁl |
_design, stealth - IOW‘fefiectivity coating, pefhapa to lower than OdBSm;
“the renge of terraianCS.(per n2) mey very between - 30dB to possibly
+3baB with -15a8. as a typical average (see Chapter 4). A clutter

. signal may 5e”pfesent even when clutter from the target range gate is
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masked but‘enters due to sidelobe clutter reception. Experience has
shown that parameteré such s target doppler, beamwidth (azimuth
reéciﬁtion) or range'reSOlution may not be.sufficient to separate

' targets,fruﬁ elutter, particularly at low level, ‘The.fluctuating_
target ﬁCS caﬁ therefore be critical in the detection and tracking

process- since a tactical aircraft RCS may be of the order 10 to 20 4BSm..

20. Fluctuating Target. The problem of filuctuating target returns is &losély |
related to FAR (see Chapter 4) and further considefed at, Annex'E. whefé if

s shown that a target fluctuating with low amplltude peaklng is ﬁore

e331ly detected at short range, while a more exee531vely fluctuatlng signal

is more e351ly detected at longer range.
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CHAPTER T
. DIFFRACTION

1. Com?uter;aided and manual literature searches havé_revealed several
compréhensi&e-reporté covering diffraction of data links at UHF and VHF, but
with very limited research at microwave link frequencies. .No defailed |
reports could be found on low level tracking radar'diffraction,.indeed
practical prediction algorithms are thought not to exist. As recently as
1980 a report from the Lincoln Laboratory, MIT, {lSh}, stated "diffraction
of radar transmissions over terrain cbstacles has no£.received as much
attention as refraction"; and, "diffraction hes effects which should worry
miliﬁary mission planhefs'wmilitary context of plaﬁning low.level terrain-
routing profileé to avoid detection). Also, "some_ébstacle problems remain
unso}ved e.the debate cohtinues'over the propér wéy to estimate losses over
téfrain 6bstaciés"; T&'complete the radar performance prediction algorithm

a detailed investigation is clearly necessary into diffraction'effegts.

DIFFRACTION PARAMETERS AND ATMS

2. There are several approaches to the theory of diffraction, including
extended waye theory. The following research aims were selected:
a.” Research the nature of diffraction in practical terms.

b. Determine the criteria under which diffraction is likely

to enhance low level tracking.

c. Consider the substitution of terrain with cylinders or

baffles for diffraction modelling purposes.
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d. Consider diffraction effects with reference to

 modifications by reflection and multipath.

e. Determine diffraction path radar power values on

outward and return paths.

f. Generate a diffraction subroutine for the main rader

performance prediction algorithm,

g. Produce a subroutine cépable of scanning a land area;
given the terrain data base, and determining a general
‘probability of diffraction from the nature of the surface profile

for given target altitudes.

KNIFE~EDGE DIFFRACTION

3. Assﬁming that the local terrain does not support reflection, knife
edge diffraction apﬁroximations are often used with the geometry shown

at figures 1 and 2, With the radar transmitter near_£he earth's surface,
and the target airborne (unlike the data-link case); the diffraction angle_
can be considergd gt figure 2 ag fixed, while distance'd2 and hence R are
réduced;‘ This hés the éffgct of moving the targetluﬁwards on the figure
to‘the'dqtted position, chﬁnging d2 to d% and R to R!. From Fig 1, if

the fadius of'the_assuﬁed diffraction edge (cylinder in practice) is large

coﬁpared withll, tﬁen;

2 :
BT 2 _ _R ()

Where k = %E, ES = Scattered intensity from the target and EI = Inecident

intensity. R, h and « are shown in the figure. However, both figures are

essentially the same as explained above.
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h.._ The geoﬁetry at.figure.Q is used to derive the further approximations

at para 5 below, éut.aﬁ this stage it is necessary to discard the negative
knifé edge situation (ie diffraction ridge below radar”horizon) sinée a
direct sightline would exist simultaneously; hence detéction capability would‘
not be significantiy impaired. Nevertheless, it is recognised that if
the.diffraqted ray received via a negetive knife edgérexceeded fhe‘signal

strength of the direct ray, an angle tracking errof'could occur.

5. . Taking v as the dimensionless parameter of the Fresnel - Kirchoff diffraction

formula (see Annex. C) then:

Whefe‘Ar_= r. +r, - R-(or Rl if the airborne target is used)

1 "2
o? v =+ 2§m3 - (3)
: 2R
or v=+nmh B aintaiy -==(4)
t dldgl ,

Where ht‘is the obstacle height

~«, B and ¢ agre in radiansg

X, B’Jdl and d2 are in consistent units,

6. Compafisén of the free space and diffracted fields to obtain the

diffraction loss ratio A(v)gives :

A(v) = -20 log , [F(v)|aB - (5)
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Where F = !%g-kfﬁexp (jmu/2)du  —-- . -—{6)
v : -

: 0.2
eps anv
as v becomes large and positive |[F(v)| —% 2
_ S d, + d2 2 ﬁ‘_
and A(v) becomes approx  -20 log, { g, ) 55 | 9B —(7)

8 is the.angle of diffraction.

T. TFor a single edge diffraction obstacle Deygout {155} uses a criteria to

characterigse the diffraction path to check that the first Fresnel Zone, of

d R <
. : ' . o ; -2
radlu; r, 1s not obstructed. Assuming A << ht < 35 and A << ht < ‘Ea s

at a frequency f(MHz) separated by R kilometers, the free space loss is:

. _ 8 32,5 + 20 log;, f + 20 log 4 R (qB) . (8)

.  h,
Expressing the diffraction loss as a function of ;£~7

a d2

1 o
Where r(m) = 548 using f{mHz), 4, 4, (km)
: @ + 4,) 1 %

C N h . )
f9rlhfr, am.= 20 log,, Q?? + 16) = . ~(9)

Where & = diffraction loss; totasl loss = a * aﬁ

. h, . . | .
8. . When_t is used the results differ by v2 (see equation for v below).
or ' . : ' ,
For comparison purposes in the use of v fig 3 shows the diffraction losg while

figure 4 shows diffraction loss & against EE 'Again, using the diffraction

. r . .
loss ratio and including phase angle results and practical values for v:
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|

|

1 %

‘ g(v) = ~20 log,, lﬁf1 = = 20 log, alv) - | (10)
|

\

Where E = E_ a{v) exp [‘Jﬁ(vzl

}_—v) = Phase lag of diffracted field with respect to free

- space field.
E, B, respectively diffracted and free space fields

. ._Eo
alv) = _l‘g‘l
Blv) = 90v2‘(dég) ie, the phase difference in degrees attributable

_to the path length difference Ar.

9. Ref {156} gives typical values for v30, v<0 and A(v) versus v:

A(v) = 12.953 + 20 log,, v for v » 2.4 e e (11)
Aly) = 6,02 + 9,11y - 1.27v2 for 0 & v § 2.} ~———m—mmmommm o (12) -
A('v) = 6.02 #+9,0v + 1.65v2 for - 0.8 € v § Q0 ——=m—m—mmmmm (13)

and Larson {157} giv'es:
Alv) = 6.0 + 11.28v+ 4.28v2 for -1.h ¢ v § 0 ~—m—=——mmmemm (1%)

10, Fig 3 shows the variation of A(v) and phase shift with v, and Table 1
gives a selection of practical velues for typical low level targets. In practice
it is assumed that target altitudes wvary between 30 m and 60 m and that the

radar aerial will be no higher than 30 m AGL.




Obstacle dy dp ;

(Ht (m)  (Km) : (Km)

50 15 15 R
10 15 15 3.5
30 15 : 15 2,6
20 15 15 1.7
50 | 25 5 8.2
o .o | 25 5 6.5

30 - 25 5 ko
20 - 25 5 3.2

500 10 20 50,0

500 25 5 141.0

250 15 15 14,1

Table 1 Example Values -v- for given Obstacie
Heights and Ranges

INTERPRETATION

11, Where kﬁife edge approximations ére used, based on the relationship

at Annex C, ana the simpiified criteria qs‘uséd at ﬁaras 5 to 103 predictions
.have been fbuﬁd to be sevéral 4B above the measured_falues {158}, {159}

and {160}. However, ﬁhen account is taken of the practical sitﬁation, ie
‘round6d hillcresfs, as is so often the case instead of idealised knife edges,
{161}, {162}, {163}, and a rough conducting surféce is present; then.{lﬁh}
foundrgeneral agreement with the‘conventional Ffesnel—Kirchbff approach of
ignoring the obstacle thickness. However {165} states that an additional
dr "excess ioss" ié.lﬁrgely dependent upon the crest curvature, the angle

of diffraction and'#avelength, but almost independent of distance for a given

angle of diffraction. The Fresnel integral is sometimes produced as a set

of curves or tables.




DIFFRACTION OVER ROUNDED HILLCRESTS

12, Up to 10,000 MHz it is considered at {166} that any rounded obstacle

can be approximated by & knife edge, providing its radius of curvature R
b ]

satisfies i~

A ' R ' o e
R, < 'Eg _?.10 metres - . (15)

.The geometry used for rounded hillcrests is.shown attFigure 5, and {16T}alse

suggested that the radius of curvature may be estimated by:

2DS dstx dstg‘t : _— 7. -""".—"(16)

Radius (m) = 7 ya
_ Bzastx * dstgt )

Where D, = distance between transmitter and target horizons

s
(ieDg " gy T Ltgt
dstx = distance between transmitter horizbn and horizon ray

intersection points,

a = distance between target horizon and horizon ray intersection

‘stgt

points.

A simplified solution {168} for rounded hillcrests assumes each obstacle
to be represented ag a cylinder of radius equal to the radius of curvature
at the obstacle top."The'following parameters are used and marked where

appropriate on Fig 5.
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H Obstacle height

o
1

1
: 2 _ e . :
T [}dlda/(§1_+ d2)| = First Fresnel zone radius

(4 d2 as at Fig 2.}

l’

]
]

1 . . :
A%@ rl'éjﬁf where ry is the radius of curvature at the

top of the obstacle, « is a curvature factor,

The main obsﬁacle;'assuming several lie on the path, is the one with the
H

R
1 ' 1
for various curvature factors.

. H o
largest ~i. value, Figure 6 shows the relationship between 1 and attenuation

EFFECTS OF SLOPE INCLINATION AND ROUGHNESS

. 13. Practical implications of diffraction are considered later in the

chapfer, but slope inclination and roughness shoﬁld be mentioned since

waveé incideﬁt ubon diffraction ridges may be expected to suffer depolarisation
due to these'factbfs. Experiments by Carlsbn'{169}‘revealed no appreciable
complications (in diffraction effects) by terrain séattering, but his
conclusion may only heve been applicable to conditions pertaining locally

at the time, Similarly it is difficult to quantify the effects of foreground

scattering and also of interference diffraction signals at longer ranges.

EFFECTS OF FREQUENCY ON DIFFRACTION

14, Delaney {170}, has shown that lower radar frequencies are better than
higher frequencies in terrain where diffraction is dominant. Other results
show that the coverage of lower frequency radars in reflection-dominated

terrain can be quite adequate if sufficient power is transmitted.
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RADAR POWER
15. In terms of radar power, the power at the target via the diffraction

path will be:

= 2 '
P = PGy A - (17)

t
gt 2 2
6hn” 4, dl d26

Troposcatter‘power is not considered here when usiﬁg radars with narrow'beams'
in the vertical, it could however be a contributory factor under other
circumstances. Signals returned to the tracking radar are assumed to travel

the same.path-in reverse and suffer therefore the same diffraction loss.

| CHAPTER SUMWARY

lé. By Cafeful interpretation of the few availsble results it is found that.
adequate diffraction loss calculations can be made -.sﬁbSect to the existence
of the necessary site-specific target, radar and terrain data. However, it

is possiblg fhat the existence of diffracting paths over mobile or small fixed
pbstacles, ciose,to the radar site, cannot be accurgtely asgessed unleés.
diffractién‘ﬁéasurgments are made in situ. Preciée.obstacle positions will
be uﬁknown‘and'will not, of course, be recorded in the terrain data base
overlay. .Indeed many such objects would not be included - such as isolated

.buildings, unless the data base was very finely'sﬁaced.

17.. "It is shown to be possible to predict the likelihood that diffraction—
path tracking may take place; by incrementally tesﬁing the data base azimuth
profiie using eqﬁations (15 and 16) together with fhe necessary radar receiver
‘sensitivity values, radar transmission and target parameters. A segment of

the computer program at Chapter 11 waé develoPed to produce a pl#n output plot
of thé first éssessed_diffraction.ridge - behind which a target would nottxhuaﬂg

be invulnerable to radar tracking. (See also page F-10).
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FIG 1 BASIC DIFFRACTION GEOMETRY

FIG 2 KNIFE EDGE GEOMETRY
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CHAPTER 8

- PROPAGATION - REFRACTION AND REFLECTION

1. A nﬁmber of standard texts and'reseérch'papeis are available on
refraction and'réflectidn, cqveriﬁg these phenomena. in detail. However,
' som¢ aspects are.gspécially pertinent to the low level tracking case and
éo‘réfractidn and reflection are studied as é pfeli@inary to the compléte

pfopagatioﬁ modei, which will finally include multipath'and diffraction.
' REFRACTION

2. Radar waves are bent primarily by water content in the atmosphere,
which_is normally denser at lower altitude. Two practical effects are

considered here:

a. " Radar range may be congiderably increased by refraction under
certain conditions; where the system'may_be able to detect targets

around the curvature of the earth,

b. Tracking radars in particular, may obtain a false target
elevation angle by measuring the tracker dish boresight angle -

which is in fact not the true target sightline (Fig 1).

3. Radar wave refractivity due to the variation in the velocity of wave

propagation is given by{172} ae:

6.
(n-1) 10 =N = 77é6P . 2e73 E 19 & e (1)
. T
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Where N

= refractivity
p = barometric pressure (mb)
e = partial pressure of water (mb)
n = atmosphéric refractive index at zero aititude
. T‘=‘Temperature (OK)

Theleffective earth's radius is given by

ag [} -'0.04665 exp (O.OOEETTN;J—I km ———————— (2)

a

i}

Where Ns = refractivity at surface of earth,

If a, the actual earths radius is taken as 6370 km;

~ for N_ = 301, g— = = = k, a good approximation to

N &~

conditions in Europe.

b, Low-Level:Targefs. Refraction effects can be significant at low grazing
aﬁgleé.‘ | For ﬁargetsiat 300 metres(pr lesé)the H/B earth correction is an
adequate approximéfidﬁ. Since radar ranges are liﬁited for this study,

extended refraction {ducting) is not relevant. 4 fepresentative refréctivity

model from Bear. and Thayers {173} is :

N = N_ exp E ¢, (n, . - htxﬂ-————-----~—-—-—_--——- -------- (3)

. VWhere C_ = ln(NS/Ni) N, = refractivity at 1 km altitude
htgf = a}tltudg of target (m)
h = altitude of radar aerial (m)

At the earth's surface a typical value for n is 1.0003, with a decrease rate

of approximately % x 10 per metre increase in_altitude. Computed values for

low level targets and various radar mast heights are at Table 1.
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i Altitude (m) Refractive
Index
Target Radar (n)
30 o | 1.0003
60 0 ~1.0006
30 4 1.0002
60 30 1.0003
30 30 1.0000
60 4 1.0006

» Table 1 Variation of RefradtiVe Index with Radar and Target Altitude

# 5. Refraction Errors. From {17k} and interpolation from CRPI, National

Bureau of Standards data for appropriate target altitudes and given radar

grazing angles, the vertical error values were obtained at Table 2.

iﬁéiimg Angular Eriiiiiﬁdza?;)fo% Target
(dee) om | 3om | 60w 150m | 300m
0 1.6 17 fir2 15 )18
1 0.3 0.32 ] 0.33 0.37 | 0.k2
3 0.13 } 0.13 | 0.135 | 0.15 | 0.17

5 - - - - 0.1

" Table 2 Elevation Angular Error Due to Refraction

Taking, for example,'thé'hngular errof‘ahdjconverting to altitude error
at 17 km range a 300 m target at 1° graziné.wauld ke measured with a
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vertical error of 7.2 metres; or 0.5 metres for a simiigr target flying at
20 m. In each éase the angular error is the angle between a.straight line
to the target and the apparent target elevation. Under refraction

‘conditions the radar always measures a greater angle (ie greater altitudé)

of sightline than is actually the case.

6. Range Errors. Atmospheric refraction may also cause small errors in

range, as shown at Table 3. To obtain the 2-way transmission path range

errors the. figures should be doubled.

Gzzzizg Rang?a?rror
{Deg)
5 1.5
3 3
1 )
0 22

" Tabkle 3 Range Errors for Variation in Grazing Angle

7.‘ The errors in 5oth range and elevation angle, though small, are
nevertheless present and may become 51gn1f1cant where a tracking radar is
being used in a commanded guided weapon system; since target p051t1on is
degraded and eventual commanded miss distande'may exceed the radius of effect

of the weapon's warhead.

PROPY GATION OVER TERRAIN PROFILES

8.  Spot terrain heights must be adjusted to allow for the effect of the
average curvature of the earth's surface, as well as the refraction of the
radar waves. Modified terrain height (yi) at any distance (xi) from the
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radar location, taken along a preat circle path is the height above a

plane which is horizontal at the transmitter:

yy=h - R

Where hsi is the unmodified terrain spot height above sea level (m)

a = effective earths radius (km)

A proof of the‘validity- of this approach is at {175}, and the geometry

9. Obstructed Sightline. When a path is obstructed the. herizon ray

|
\
is éhown:at.FigureiZ for a clear path.

grazing angles from the radar to the obstruction and from_fhe target back

to the obstruction are respectively given by:

' L tx tx 1. tx
9, = - === T B (5)
tx 'Rl tx 2a
and
' h - h R ‘
o . letet ~ Ceet  “ntgt . = (6)

- Obstructed target sightline geometry is shown at Figs 3 and L., Note that

etx and'etgt could be positve or negative - although a negative situation

is unlikely to arise here since a levelled tracking radar does not usually
depress below its nominal minimum tracking angle. Subsequent discussion

of geometry will use the same notation as at (4) and (5) where:

_hl_tx and hl.tgt = the horizon rangg of terrain obstacles from

“transmitter and target respectively. h, and ht = radar

tx gt

transmitter and target heights respectively.

8-177




10. The geometry for obstructed sightlines is only of significance

for tracking radars if diffraction occurs. In this case a single
'knife-édgé'.formed by terrain must be located beneath pdint X on
fig 3 or 4. Multiple knife-edge diffraction is aléo,dbnsideféd at

Chapter T,

11. Unobstructed Sightlines. Figure 5 shows the situation where radars

could be sited on a mast (at height htx) with a target\fiying at low level -
or nominally at surface levél, (Point Q); or the:térget clutter on the surface
(at point Q)."It is assumed that targets will alﬁays be outside the

Fresnel Zone since for A = O. 02 m and for an gerial dimen51on D=3m,

22

=5 600 m; for D=4 m the Zone boundary would be about 1 km.

REFLECTION

12. Rédar wave reflection theory is well covefed‘in {176} and {177}

It is of prlme 1mportance under conditions of approx1mately plane (flat)
reflectlng surfaces such as the sea and under more 1solated cases overland

gt low grazing angles. The reflection coefflglents for vertlcal and horizontal

polarisation respectively are:

o S - o o
; n Sln¢ -yn - Cosy - _8inV .= 2 L=

smben
. RV RV o n Slnw +J/n2-Cos¢ ‘ S1n +2
ke s defined at AnnexBparall. | R 2 Complex ahd-wfn.c canst. oF&wE«u.
o= Fan Y el peenlde sk
Canad B ' / .

= JPH  Siny —'752 - Coé# o 8inb -2 (8).

Ry RH Siny + 2 .

Smlp + - Cos?¥

Whese 2z = mt

‘--Co.f"]"
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These equations may be approximated for low grazing angles for overland

o
paths providing ¥ < 0.1 rads (5.7") and £ >> 30 MHz, and are included in

the computer programs described at Annex D. : Tt is well established
that horizontally polarised energy produdes a greater reflection coefficient

than vertically polarised energy. (See also Annex B page 3-3).

13. A plane reflecting surface causes the continuous radar elevation

coverage to break up into a lobed structure; where the approximate angle of

: ' A .
the lowest lobe is approximately 73— radians.
' tx

~Where h,_ = radar mast height (above local terrain level) for a
%0 m mast at A = 0.03 m the angle is 0.00025 rads and if the

target elevation is less than a beamwidth direct ground reflected

signals are received.

14, Multipath signal recepfion and reflected ray paths are'syndnomous,

and curve fitting for terrain reflectivity profiles for smooth and rough
earth situations using ray theory are considered at Chapter 9. 1In general,
ray theory calculations are valid out to the radar horizon where radar
aerial heights are sufficient for the surface wave to be neglected and with

the restriction on grazing angle ¥ given by:

; /3
Teny > [22;3 |

(Where f is in MHz and a = effective earths radius in km).
For A = 0.0%3 m and f = 10 GHz Tan V¥ must exceed 0.0009 giving

¥ > 0.05°.

15. Smith {178 } contrasts ray and mode propdgation theory and observes that

propagation theory is incomplete in some areas. A detailed discussion of

the theory is outside the scope of this report, however figure 6 chows
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measurements which compare the two approaches. The full 11ne uses ray theory
‘:  and the dotted line mode theory. Millington {179} uses the ﬁrlterlon

‘ . ¢‘> (; )1/:5 to.glve_the tran51t10n point (marked in Fig 6). Beyond

 . | this point as the horizbn is approached the spreading of the rays due to

’ earths cﬁrvaturé causes thé ray theory to becqﬁe_ﬁnfeaiistic.‘ For a

radar mast height of 10 m at 3 cm wavelength it is of interest that the

transition occurs at about 12 km, hence ray theory is used here ﬁith some

confidence for targets out to 15 km range.

CHAPTER SUMMARY

16. Commente upon su1tab1e factors to be incorporated in the radar

performance predlction algorlthm are:

éffects are small. However, it will be shown‘yhaf small,verfical :
erfdrs may become significant under combined.?éfractionlénd_
diffraction conditions. The 4/3 value for;k is reascnable, bﬁt more
préciéelvalues can be used for n froﬁ Table 1 and errors‘froﬁ

~ Tables 2 and 3.

_.E._' Refraction and Reflection Geometry. ¥Thé approximations stated are
 -used (see also Annex B), but these aspects are closely allied to the
 mu1tipath and diffract1on work covered in Chapters T and 9.

Por radar*trackersassoclated with low level SAM systems'Rav theory is

‘-1-used

8. ‘Refracfion; Out to 30 km range curvature t:effactiqn}
|
|
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CHAPTER 9
MULTTPATH

© INTRODUCTION

l. Target txacking at very lov grazing angles may be disturbed by

“the presence of unwanted surface-reflected waves; giving rise to two

main effects which have been recognized since the eafly days of radar

{180}:

&. Signals arriving from spurious angles cause the radar
tracker boresight axis to be driven off the real target

sightline.

" b. The direct signal is contaminated by additional

surface - reflected signals,

2. Sufface reflections are usually clagsified as either"specular' or

'diffuse'’, but here the objective is to consider practical means of

_ incorporating multipath assessments into the computer model; rather than

the detailed scattering processes. A brief survey of the effects of

multipath on different tracker types is included. Minimisation of

multipath at the design stage could be achieved by usinglnafrower aerial
beamvidths. This is not usually practicable with mobile systems since
there is a limit to dish size, however there is a tendency for trackers
to use higher RF's, giving some advantage in this respect. A number of

techniques have been proposed {181}, but it is seen that the problem

" is mainly one of understanding terrain reflections rather than the

hardware options available {182}, TIndeed some techniques for reducing

multipath mey introduce other problems. One example of this {183} is to
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inéért a screen ('barrier' or 'fence') to prevent receﬁtioh of signals
from surface’fefleetiona. Although this can hélp at a pre-sﬁrveyeﬁ
and prepared site, the screen itself introduces a diffraeting edge

wifh consequent interference with tracking resu;ts. ‘The alternative is

to accept:multipath and use other techniques to minimise the effects.

RESEARCH AIMBS

3. Specifically, the following aspects have been invéstigatéd:'

a, Adjustment of S8/N for veriable (indirect)} path lengths

when transmit and receive signals are subject to multipath.

b. To achieve (a), identify the conditions under which

multipath.is‘likely_to occur overland.

¢,  Quantify uncertainties in elevation angle measurement

due to multipath.

d, Estimate likelihood of multipath combining with

diffraction edges.

e. Assess the probability of degradation of target tracking
due to multipath as the target traverses a specific area of

terrain.

Ttems 34 and 3e above are also dependent_upon.some factors congidered at

Chapters 4 and 8.
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k,  Many papers are found to address multipsth phenomens from the
inevitable occurence at séa, but few results or conclusions are.
avyailable for overland operation. ' Several bverland feéééréh rePOrts,
eg, {184} {iSS}'unfortunately guote results not applicable to this
'study f'since_they ﬁre cdncerned only with relatively close-range
targeté over smooth approaches relevant to airport.funway approach
_radars. Délaney'{186} has reported on the wider overland épplications
and it is clear that further data is.required before'rgaliy satisfactory
assessment can’bE'made. Delaney's model 4id nct inclﬁde targeﬁ'signai
versus multipafh_clutter, but only the reflected sighﬁl for yertical

angular errors,

5..'_Thé ﬁeed for é multipﬁth model which can be applied over genéral
terfain with'varYing‘dégrees of roughness has led to the developﬁent

of a théory {157} which‘deséribes the effects of scattering from the
terraiﬁ between the:éource and the receiver. .Deterﬁination of thé

point at.which diffuse rgflections predominate over gpecular is dependent
upon surfgce rougﬁness ~ the rougher the surface, the lower the elevation
angle at which diffuse scattering daminateg%ﬂySeparation of the resulting
,elévafion errors has been the objective of'{188}'{189} and others. A
good sﬁrvéy of options can be found at {190} {191}‘on bisfatic solutions,
and'{l92} {l93}'{i9h} {195} deal with other multipath compeﬁsation methods
such as freQuency agiiity, phased arrsy processing and sidelobe reduction
{196};. | Hovever, Bﬁrton {197} concludes that test datﬁ is extremély
sparSe‘inxconsidering thé arrival of diffuse multipath from angles other

than the specular direction.

MULTIPATH GEOMETRY

T. Figurel shows the basic multipath geometry where illumination arriving
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at the target via Ry Rp will be:

_ G o -
i = 5T R, Ut - (1)

Where G is the aerial voltage gain in the direction of the Spécula.r point,

p is the surface reflection coefficient,
E’h, L Cransmiied stad tmoident Eu,fc{ thzﬁu{les

The total illuminating field is the vector sum of the direct and indirect

rays.' Path 1en'gt_h$, direct and indirect are:

Blpirect) = (B * (b, ~1h)%}" - (2)

R(Indirect) = {R? + (h2 + hl)z}3 ~—: (3)

h; and h, are small in practice compared to R.hence taking the first

2 terms of the binomial expansion of each:

hs - hy . l
Ry = R+ (momr——)2 - - (%)
S hy + hy -
R = R+ ( 223 '1)2 7 (5)

8,  Path Difference. RI - R, = AR

2hy hy
AR = —p— - e (6)
: 2hy h _
Phase difference = A = 2n AR = an (1)
A p R
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To introduce a pracfical example here; given an serial height of
7.5 metres at A = 0,03 m and elevation ‘anglé of = 0.59, the multipath

path-length difference will be of the order 5A (15 cm).

‘ ' o 9._ Modified Signal. Interference from multlple lohes caused by the low

grazing angle results in modified signal values., For small angles of ¥ the
pattern propagatlon factor (F) is: '

,(217/1) 4R +

(8)

F=1+
E, = Ey [1 + ¢‘J(2W/7\) AR] “,— T ---(9)
- Ed [l + pe-J(Q'rr/A) AR + ¢] (10)'

p is the reflection coefficient

Ecl is dire ety bachscattered 2nergy

For small grazing angles (lobe raised by = A ):

. : tx
" F(B) = h';;gt Bex - ———— {11)
. Rtgt : _
. Where htgt’ ,_ are target and transmitter heights. ngt = Target Range

Slnce the maximum range of a radar for detectlng low flying

targets is:

G 4 } ) }
jl‘“ tgt_ htx P @ (12)
'n
Imeax>101r by By /A
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Where | o is th imum £
- re T Smin 15 € maximum Iree space range

LOW_LEYEL TRACKING

-10; Fié 2 shoﬁs'the multipath effect as g target reduces in altitudef
At A.the:targét.ié well clear of the surface without ﬁultipath, at B
reflected energyrenters the sidelobes csusing 53cil;ations of the aerial
about & mean. Once the reflected energy enters ihe main beam at C
. considerable angular uncertainty can arise. Figure 3 indicates the
typical situation where the tracking boresight moves from real té image
target angular displacement. In & practical situstion where the térgeﬁ
is assﬁmed to be moving repidly through the fluctuations the trackiﬁg
.stability will much depend upon the inertia of the tracking control |
loop. At 6ther times the system will jump to the imagé and lose track.

. Elevation tracking errors are considered below at pare 12.
TRACKING MODES

11. As several tracking designs may be encountered in radar system assessment
‘iﬁ is necessary here to take account of their individual vulnerability

to multipath, briefly:

a. Monopulse. Standard monopulse useslSum and ﬁifférence
Channels to drive the aerial servo to zero error in the bore-
sight., Under multipath conditions reflection signals also
enter the Sum and Differencé Channels. System vulnerable to

multipath}
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b. 'On-Boresight! Conical Scan., Derivation of the error

voltage takes & gignificant time in contrast to monopulse.

There remains the problem of boresight target motion during

a typical scan period (eg %6 sec)., Vulnerable system to

multipath.

c. Off §oreéight. The boresight is held at s fixed angle

.sdme OET X beamwidth above the horizon. Thé-érror voltage

is faken as giving the target elevation below this angle. Some
angular discrimination is achieved gince the'image signal,

is attenuated by being appfecially further off*boresight than

‘ the‘target. Since the aerial is fixed, it c§nnot move onto

the image, the system having switched frém'closed-loop to open-
loop @peration; The same technique can be used'in-bdth'con-scan
. and mbhopulse systems. System resists eievation errors, but

still susceptibie to multipath clutter/noise.

-d. ngbié—Null. Closed loop tracking is continued into
theﬂmultipath region by generating an aerial patfgrh‘using
monopulse, such that the difference fupction has 2 nulls
equally dispersed about the horizon. Résistant to angular

errors.

'e.' QggdratureAgpmponents. Three independent beams are

used to make in-phase and quadrature measurements {198}.

Resistant to angular errors,
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f. Complex Indicatéd Angle Monopulse. Complex'spm and difference
signal can be frécessed to yield a complex indicated angle, and

by combining ﬁhis ﬁith more than one RF {199} the resal gngle can be
uniquel& aetermined. A merginal improvement is cidimed overland,
with s factor of 2 or better at sea. Some resistan&e to elevation

angular errors.

g Freguénqy and Boresight Diversity. One céﬁplex indicated
“angle techﬁiqﬁe ﬁsés frequency and boresighf divérsity as a means
of reéblying aﬁbiguities. The radar must have frequency sagility

or beém;steéring'réSpecfively. The principle relies on storing
represénﬁﬁtive calibration spirals using 2 or more boresight
.angles; Calibrations can be made for specific‘éites or a
generalised model used. Howard {200} {201} {202} surveys these .
techniqueé and claims g&od results under multipeth conditions

on 90% measurements with elevation error I (rads) 0 < I .g 0.5,

ELEVATION TRACKING ERRORS

12. Para 10 intfoduced,the oscillatory nature of'the gignals received
through multipath., It is possible to f£ind the optimum target height

" for a given'rénge when using & specific tracker coﬁtrql loop bandwidth. Thee

Frequencyy beak behoeen olveck amol reflected $ignals (s obtainable:

Since Fy = ehy o hy ot V (14)
AR#

Assuming'htx varies 5, 15 and 30 m, F_ = 1 Bz or 2 Hz, and V is the

t
target velocity - nominally 300 m sec ~1 {ie Mach 1 at mean sea level)
the fblldwing target table is produced for a spreadqu target

altitudes:
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_ Target Altitude.(ﬁ)

30 50 0 100
Tfacker 2 ﬁ? ._
Radar Ht (ﬁi 5| 1.22 kn | 1.58 im 1.87 | 2.23 kn

| 15 | 2u12 2.73 .24 | 3.87
30 [ 3.00 | 3.87 4,82 5.48

Tracker 1 Hz |
Radar Ht (m) 30 | 4.2h 5.47 6.8 | T.7h

Table 1 Target Range at which Tracker Bandwidth is Critical

13, If the efror' E&clig variations fall within the radar tracker
baﬁ&width the practiéai reguit shown sbove will he“that tﬁrgets at ranges
gfeater than those éhown will be difficult to track in the presence of
multipath, unless one of the compensatory systems such as off~boresigﬁt
tracking is used. Equation (1k4) above is obtained from the derivative

of the phase difference expression:

é === (4 7/2) (htgt Pox/R)+ 44 ' - (15)
whtie g = 3row.~o{ &Ffeu‘tm and oler phase oluf’{ue..m.s A, mﬂ 173 Pab‘xs

v/x R2| - (16)

F, = |(1/2 w)_(dﬁ |dt)]‘= |2 byt Dy

Example results are shown graphically at Figure L.

RMS ELEVATION ERROR

1k, Evens {203} conducted tests at A = 0.03 m overland (p = 0.4), using a
1° beamwidth and shows + 10! elevation tracking error at 0% target

elevation. A suitable equation is derived, stated to be accurate down to
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elevation angles of 0.5° (for 8 two beam static split s&stem in elevation).
At 1° elevation éngle errors peeked at + 3'. Targets:were howevér at

high level and long range. A gfaph of elevation tracking error is given
by Barton {204} p 330_which illustrates these typical vﬁlues, but his
figures were_obtainéd at fC' Band. The approximate RMS error can be

found {205} from:

pBE%
(BGS)

o, =

- (a7)

where p is the coefficient of surface reflectivity.(}s is

main lcbe gain‘
side lobe ggin

(as a power ratio) teken at an angle 2E below the beam
axis (E ig target elevation angle, Op is elevation besmwidth). Annex E

contains more detailed snalysis of track errors for lev level systems.

" CONDITIONS FOR MULTIPATH

15, Propagation Path Length. With a ground~based tracking radar, where

the aerial and terrain remain fixed,the target scattering properties are
strohgly aspect dependent (see Chap 6). If the range gate width is

T gecs, then all scatterers contributing to the overall signal return must

be located such that their return srrives - in time interval t such that:
2R T L (2R T \ and ,2R - cT, <D< ,2R + cT
(3 2)_<'G< (c + -2-) (c—' 5“') (—c 5 ) (18)

Hence 2R + é?f » i8 the maximum path length a-signal can'trgvel and still
remain in the range gate (see fig 5 ). Distance = PS, + 8, 5, + 8,P (max path D),

hence:
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_ [R'b'}TE (Rma._x Ry + MRygy * 1" (19)
This shows that some scatterers beyond the target will be in the range
gate, At low elevations R -+ RG and the maximum range of a scatterer of
1ntere§t is then R = (R +

h ; .
If 1 << Rmax #hén'j

- a2 p2 2 a
Roax = [(R« V- R b ] (20)

B o CT
.2 (R + 3 RG)

16. The foregoing is expanded upon at {206}, where the.minimum range at
wﬁich an unwantéd geatterer could ihterfere is calculated. Clearly if
the range gaté duretion was zero, the problem would be'gliminated, hence
the need for a small gate width is established for low IQVel tracking

gystems,

17. Burk addresses the problem of power levels arriving et the aerial
vie the multipath. Assuming the target is scatterer 1 (8)) and the
surface scatterer 2_(32). Then (using the notation st Fig 5):

P_G

Plat tgt) = :RR e (21)

Overall Power scattered towards the surface scatterer S, (point 8).

P(at Sg)‘ - Ptst qtst ' : (22)




P. = -tgt Ot | -
2" _ E—_C
g=dist S, & s

Overall power re~radiated as scatter:

= P2 g (82) : ,(2&)
L re :

Power at radar receiver

Pr = (P't GR otgt) ( 02 ) (
" Lhn R? R L ox rs

Where Ae is the effective receiver serial aperture towards the surface
scatterer. If multiple scatterers exist the problem Becomes complex.
Methods to obtain the inecident and scattered total'fiéld are heyond

the scope of this study but can be found at {207},

18. Path Calculations. The method used at {208} is used for path length
determination, see fig 6 . With the multipath angle very small Rp +

R, + R

1 and h, + 2 RE + 0, shows thet:

2
3 +”[}-§ ﬁ' 2 2. 1 b —;— '
R’ 5 TJ RS+ [2 R° - RE (n; + n,)] R, + [RE.h,. BT] =0 (27)

from which Rl, one of the three roots of ( 27) can be found, R, is then

found from.

R, - hy + Sin ¥ | ' (28)
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- The accuracy of Ré decreases at long range using eguation. (28), but it is
satisfactory for the relatively short ranges in this sfudy._ An iterative

process is used:

(RE + hl)2 + (RE + h2)2 - BTQ e (29)
2 (RE + n,} (RE + b)) -

Cos (&1 +8,) =

Although'ﬁhe sum of Bl + 62 is known, their individual values are not.

In the first:itérﬁtion'lét el =3 (el + 92) and calculate Rl:

2 2 2 S
Cos 8, = RE™ + (RE + h))" ~ R, (30)
2 RE (RE + h,) :
R g 2. T
Hence R, = /( RE” + (RE + b)) RE (RE + b)) Cos 6, —=- (31}
Using Rl’ Gl'and ¥, are found (Cosine Law).
" 2 2 2
Cos (3 v) = RE + Ry (RE + b, ) s (32)
2 (RE) (R;)
T ' 2 2 L -
Siny, = (RE+B)°- (RE%) - (R,®) _ (33)
: 2 RE (R,) '
1
Hence 32 can be found:
. 7 . S
R,= /R + (RE + By)® = 2 RE (RE + hy) Cos 6, (3b)

9-198




19. Testing ¥, against wé, if y; < y, the inferval is re-defined for
el.(as Bl+92). 'If ¥y <y, re-define the interval O degrees to 6, degrees.
.¢l and_¢é_are.then recalculated with 6, assumed to be haif the new
interval, An extremely sccurate result is obtained in 31 iferations;

in excess of the accuracy required here to determine the'location of

.thé surfeace specular point. The method reduces the error betﬁeen the

initially assumed el and the actusl el by _1; where N is the mmber of
SR - N L
iterations. 2"

MONOPULSE RADAR TRACKING ERRORS

20. One agency has produced & desk-top computer progrém {209} vhich
‘splits the mhltipath signal components into diffuse and specular; and
assumes small angles over & "flat earth". For completeness the relevant

equations to achieve the error calculation are shown at Annex E.

CHAPTER SUMMARY

21, To meet the aims at para 3 the following items are incorporated

in the model for low level tracking:

8. = Multipath Conditions. After determination of the position

of théfprobéble specular point using equations (27) to (3%),
the algorithm (see programs at Annex D) examines the slope

and surface material to assess whether multipath is likely.
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b. Elevation Tracking Frrors. Equation (12) is used as a
' check to escertain the target is within radar range; while
.eqnétion (1&) is ﬁéedrto find the optimum target raﬁge beyond
which elev&tion.tfacking accuracy will probably beconme

degraded.

c. Adjustment of Signal Levels. If multipath iz assessed

as likely, equation (1) is used to adjust E.: incbrporating

the assegsed p from the terrain dats base (see Annex B).

d. Multipath Coincident with Diffraction. Using the terraiﬁ
data base the aigorithm can produce a radiallfPI—type'piot
for small azimuthal increments to indicate where diffraction
edges could_exiét. Multiple diffraction e@gé assessment is

. complex and not thought to be particularly reliaﬁie at the
higher RF'E; espécially since it is unlikely that more than |
one really significant diffraction edge will occuf within the

range brackets of interest here. -

Fﬁrther, doublé diffraction is only probable under limited cbnditioﬁs
when plateauélbétVEen adjacent diffraction edges are sengibly smooth

and horizontal. However, by using the seme method as at (a) above,
therfitting of a second specular point could be achieved by treating

the first difffaction edge ﬁs the positioﬁ of the radar‘t¥§nsmitting
gource. The first diffraqting edge would of course be coﬁsidered in the
first instance andlwould probably be the only edge relévant to shoft-range

tracking systems;
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CHAPTER 10

TERRATN SLOPE - CLUTTER
EFFECTS WITH AND WITHOUT TREE COVER

1. Sloping terrain implies e change in.radar grazing angle since the
surface resolution cell "tilt" as viewed by the radar, will vary.
Land surface tilted away from the radar will be shadowed. Chenges in

.(1) v (2) mey vary from cell to cell

slope gradiénﬁ and 'aspect.angle
.in areas of the roughest terrain, although spatiallylthefe_is fairly

high probebility that adjacent cells may have the same slope and aépecf“

in gently undulating conditions. If the perioq‘ﬁf undﬁlétion is less

- than the resolution cell leﬁgth, the actual grazing sngle could vary

within the cell. since clutter is strongly depéndent uﬁqn ¥, 9, can.

be expecﬁed to Bhow Significant variation with slope. Of fhe many.fadar.
research p&p#fs'étudied none considers slope in any detail; {210}

aﬁd {211} _mention that the 'slope effect' exists. The éeneral
.'geometry‘is shbwn at Pigure i.‘ It is seeﬁ that the resoiﬁtion cell
'fbotprint'fon_the éurface, or 'facet'!, can be tilted at almost any angle
defending on the local terrain aspect when viewed aloné'the radar
bpresight.. If gradient is zero, aspect is indeterminate. For M”)u.:j and
ggbmorphological purposes Evens {212} proposes methods of slope
representation and statistical terrain comparisong this;is explained

in some Getail at Anmex Famol convirbed & b rndar slope anol aspect
sobunkien Found obwv:j measustmtnk M%H,S by ae awbhor,

| (1) Gradient is defined as the rate of change of terrain sltitude with

horizontal displacement (range 0-90°) ie, gradient is tangent to
profile. . - . , : :

(2) Aspect engle is the compass azimuth angle (either wifh'respect to
the'radar beam, or measured from North datum), along which the
maximum gradient falls (range 0-~3607) '

10- 205




GEOMETRY

2. For invééfigaﬁive purpoées terrain with reéular‘ﬁndulations could Ee
approximated to.g'sinuéoidal profilé. Amplitude an& périod_would then

dictate the probabilityldenSity function for any grazing angle and surface RCS
could bé cdmﬁﬁted for givgn values ofOE:andeAz l ‘ |

emplitude and period. Gentle rolling hills for example mey give an

and t, as & function of :

'-amﬁlitude to period ratiq of 0.05 (figureEa),uhereas'véry hilly terrain
might produée #_ratio'of'o.l. Such a suff&ce.pfofilé wou1d have fo be
éonsidered together with the existence of & sightline to the aircraft
target.‘ At]fhe idwest grazing angles shadoving is of course at a ﬁaximum.
In every éaée a sightiine is assumed to the clutter patch.with ﬁo

intervening obstacles, apart from shadowing.

3. . From ?igure 3;'thé revised value of Wl (tgken to”belwl), t@ﬁards,a"

© clutter patch is given by:

SR “(n,2 -h2) b~ h R |
gl = sin "1 (b, 5t _ te _ B . (1)
~ Where h, = height (average) of clutter pateh (m)

S b= height of radar aerial (m)

R = range to clutter area (m)

r, = Earths radius (nominal 6500 km, 4587 n.ml.)

L., TFigure 2b shows the pif's for the probsbility that the actual

grazing angle v falls between ¥ and ¥ + a¥ for a nominal value ¥ = 5° :

for smplitude/period ratios of 0.05 and 0.1(ré8pectivelyWulj &%'fermi«»)
B, mﬁbun%j fNIMdaé&; e{$4js,'7lu rodler 4o ﬁxém&lﬂk-Aﬁt./taefuﬁé.p»xmo.éen&uﬁ |
o fram) s Mk i St sk o Vi 8% By i o

o wirbome. ro-es |
mobide rodsd at?ami PALME Ao pnobquﬂdﬁ r{ ac&ﬂhu%g /2;.eruuqﬂui_Y/L;anuy<%ar.
(s..u, odeo ﬂu;\;zy;plym..mxl peretl _ _ ,
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5. It haes béen observed {213} that as large areas of shadowing and
hence facing slopes are illuminated, e pronounced 'knee' appears

in the curvés, for example where sbout 207 of the ares was shadowed and
50% of the area sloped. Therefore the expected‘pfobability distribution

is most likely to be contaminated in some way.

6. Providing radar reflectivity measurements are afailabie it was
realised that using terrain.spot heights and a culture aatabaSe, it
should be possible to isolate-and study those‘celis containing like
foliage and with a particular slope ~ perhaps using ¥ and ¥ + 4¥ as a
working range of aspect angles — to make correlation studies. Various
errors such as aerial gain and propagation loss error should be teken
into account, since these are site - specific, together with other

relevant radar parameters present at the time.

T, It wili be expected that the more heterogeneous the data becomés,

then mofe aress are shadowed. However, if very large resolution célls

"are cbserved (large value of 1), the probability distribution

will take on & smooth transition from a small rate of change at

the 50% Percentile to & large rate of change at low percentiles. Detailed
results of the author's correlation studies are at Appendix 1 to Annex F for

radar measurements taken by British Aerospace over varying terrain.

PRACTICAL EFFECTS OF 'SLOPE'

8., Area., FEquation 1 (above), does not however contain all the geometrical
information necessary to define the slope and the associated redar footprint.
If & very narrow (tracking) beam radar is considered severasl other effects

are cbserved. Some ekamples are shown at Annex F, where the illuminated
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| plane dimensions ¢an be less than the resolution cell dimensions with very

| ‘ steeply sloping terrain. Within the bounds of the aerial vertical beamwidth
the surface footprint may exceed the resolution cell length t if the plane
is located at a maximum defined by the diagonally oppoéite edges of the
resolution volume. As the terrain slope increases’be&ond a {CRIT) the
surface footprint is reduced, and if it is assumed that the slope is centred
on the poin£ 0, at the plane centre; then the illuminated plane is reduced
in length and hence area at both ends by an amountidependent upon the -
slope. This extreme condition would occur in practice only in very rough

. terrain.

9. If small resolution cells are used (and ignoring the occasions when
& specular reflector happens to be centred in the cell), it is assumed
that fhe clubter from the cell centre gives s reflection typica; of the
whole cell. Surfaces tilted t§ the left or right similarly cause

variations in radar footprint size.

10. Curvature. It is clear that:many researchers have found it is in-
convenient - or perhaps too tedious - to congider these effects in detail.
Apart from the more obvious variations in radar footprint area caused by
gradient, and ‘Q§;Cul&ted  ~ from the terrain altitude matrix, {shown at
Annex F) the seéégd derivative is that of curvature. In this study

curvature is of interest; both convexity and concavity. Surface concavity

is likely to produce radar shadowing, while profile convexity may be used
to predict the curvature values necessary to test for the likelihood of

diffraction in accordance with the criteria selected at'Chapter 7 and also

detailed in Anngngi
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VARIATION OF VEGETATION (TREE COVER} WITH TERRAIN ALTiTUDE

11. In an attempt to obtain correct terrain scréening datq {see Chap 2);
it has been thé normal practice in the worldwide clﬁfter models studied,

to add a set valﬁe for tree ﬁeight to the terrain (cdntpur} spot heights.
Investigations bj the author have shown that this approeach ig not stricﬁly
correct. For a given type of tree eover, measurementél{alh} {215} suggést
that trees at the bottom of sloped terrain grow to'a greater height than
trees at tﬁe top of the slope. Nature's reasons for this phenomena are

of no concern here, however the practice of adding a constant height for
tree cover must result in slight inaccuracies in the calculated grazing

angle of radar energy striking the tree canopy.

12. Tree growth rates vary with tree types.as well e&s with altitude,

further, all tree mensurstion is made on a volume yield basis (ma.hafl)

A brief examinstion of a forest of pine/spruce tjpes - prevalent in larger
quentities than deciduous in some parts of Eurdpe - has éhown a probable
variﬁtion pf the order 25% over a slope altitude change of 200 m.
Interpolation of measurements provided by {216}, (assuming tree height

(h) is approximately proportional to volume yield), leads to the conclusion
that a nominal 20 m tree cover over the terrain can be expected to reduce
to 19 m if the terrain rises 30 m; ie, an approiimate rate of reduction of

tree cover of ~lm per 30 m elevation increase. The relationship between

yield and elevation is linear,

13. Translating this into practicel significance means that graﬁing angie
can only be aspproximate since the rate of change of tree height with
terrain altitude slso varies geographically.. For example, the effect is
more merked in the North. For precise clutter investigations under
laboratory ingtrumentation conditions against a sloping forest area the

effect should be noted as an extra input variable.
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GRAZING ANGLES

1k, Nathanson {217} uses a simplification for depression angle d

d
(see ‘fig.ure 3a), wWwhett g = %J"o.'
' 2 2
ay = Sin 1 2re htx t tx ¥ R (2)
2R (re + htx)
then if htx < < 1 and htx < < htx + R an
' r 2r R r 2r
e e e
epproximation gives:
a; =8in & {Bx 4+ R o (2)
- R 2re

and similafly for grazing engle (assuming flat terrain) as at

figure 3b .

¥ = Sin tx (1+ tx) - _R_ (&)
"R 2r 2r ' :
e e
reducing to:
¥Y=sin * |Bex - R | (5)
R Ere

A plot of ¥ v'Rahge for typical radar mast heights is at Figure L.
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15. " Using the above equations and spplying the error and heﬁce slope
variastion in estimating true grﬁdients over tree~tops, we get the
gituation where the appropriate gradient must be sdded to the result at
Eqn (4) to get the true grazing angle; since Nathansons model is for the
illumiration to strike the surface at nominal sea level., It is usually
the case that the terrain facet is not only sloped.but faised ebove see
level {or aBove radar transmitter level for land-based radars). The

geometry is shown at figure 5 and is assumed to have forest cover of

| varying depth as explained at paras 11-13 above.

16. Actusl grazing angle, st which rader boresight energy strikes the

sloped tree tops will be Cwl + at):-

a. Sloped Terrain near Trensmitter Level

Wl = Sin"l EE; {1 + htx - R 4+ ———eeeeeee— (6]}
R o 2r_ t -

b. Sloved Terrain beloth Transmitter Level. ¢l is g?ﬂafvr ;" the calculation

is repested but assuming the radar height to be at a greater height

than the terrain thus:

¥t o= Sinf'l Bee = By (1 + Pee-B - g + @ = (1)
R . 2re 2re .

= 1
When htx = ht’ Y o+ at
17. If terrsin height exceeds radar transmitter height (as will often be the
case with ground based radars), the same equation can be used for Wl by

interchanging htx and Bt in Eqn (7) end subtracting from gradient:
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By “ By - R ~- (8)
ar 2r
e -

Wl (h't > htx) = ﬂt— Sin h‘C.._ htx (l‘ +
R

18. With increasing height of tree cover and the radar height fixed, the
grazing angle intersecting the terrain becomes shalloﬁex and as trees and terrain

reduce in height grezing angle vt approaches the Vaiﬁe at Eqn (L)..

19, In practice the difference in gradient, A?l, ig:—

For example, if the terrain rises 30 m (in & 1 in b gradient) then X
(horizontsl distence) = 120 m, Assuming tree cover of 20 m (19 m at top
of slope),-theﬁ.A?l =.O.h5°. Similarly for s terrain gradient ef 1 in 10

C, It is seen therefore that the radar energy

the value of A‘l’l':..-? 0.2
striking angle does vary significantly, and that the correct allowance
should be mede for tree cover height variations. This mey explain why some

results, such as those plotted at Chapter L Figure 6, exhibit such a wide

spread of rate of change of median g, at low values of Y.

POLARTSATION WITH SLOPE

20. Hevenor-{élﬁ}‘made measurements which strongly indiqate that slope in
the field of incidence"influences the calculation of radar backscatter in
an entirely different manner than the slope in & plane ortﬁcgonal to the
plane - of inéidence for a given polarisation". His expériments concerned
& slightly roughened surface, although an enalysis of his results shows that
they are probably applicable to the homogeneocus surfaces presented by
continuous forest cover or rural terrain, since the correlation period will

be shorter than the roughness period.
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2]1. Tt is clear that significant erfors of up to 5 dB.will occugcxsfhaasUreAJEZlR}}F
for exam@le, gingle slope only is used. This mey expiain why, in the

absence of cowputing in the past, many sets of raw :ésults could not be

fully reduﬁed but were plotted and compared - sucﬁfthat oftén like has not

been compared with like - leading to inaccurate conclusions.
SUMMARY

22. A method of categorising aspect and slope of terrain which is
'tilted! +to the incident radar energy is recommended at Annex F.
Backscatter effects caused by'terrain.'tilt', ie aspect and gradient,
have been investigated using raw radar daﬁa on & spécific site with
controlled radar parameters. These results are detailed at Appendix 1 to

Annex F._,

23, The computer program is also capable of geparating resolution cell
footprints of like 'slope' and ‘'aspect' and will plot these on & PPI-
type layout on hard copy. This information is then comverted onto acetate

overlays for comparison purposes on survey maps.

24, Probability statistics for slope for any grazing angle cen be produced
for a terrain area where the database of spot-height matrix and culture

exists.

25, It is possible that backscatter from terrain sloped at exceptionally

lov angles may have little practical effect upon radars using modern

anticlutter processing.,




26. The majority of cluﬁter is 1likely to fall in the first 5-10 n miles

of renge, and within the amplitude range Orl.-?-lOsz(‘AOi’blml)ummo"&iﬂq-
small proportion in the range 100~1000m2, although these values would:
increase in rough terrain. About 95% of clutter is typicaliy > 30d4B

sbove minimum detectable signel out to 5 n mls and 607 out to 15 n mls,
however precise measurements should always allow for the changing

grazing angle as the terrain slope varies. It is péssiblé that Linell's
(and others) results (see Chapter L) would have'been'different if |

some slope effect had been incorporated.

27. Models.. Equationg shown in paras 14 to 19 are used, as appropriate,

for investigetions and the performance predictiOn algorifhm. 34B bounéaries

- are used for statistical analysis although it is natufally understood that the.
radar footprint spreads over a larger area in practice. It is further
assumed that the radar serial distribution is such'that energy levels fall
rapidly outside the 3dB limits while energy distribution within the 3dB

volume is sensibly evenly spread.

28. BSurface Reflectivity Reversal Phenomenon. The pdf's at figure 2b are of

particular interest since they clearly show the wide variation in actual grazing
engle obtained in practice when illumiﬁating undulating terrain. Several sets
of worldwide research results have shown a hitherto‘ﬁnexplained reversal

in the clutter values obtained at very low grazing angles (see Chapter k4,

figure 4). It is the author's opinion that thié coutd be partly '_'- éxplained
by the pdfis shown. For example when nominally grazing at ¢ = 50, the
probability of obtaining the expected grazing angle is extremely low. As

the terrain gently undulates ¢ = 5© océurs on onl& 8% of occasions, while

more hilly terrain reduces the probability to b%. . The pdf's at Figure 2b clearly
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show that ¢ = 11° 6r 27° would be obtained as the actual grazing
angles on the majority of occasions, hence the radér reflectivity
measured would be greater at these angles that the -value to be
expected at the shallower angles. There is, of course, zero (main
beam} backscatter from -the shadowed éreas cansed by surface
uhdulations, unless diffraction occurs, and the pdf will depend upon
the period of undwu:lations — how many reflecting facets are contained
within the resolution cell, their angles and amplitude.

29, Slope Correlation Studies: Some additional investigations have

been made into the above proposals and detailed at Appendix 1 to Annex
F. Actual grazing angles are shown to be larger than measured grazing
angles in all cases when‘the suggestions at paragraph 28 above are
applied to the author's terrain data base. Backscatter Distributions
plotted, give a straight line on Wiebull paper, and detailed methods
and discussion are at Appendix l to Annex F. Care was téken to
1den£ify slope and aspect for every terrain facet and to correct slope
for radar boresight. Correlation tests were carried out between those
parameters which were likely to be in relationship, for grazing angles

taken in steps of 2° and 3° and by median and mean filtering.
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CHAPTER 11

SYSTEM PERFORMANCE ASSESSMENT MODEL

1. The general sequence of inputs necessary for the assegsment model are
shown at Fig 1. A more detailed procedure is at Pig 2, showing the inter-
relationship of optical and radar tracking with the terrain data and with

certain operational factors which directly affect overall system assessment.

2. In applying the sequence, different circumstances may pertain, for

example, assessments may be required for:

a. A general (and quickly produced) assessment, where reasonably
accurate radsr emission characteristics are known but with limited
detail on the terrain obscuration affgcting a deployed mobile system.
The signal processing capabllity of the radar under these terrain

conditions may also have to be assessed empirically,
OR b. Fully documented terrain data available from presurveyed sites
to which a radar may be deployed and where details of the radar are

known.  Examples, which use typical figures are at Annexes G and H.

TERRAIN MODEL

3. Typical results for observable target track lengths in various types of
terrain are shown at Annex E Fig 5a. It should be noted that the lower

curve on this figure shows flat terrain with evenly distributed but not

dense surface obscuration. A curve for flat terrain with sparse surface

cover will usually approximate to the position of the higher curve on
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Fig 5a and thus possess a higher probability of obtaining a given track

length.

MISSILE SYSTEM MODEL

4, For a particular system reaction time, target altitude end target and
misgile velocity, the probability of obtaining minimum track length
required at a given crossing range 1is calculafed using the technique at
~Annex E paras 16-21. This is considered sufficiently accurate for prediction
purposes without getting into the detail of missile trajectory shaping.
Further factors which may affect a prediction might be included, for example,
radars asscciated with poinf defence systems are more'likely to engage
radislly approaching targets than those area coverage systems which will
also engage crossing targets. Radial observable track lengths are often
likely to be longer than the majority of crossing observable track lengths.
The value of_ﬂl_obtained from this process is not of courée the tracking or
missile success rate'~ merely the opportunity wvalue for a particular area

which meet the minimum track length requirements. In an optically controlled

system the assessment seguence next moves into POE and Pngs seen at Fig 2
(but see also paras 6 and T below).

RADAR 3YSTEM MODEL

5 In a radar tracking system the next step is to assess the probability

of gaining and maintaining radar track within the observed track length

periods. At times the sightline will include clutter plus target, while at
other times clutter will be shadowed. Terrain may be flat or sloped hence
backscatter model values proposed at Chapters 10, Chapter 4 and Appendix 1

to Ammex F should be used; together with the known or assessed radar
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parameters. Propagation conditions should be incorporafed, as necessary. It
may be advantageous to work through the sequence under 'best case! and

'verse case' conditions to determine the 'spread' of performance to he
expected. Ideally, System, Environmental and Statistical values should be
taken into account each time with a fange of possible values. Attempts

have been made to simplify the 'paper' operation of the sequence at
Annexes G and H, however a modular computer program was algo written in

Fortran for analysis purposes for terrain and radar signals,

SYSTEM AVAILABILITY AND OPERATOR PERFORMANCE

6. Adjustment of the predictions at the bottom of Figure 2 are oftenla
matter of "military judgement" in an operational environment. A point of
contention between manufacturers and the author in the past! In some cases
fairly reliable figures may be available, eg MIBF, while in others, such as
avallability of spares for radars and associated equipments and reloads for
missile systems may be more difficult to assess. The effect of iearning
cufves and operator climatic degradation are also part of the equation and

cannot be ignored.

SYSTEM PERFORMANCE IN COUNTERMEASURES

7. This is considered separately from the system performance in a Eenign
environment because two aspects exist - that of inherent or incorporated
automatic descgn features which minimise the effectiveness of countermeasures
and that of operator involvement of reducing countermeasures effectiveness

by his skill. The effect of target manoeuvre and chaff degradation in any

given situation is applied as a reduction factor, for example, due to target

~
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glinting or range‘gate disturbance leading to an increase guidance system
miss-distance, (See Annex E Figs 1 to L4) and is at present often z matter
of considered judgement rather than hard fact from trials hecause of the

number of variables involved.

APPROXIMATE PREDICTIONS

8. Approximate predictions can be obtained by applying empirical values,

based on experience to the simple modgl PDET b4 PTiF P X:wﬁ:h the extra

M

factor POE inserted as appropriate. Further adjustment may bg necessary for
multiple fire channel or refire situations where a second attempt is necessary
if the initial tracking and the first missile fails -~ providing of course
sufficient observable track length is available to accommodate target

response analysis, refire reaction time and missile flyout time for a

refire.

HIGH AND LOW RISK TRACKING AREAS

9. Alrcraft in transit, vhile encountering point defences at their
destination -~ which they must radially approach, will inevitably be forced
to transit through area defences en-route in both directicns. Area defences

may also be enhanced by other point defences,both mobile and fixed.

10, Area defences are likely to be on pre-determined sites in the main

with higher P the value of PrIIL varying invalue with terrain cover and

T3

surface wndulation. Sharp ridges in an area will enhance the possibility of

tracking under diffraction conditions, and may slightly increase the system

performance in these areas.
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CHAPTER 12

SUMMARY QF RESEARCH AND RECOMMENDATIONS

GENERAL OBSERVATIONS

1. Sightline, It has been shown that the predominant factor in detecting
and tracking a low level target successfully is the ability to obtain a
sightline, ie, a minimum unscreened, or 'unmasked' track length., For most
terrain this will only occur with certainty if the radar aerial is raised

on a mast, clear of immediate obstacles and vegetafion. In flat terrain this
may be sufficient for all-round coverage, however in undulating and hilly
terrain targets at ionger range may remain obscured due to shadowing.

A terrain data base allows an initial assessment of sightline probability

in a given area to be made on a statistical basis. Precise sightline
information can only be obtained by optical survey of the actual radar site
and this will vary from season to season and with changes in local obstacles’
such as the proximity of mobile vehicles (or smoke in optical systems), In .
the past it has not been the normal practice to raise tracking raders on
masts because of the diffiéulties of stabilising the radar beam under
conditions of wind-gusting. Although raised tracking radars may now be
(theoretically) possible, while maintaining accuracy by the use of mast—
mounted accelerometers and associated error correction by computer; radars
with low zeriasl heights will be widespread for many yéars, hence the sight~
line prediction will be of continued importance, since all other radar tracking

functions are dependent upon it.

2. Clutter. Given a sightline, clutter is of next importance since the
radar beam will invariably strike the surface when directed at low level
targets even if on a raised mast. Tt is then necessary to model the clutter

levels expected at the low grazing angles as suggested at Chapter 4, and
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extended with actual results at Amnex F. At this peint the significance of
the prediction model depends on whethef an foensive or defensive‘viewpoint
is taken. The clutter model will enhance the apparent performance of &
defengive radar if the clutter level is assessed as lower than is actually
the casej or if the radér’s clutter processing capability is over-assessed.
Conversely if the clutter level is asgsessed as ‘'high' radar performance will
be predicted as relatively 'poor', where even the best clutter processing may
not enable é target to be separated from the clutter for tracking purposes.

Example predictions at both extremes have been shown in the report(&“NEx\*)-

3. Vallidation of Models. Clutter models are difficult to validate because

of the paucity of reliable measurements. Tt is the author's opinion that
although a particular clutter model may be selected for practical purposes -

if for no other reason than to give a starting point for predictions - it would
be wrong to assume that this can be much better than a reasonable estimate.

o existing clptter model could be said to be really adequate or

scientifically precise unless it is site-specific and radar-specific, resulting
from on-site measurement in all weather and seasonal conditions. Much of the
uncertainty is due to the very large number of varisbles which are so

dependent on local conditions,

L, It is seen therefore that the scope for a study of this type could be
almost open-ended, since, as more results of clutter research become
available the conclusions can be influenced slightly - first one way and then
the other, However clutter itself is just one part of the overall input

required for a useful prediction model for a low level tracking radar.
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5. Results from some systems and measurements studies have been made using
search {acquisition) radars, where clutter is often measured over longer

ranges, at different RF's and longer pulse durations (hence larger

\
l

resolution cells}; such results often indirectly affect the overall performance \

of a radar tracking system - since search radars are often used to 'hand-on'
targets to associated tracking radars which operate in the same area. Both
surface scanning and airborne radars, though providing qlutter measurements are
noted to suffer "smeared" clutter effects because of the speed of the radar
beam's swift traverse from one resclution cell to the next. These effects have

not been considered significant for stationary systems.

6. It is possible that too much is made of the clutter problem in isolation

in the context of tracking radars, since in practical terms clutter is only
of interest on those azimuths where a target sightline exists simultaneously
with a sightline to the underlying clutter. Furthermore it is of interest
only in those sectors where sufficlent track length can be observed for a
useful period of time (distance). Oﬁce within_the "uyseful" part of the radar
gite's fleld of view the radar parameters and the many other wvarisbles such as

chaff, multipath, diffraction and weather also become impertant.

SENSITIVITY TO PARAMETER CHANGES

7. The sensitivity of the overall prediction to variations in the individual
paraneters is of particular interest, Target altitude is a critical

parameter in determination éf observable track length probability (PTL}.

For example a reduction in height (seen in one practical case from 300 ft to
200 ft) gave a 10% reduction in P, — @ much more significant effect in the
overall result than say a change in target speed of L0 m.s_l which, in the

same case, changed P

multipath and the many other factors considered in the report cause only minor
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changes in the overall prediction, varying to a greater or lesser extent

due to circumstances.

MODEL VALUES

8. Suitable model values, included in each chapter summary must be
supplemented by an.assessment of the signal progessing capability of the
particular radar. This may be difficult to assess, since c¢lutter processing
may be assisted by pulse to pulse frequency agility, polarisation agility,"rr1;
multiple channel operation with different processing in each channel, (such

-as ground clutter filtering and.moving clutter filtering) noise or
precipitation or chaff filtering. For the relatively short ranges for tracking,
clutter is always assumed to be present at low grazing asngles unless

shadowing is present. A reduced effect will be felt if off-boresight modes

are used (see Chap 9 para llc).

9.  Assuming the clutter values to be averaged and taking figures from the
extensive survey and measured values, a reliable median value for 9

2

(in flat terrain) is about -~ A% dBmEm_ with a standard deviation of 9 to

10 dBmzm_e. These values will vary slightly with changes in pulse duration,
RF, polarisation ete, but are considered suitable for I and J band tracking

radars. (10,000 MHz to 18,000 Miz). As RF increases o is likely to

reducre +0 _sodBmammgl (3@(’, ﬂ.lfo E‘JSCMS;O'\, ﬂlt A’PP‘ L'D Ah'\ﬂ—&f. F)

10. From the purely radar aspects the overall P used (Chap 4 eqn L47) must

be converted to the probability of tracking. Given the observable track length
probability for a given geo graphical area and agsuming a percentage of shadowing
during anobserved track length, multipath and other radar degradations are

applied as reduction factors which will affect different tracking systems in
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different ways.. For example, a judgemen# must be made on the effect of
short-term loss of sightline for optical or radar tracking as appropriate.
Some systems will be able (by rate-aided tracking).to withstand narrow
sectors of obscuration quite suecéssfully. For some optical systems a
'slight adjustment will be necessary for the improved tracking of ﬁargeté

through deciduous trees when defoliation occurs in winter.

CONCLUSIONS

1l. The selected method of overall system performanCé prédiction is suggested
to be the most relisble approach available within the constraints set.out at
Chapter 1, the limited worldwide results directly-apﬁlicable to this study, and
the large number of variables involved. It is thbught that overall performance
predictions will never be exact in the scientific éense, since apart from

the measurable parameters there are also those human factors in an unknown
operationai environment, In addition the possibility of such occupdnces

as electro-magnetic incompatibility, the variable aﬁd surprise effects of
jamming and the largely unknown effectiveness of ECCM response all influence

the results in practice.

12, Many related studies have been made but totally accurate predictions
cannot be made for all the unknowns since even those results obtained from
tracker radars and associated missile systems used in action in N Vietnam,

the Middle East or in the Falklands cannot be read-acrdss to other geographical

locations with any degree of reliability.

RECOMMENDATIONS

13. Since raised tracker aerials will not totally overcome the problem of

obscuration in hilly terrain, and since PT is such a predominant factor in the

L
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prediction process it is recommended that:

a. Further studies should be made into the distribution (density) of
surface culture sand buildings in those areas for which PTL

is known, in order tq.search for possible correlation between Py s
undulation and surface coverage. The intention would be to assign a
PTL to an area (of limited extent) by examination of accurate maps and

stereo photographs. 'Good' or 'Bad' areas for deployment could possible

be determined - or conversely safe or less safe areas to fly.

b. More clutter measurements are needed using carefully controlled
conditions with as many radaer parameters varied as possible. These
should be made in areas typical of the intended deployment with particular

attention to terrain slope measurement.

¢. Some practical diffraction trials are required where an aircraft
transits behind ridged terrain with and without tree cover anifﬁ%curate
ridge profile measurements. Accurate instrumentation over a number of
target runs would be necessary to compensate for target RCS
fluctuations due to minor manceuvres. Alternatively i1t might be

possible to make diffraction measurements using a balloon-mounted

reflector tethered behind the ridge.
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ANNEY A TQ :

"FHE PROBABILITY OF DETECTING
AND TRACKING RADAR TARGETS
IN CLUTTER AT LOW GRAZING
ANGLES"

ATED 3o SEPTEMBER 1982

DISTRYBUTIONS FOR FLUCTUATING RADAR SIGNALS

THE WEIBULL DISTRIBUTION

1. The Weibull distribution (1951) is widely applicable and has a

' proba.blllty dens:.ty functicn g:l.ven by

f_(x,) = mAx" -  exp [-»l x] o (1)

Variable m and A ar'e_"known as the shape and scale parameters respectively,

and must be estimated from the dats ava.ila.'ble._ The function is re—written:

’ c
) = $@ e [-3] SR

Where b and c‘ are now the scale a_nd shape pa.rameters.' The use of A is
avoided here, since A is used for rada;r wavelength elsevhere.

When ¢ = 2 this distribution reduces to the Rayleigh Distribution (seé_below) .
From (2), the probability of a signal level x being exceeded is |

P(x_) dx.=/{%(%)c_l,exp [— )J} dt
S x o

X

If xp is the median value then:

. exp. - (%m)"] = 0.5

hence (Em)® = -1 0.5 = - (- 0.69315)
= X 1 | - (3)
and b = i eoas)s

2. The second moment of distribution is:
. e 1 2
_ e (X ¢ - _XNC
/ v 5 -ﬂp[(b)] x at
o o
= (1 + B

op2 2
T e — — — W)

Where S (n) is the Gamma function.

H-




3. If the Weibull parameters for anormalized distribution are by
and c,, and new values are required after scaling for a different resolution

cell size (by a factor N}, then:

1 o2, ‘ 2 (2 : R
L2nd - neE) - (5)

As the mediqn value for the normalised distribution is:
S - 1 . '
xpg = (0.1)% = 0,31623
0. 31623 ' o (6)
(0.69315)5 '

O

from (3), bo =

The median value of the new distribution is:

X, = 0.31623N
and” b = ;ghéééggﬂﬁl ‘ ‘ : ‘ (7

o (0.69315) ¢
substituting-(?)_in (5) gives

Io

P2 o 2 o
(fo 6931 )") SAORS e MG ——— 8

(8) can be solved graphically to obtain a value for 2

2 hence ¢, and b can
then be found from (7).

C

RAYLETGH DISTRTBUTION

Y, If the average returned signal level is essentiallf constant in time
and there are a large mumber of statisticall& (independently positioned)
"scﬁtteférs, the.probability of echo amplitude being betwéén-a level P and

an 1nf1n1tesunally larger level P + dP is glven by the pdf:
(55 ar OB

W(P)dP exp

w1u4

'f— is the average_power}

. RICEAR (RICIAN) DISTRIBUTION
5, Also called the non-central Rayleigh density function. This distri-

bution describes a received signal containing an essentially constant echo

in addition to a Rayleigh-distributed fluctuation.

1 q&’*’k*ﬁj o prolite a Suitnble G?,ah&wi?*uuﬁabﬁj cd%h&(éng hnSkéHf%ir
(S desireol defection, ﬁihﬁ&kahﬁ,z




.ﬁ(P)df =;(l+m2)éﬁm2e - P(1 + mzkff> 1; (z_2m.¢1+ﬁ2':¢P/§ ) (aB/p )

fo is the Bessel function{\z:(jx) r];(:i))

o 2 52 )2 22&262 :

NORMAL (GAUSSIAN) 'AND LOGNORMAI, DTSTRIBUTIONS

6.' Large amplltude 31gnal components may cause an apprec1able departure
from ‘the Ra.ylelgh or R:Lcean dlstrl'bu‘tlons. The Lognormal distribution can

be used, and the normal dlstrlbutlon curve is:

exp. [ - {x - u)z/l 2s ] ' .(11)

where s = standard deviation (to avoid o, used elsewhere for target echoing

area).
u = median value of x
x = normally d:Lstr:Lbuted variable

The pdf for the lognormal dlstrlbutlon can be obtained from (ll) by usmg

the transformatlon x =1ln Y:

giving  £(Y) =

=
3
[+]
I
]

Lognormally distributed variable

Median value of Y

5
!}

standard deviation of .1'33 (x )
L3 Ym

o
il

(10)




APPENDIX 1 TO

ANNEX A TO

"THE PROBABILITY OF

DETECTING AND TRACKING

RADAR TARGETS IN CLUTTER'

AT LOW GRAZING ANGLES"

DATED 3. SEPTEMBER 1982

WEIBULL SHAPE PARAMETER AND 0& CORRELATIONS

1. Investigations were made into:

a. Correlation between Beamwidth — Pulse Duration product and

median backscatter cm.

b, Correlation between Beamwidth - Pulse Duration product and

Weibull Shape Parameter 'C', for each of the following:

(1) By applying Dodsworth's algorithm to the calculated

values (BAY) for the worldwide survey.
(2) By applying the author's model for 'C' derived by statistical
analysis of the worldwide results by measuring slopes of all

results replotted on Weibull paper.

2. It was also possible to compare measured results for 'C' (cobtained

from slope) with values predicted by the algorithms.

Al-1




3. HNo sccount was taken of different RF's. It was howevgr noticed that
some values were suspect or at extreme values {eg Serial T at Table 1
Chapter 4 page 4-92). This was confirmed by computer plots where the
correlations could be seen if extremes were deleted.’ Several.other sets
of data became available in addition to those at Chapter U4, and tﬁe total

test was run with a reasonable selection of data from USA, UK and

Continental Europe,

L, Correlstion Matrix, Correlation results for C with Ot

measuntel 2 0.32
AW/
pec (0,31}
Raol Lec 3 0.74 0.24
&Y | (0.75) | (0.19)
L 0.70 0.30 0.68 Authors
(0.72) (0.23) (0.57) Model
1 2 3
Dodsworth Measured Rad Sec
Slope (BAT)
C
Al-2




5. Correlation between measured slope (2) and proposed models by
Dodsworth (1) and the author (4) are not high. Correlation between

eAr product and the models proposed by Dodsworth and the author are good.
Correlation between the author's and Dodsworth's values are slso high.

It is noted that the correlations did not change 51gn1f1cantly in most
‘cases when Dodsworth's and Warden's UK flgures (on which Dodsworth
originally based his premise) were deleted and thé correlation tests
repeated,. The figures shown in brackets on the correlation maﬁrix are

those using USA and European reéults other than RSRE results.

6. | A poor correlation of 0,1l was found between eAr and % with

= 39.7 + 0.24 (67) x 1077,



ANNEX B TO

"THE PROBABILITY OF
DETECTING AND TRACKING
RADAR TARGETS IN .CLUTTER
AT TOW GRAZING ANGLES"

DATED 3 SEPTEMBER 1082

'RECEIVED CLUTTER POWER FROM RESOLUTION CELL AND REFLECTION = COEFFICIENTS

1. The Radar Cross Section (RCS) is defined as the area intercepting
that emount of power, which, when scatteréd isotropically, prqducés'an echo
 equivalent tofthat received from the object. 'An‘ideaiised-received signal

clutter power can be found using the radar range equation:

_ ' VAN
sR = Pp G Ae g {1)

[UDET

or, since G = lrde

e
» ol ‘ P
Sg PpGiA20 _ " <{2) .
( ‘E'n ) 3R“L '
Peak Transuitted Power

=
oo
K
o
L
i

G = Peak Aerial Gain

Ae ='lEff¢ctive Aerial Capture Area

R = ﬁéﬁgé to Target (assuming R; = R, ie monostatic rgdar)
g = RCS

.ﬁ = Combined System Losses |

“A_ % 'Waieiengfh

2, FPigure Bl shows the resclution celllgeametry; from which it can be seen

that the resolution cell range dimension AB approaches ct as y-»0. eA is
2

the azimuth 3dB beamwidth. T is the radar pulse length... '
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SCATTERING RCS PER UNIT AREA

3. To express the clutter in terms of the scattering cross section pér

unit area (co) then:

g = o F ' o ‘ (
o qu 0, see | ‘ ‘ (3)

ot
0.
Eqn (3) is the result of introducing a characteristic Y. such that

g, =Y Sin ¥, thus removing the geometrical dependence of g, s &nd the other

assumptions are made at para 4 below.

"4, The ares of illuminated terrain depends upon the grazing angle. If,
~ for edca.mpie a flat plate _(ideal) reflector is used, and assuming sidelobes are
‘minimal at practical ranges, the effective capture area and gain ere dependent -

on ~grazing angle. The incident area will then be:

Ta.nlpl ' ()

Area =7R BA _g_'_g

Where 6, and O, are respectively the 3dB azimuthal and vertical beamwidths.

A pencil beam (having small 6, = GE) produces an elliptical ground “footprint"
such that the el'lipse axis lengths are RO A and RBE- Cosec 8 {providing Tan (
GA') o o, ). Area of footprint is hence (2R Tan 0, ) (et Secy) —(5)
‘ o : 5
2

.

If Tan ¥ < 2R Sin B‘E /et  then (§) is wsed for qéeol_-
2 -

5. It is also assumed that the clutter scatterer$ are small in relation to A,




the.fraﬁsmifted wavélengfﬁ, in which case ¢ varies.as lh,(dependent_on the
Rayleigh Law). for general angles of depressioﬁ the RCSf(of a flat target
perpendicular to the incident beam) is a function of.the angle of incidepce
which varies rapidly if the wavelength is small.compared with the targe£
size. This is more complex at sea because dependencé pf réflectivity varies
wifh both the sea state and the angie of arrival. Thé-radar cross gection

variation with shape has been researched by RUCK {219}.

SURFACE REFLECTION _COEFFICIENTS

6. Mulf{path and backscatter values are dependent upon the_magnitude-and
spatial origin of surface ref) ected waves, The effect of surfaée roughness
in changing the relative proportions of amplitude and phase from specular

towards diffused has been expressedas The $P2£~d64 $C1H?f¢~5{;¢#“r:

pi ‘.—_‘ exp"- ()-“T(Uh) Sinlb ) 2
A

o is the rms height standard deviation relative to an idealised surface.
Values such that h siny>0.0pb significantly reduce the specular reflection
(ie ps<0.7).- Foramost terrain the largest part of the non-specular energy

- appears as forward scatter, or is absorbed by the vegetation..

7. It has beenlshown {220}, using small scale diffﬁse reflection theory
that a scatter lobe of width hca will be formed about an‘éxis gorreéponding
to the position of the specular reflector. (ca is thg rms.slope of the
illuﬁinaﬁed faéét). Viewed from the radar recéivér this diffuse scattering

"will appear to originate from a glistening surface surrounding the specular

centre of the facet™,




8. The diffuse scattering coefficient (pd) depends upon the integration
of the reflected powef densityﬂqt}u, togethér with the radar receiver aerial’
gain over the angular.egtenf'of the glistening surface:

p = fn dGrd.Q —— : (6)

a

E

(elevation Beamwidth), 6 rather than the surface becomes
' the predominant factor in establishing the reflected fraction of diffﬁéei

Thus when h0a>e
power.

‘9. - Magnitude of Reflection Coefficients. Terrainlcoefficient values near

1 give strongsﬁécular reflections. Reflection coefficients can be
established over aﬂ;ihterval from the relationship:
o) 2TAR/A

P =Py Py g — - .- f——(T)

Reflection coefficient p is therefore dependent upon:

AR = Difference in path length (direct and indirect}
bA = Absorption coefficient
brg, sin /X 2
b = XD ['—-.(_ﬂ_ll.:ffi_)
. B 2 . .
pS =1+ erf (a)' )
. P
1+erf (a) +e /1o
Where a = sin
V26




Pq is & correction to pg to account for shadowing in the Fresnel Zone (Sm;#\ F&c’fbﬁ)

{221}. p_ is known as the Bechmann-Spizzichino factor. og is the slope

B , :
(facet) standard deviation (rads). o4 = Legil Sample SMM"L“"—W""

iO. For the : aboire_ conditions for strong specular reflection w§0.03,7?\/ch

~and \_b}l'._hcs . _‘ Tak_ing_.c ?10¢w3n:.;{,oh>10m then strong specular reflection

would be rare a..t_)( = 0.03m.

11. Reference is made to Chapter 8 eqns (7) and (8), where
: 2 . S
L= o _ . 4
n o= e, - jéoor = €. - j1.8010
) fMHZ

: - . -2
¢ = surface cqnductlvz.ty mho.m.m
€

= relative permittivity

- Typical values '.for insertion at Chapter 8 and Annex E are given at Table 1:

- | surFACE | cowpucTIviTY | DIELECTRIC {TYPreas Ve
’ . o} . Er | Fo( \V <'o
— — ) ‘

Dry, Flat 1 x10 2 03
Farmland Rural | 1 x 1072 15 . |ou—o02
Low Hills : ) 5
‘Medium Hills 5 x 102 13

City 2 x 103 5

Sea, , B x Zl.O“5 81 Noe-to

Table 1. Table of Typical Values for Reflecting Terrain
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ANNEX C TO

"THE PROBABILITY OF DETECTING

AND TRACKING RADAR TARGETS IN CLUTTER
AT LOW GRAZING ANGLES"

DATED 3o SEPTEMBER 1982

FRESNEL-KIRCHOFF SINGLE KNIFE EDGE DIFFRACTION SOLUTION

1. Assuming =mall grazing angles, and using the previous notation'a$ Chapter T :

figure 2:

= E. - @ y)e - ,8) ex [—', k (d+ dpe '—'des)zlacﬂ -—-(1)

: whére_E. ='Electrig Field at receiver (target)‘from unit source
S;C = Fresnél'integrals of argument
9 = diffraction angle (see diagram),'ie <+ B
k = 2r/2 (known as wavenumber)
a, = 2§1a2/d d=d 4o,

Simplifie¢ {222} then (1) becomes:

PR N A _ R "o\l e
E=35% %, 4, exp [j ; (ke +rp) + /) s (2)

2. This approximstion is develored from {223}:




v

: Thus"C(v) - 48(v) = E;\E'Jﬂuz/zdu -— ~om e (&)

o .

';‘:ﬁ'l—-e-Jﬂ/h _1

l-lt—e

‘ /E v
for/ﬂ/2 v >>1

2, Yor engineering purposes the approximation condition is:

-JW(VZ + 1)/2 (5)

625 8rfnd - ' ' (6)

Which is interpreted physically as requiring the receiver (target position
in this report) to be deep in the shadow zone, or equivaleﬁtly, that the
first Fresnel zone on the obstacle path is well masked by'the obstacle. This

condition is satisfied by most mierowave diffraction paths.

4.  Although the sbove is inecluded here for completeness,extended rigourous

treatment of the wave theory of the solutions are often complex and cannot

be directly applied to this practical case.




ANNEX D TO

"THE PROBABILITY OF

DETECTING AND TRACKING

RADAR TARGETS IN CLUTTER

AT TOW GRAZING ANGLES" .

DATED 2< SEP 82

COMPUTER PROGRAMS AND FLOWCHARTS

1. It is not intended to include lengthy program llstlngs or detailed
flowcharts in the report but to describe the programs and datafiles

briefly.

DATA

2. The following data was available for clutter and other investigations

either at the start of, or was generated as the project progressed:

a. Plotted results from the worldwide clutter survey, from which
values could be interpolated for correlation studies for ¥,

Weibull, ete.

b. Raw redar measurements taken at a set range over a known sector

in the Malvern area (E J Dodsworth RSEE on his retirement),

¢. A Malvern terrain data base (produced at Malvern) but with a

larger matrix spacing than satisfactory for the particular work

envisaged,




d. Two ares data matrix (manually produced by the author)

to & finer spacing for the project. (Malvern and Scottish).

e. Raw radar measurements in considerable quantity (unfortunately
no tape availablé), from British Aerospace Stevenage. From these
extensive listings}data was re-entered onto disc for the slope

correlation studies.
f. Files generated for radar parameters.

PROGRAMS

3. A brief resume follows for each of the main programs (written in
FORTRAN to run on the DEC 20 at Cranwell) which were used to calculate,
process or plot results during the research., A number of smaeller programs

were also written to manipulate datas bases in support.

a. SLINE.FOR Scans through 360° in any increment and to any
range, from any given site location within a terrain
matrix (spot height) data base; for any target and
radar site height and produces sightline
(obscurstion) data'for plots of the type at Chapter
2 (2-36), Incorporates height of surface obstacles
eg trees, which it coﬁbines with the terrﬁin/matrix

date from the files at para 2¢ and 2e above,

b. RADS.FOR Makes terrain data for & particﬁlar resolution cell
match the corresponding backscatter signal.
Calculates terrsin slope; espect, actual grazing

angle and qm. Creates a new file containing all

D-2




ke

c. SNOISE.FOR

data necessary for slope correlation studies,
Also produces terrain profile data and through

convexity calculations diffraction plot data files.

Makes all radar proPagation, renge equation, pencil
beam weather and surface clutter éal;ulations.
Ineluding fluctuating target, main and sidelobe
jamming and chaff jamming subroutines. Also
includes multipath caleulltions and tracker range

checks.

d, IRADAW.ALG/PAS Originally in ALGOL but now also in PASCAL and

2. PPI

modified, this program flys the actual missile
aerodynémic and control functions to produce a time
readout of the missile trajectory. Apart from some
interest in the tracker conﬁrol functions it was
decided for this report that a mean missile

flyout range was adequete for the type of prediction

envisaged.

This plotter program produces a circular (PPI)
radar type display for surface obscuration or
diffraction plots of the type shown at

Chapter 2 (2-38).

STATPK. STATPK, the college statistical library, was used to produce

correlation matrices, regression and all other statistical results.
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DOCUMENTATION

5. Working.flowcharts were made for each progrem, énd hard—-copy program

~ and data listings were maintained for each revision. All outputs from
STATPK were taken on hard copy for detailed analysisj; these include
regression plots, scatter plots, sorts, correlationimatrices, histographs,
bargraphs, frequency tables, Kolmorogov-Smirnov tests, and basic.statisticai

measurements,

D~k



ANNEX E.TO _

"THE PROBABILITY OF
DETECTING ARD TRACKING
RADAR TARGETS IN CLUTTER
AT LOW GRAZING ANGLES"
DATED 3¢y SEPTEMBER 1082

" LOW LEVEL TRACKING ERRORS AND TRACK LENGTH PROBARILITY

1, Probability Density Function for Tracking Error. An expression can

be derived for the probability density function of ‘th.e_tra.cking error, in

terus of. target altitude ht zt?

signal reflected from the target compared to the multipath (surface

linear error £, and the power ratio of the direct

reflection signal - see fig 1) qsz:-

2q2 -
Gy [(1+=x-2) + g (1--x.2)] 3/2

wix) =

X _‘-"' e/htgt, the relative centroid tracking error. | _ ' . |

From Figure 2, the mean relative error Me iasivm 53.‘

M & . .
e o= S oawlx) & = @2 -1 . - (2)
By -« PLE
2 .
and Me = htgt Qg 1 (3)
q_: + 1

2. Assuming the target maximum dimension (ie wingspan or fuselage length)
is 8, then the probability that the sightline will fall on the target during

tracking is shown at Figure 3 {224}, from:




p o= L v @= = ¢ (e) - dleg) - )
€2 ‘
Where ¢ (e} = (1 + qg ) e + (1~ qgj R _-'f . .'(5)
2/

142 [(1+€)24q2(1¢)7]

€y = 2ht g = 8

2htgt
3. Figure 3 shows the relationship, where for a target flying st an
altitude of 50m, target size 10m, linear error e of 10m and q: = 10, then
the probability of the sightline falling on the target is approximately 10%.

At maximum tracking range it would be expected tnatrto track correctly

the system should remain within 10m vertical error for T0% of the time. (Fig la)

4,  Angular Tracking Error. Assuming the radar aerial receives 2 signals,

ie direct and multipath, respectively 8; = V) Cos wt, Sz = Vp Cos wpt . (6)

Ir W, is the carrier frequency and vy and v, are the apparent approach

(radial) velocities of the target and its image, then

o o= w [1 +(:_1)] s 27 % [l *(:;_’_g)]



Combining (6) above (8; + 5.2)

V, Cos w; t + Vp Cos wp t ) (1)

2 V1V .Cos(wl - mz)t Cos{wy + wp)t (8)

2 2

5. Assuming a quadratic detector in the radar receiver then its outﬁut; o

voltage is:

V{:gt = K [1 + 3 Cos 2wyt + 3 Cos 2wpt + Cos (m1+mé) + Cos (ml-mz)ﬂ___ (9)

K is a constant. A beat frequency wj-ws; causes disturbance in the
tracking accuracy if the radisl velocities v; and v, are close to the aerial

scanning frequency Q. e éa'd" (vi~va) & Jise.

6. Multip'é.th propagation causes the output from the radar tracker aserial

10 be:

= 5L, ) [3. +m; (o) Cos Qsct] Cos wy t + SzLé(o(,Ad)[l + nmy (L,AK)

Cos ﬂscﬂ Cos wzt. '(10)
Lied = 3 [ e —ot) + £ (o +o)] o (11)
rLz 18} = 3 [f (v<0 —oh 4 hod + f (o 4K Aotﬂ . (12)
mr) = 1k, -oA) ~ £ (& +) (13)

ﬂoco -ok) + f (-ao + ok)

S‘.l's Hcy\drbﬂl. SL@M[ . Sy tnfey Ferl:ujl S-t'.a»\.q.( .
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mp (&, 8 = £ (s ~R+ 80 - £ (o +% - 459 | __ ()
f (d..o -k + AR +'f@.o + R - A%

ot = Displacement of merial beam pesk relative to equal signal line.

£ tlkbhl&j<;rrm(*«v Eafsel?.

Ak = Angular separation between true target and image.

Signal detection and amplification at F = nsc, assuming wy - wy ® D5

the phase detector output voltage 53 (zero at balanced condition) is:

S3 = STL2 () mye) + SeLo,Akmy (,409 + 8111 (09 Sylo(e,ae) + £

51850, () Ly (Kyhod my(ed [implot,a0d) (15)

Using equations (10) to (15) above,the angular radar tracker error is

given by: :

f2(.,<° -ocj - fZ(,(o +ek) + a, [fz(oio - + pok) ~ fz(p'.o + ok — A.r.)] *

;_-n_ {f(«o—oufmq 7f(o<o-o&)+f(uo+u)] +'f(o{°+°‘--N>‘)

R ) (16)

2 |-

qn=

Te Placiﬁg practical values into eqn (16), provides the relationship
between tracking error and anguler separation angle between target or
image. If plotted with normalized error and separstion over a range of

Ax and qa, values, it is seen that for conditions where the interfering

E-b




signal is comparable to the wanted signal (qnﬂzsl) the effective tafset
position is above the real target position; whilst for a swémping value.‘
of interference signal for.vezry shallow grazing (ie AP 0) the effective .
target position is lower then the actual target posiiion. Interference,
causing inaccuracies may be minimised in practice by chﬁﬁging the scanning
freqﬁency or'na:rowing the tracker receiver pass band.—_Alternatively the
techﬁiqué knoﬁn as.'complex indicated angle' can be used to minimise the
multipath effect {225} Por accurate tracking it is stated {226} p 330

that for a l beam width and 0.1 mrad measuring aceuracy:

p << 0.005 | (17)
Y 8a '

-8

A value of p = 0.3 (typical for land) is used.

Ga = Specular Power Gain Ratio

8, Effect of Terrain Slope. It is of course poséible that multipath

reflections, (including tracker error}, could come from a sloping patch
of terrain, and for clutter and other effects, the relative height of the
radar trensmitter, slope of the terrain and target altitude must be used for

ealculations.

MULTIPATH TRACKING ERROR USING MONOPULSE TRACKER

9. For short ranges and assuming a flat earth the multipath tracking

error of & monopulse rader is given by {227):




| _ n I :
% (mrads) = oy 0, _/g (zi:=l I, + 18) : (18.)
k .
m

Where Ii', I ‘are the diffuse and specular components, (Q‘l"'s [q; 20 l"-"‘b"’) :

8p the aerial beamwidth in elevation o

P, Vegetation absorption (ComMrJud 0d & &3 foct¥= a's-(:‘ '20‘"35 )
ko monopulse slope (= 2)

n number of depression angle elements summed

Eqn (18) then uses Eqns (19) to (26) below.

Separately Ii and I are given by

= A2 A2 ‘ ' ' '
I = A7 02, M. 4y (19)

= A2 o2 .2
Is As Poi Ps _ (20)

The Fresnel reflection coefficients are not repeated here, = | Nldi

is the diffuse reflection density, 4; and A the difference pattern

gains, Ae ‘the width of element in depression angle, Pg the specular

scattering factor.

10. The difference channel illumination is assumed to be of the distribution

X cos.x . For which

2 .
kL
A = 6 (E - U% 8in U - 2U Cos U

(21)
(v




Us=3.T76 6 =9, + ¥ where 0, is elevation of beam exis.(rads).

VY1, V2 grazing angle from radar to surface

and target to surface.(mdri)-

For the reflection coefficients it is taken that y = ¥1 * ¥s and the surface

2
complex dielectric constant is calculated in the usual way to get Poe

Assume Sin A5 ¢ RSTan w,/,:a> o-&fw W 2° For bolin V & H-')nfar{..ta.ﬁoas.

11. Diffuse power demsity per radian of depression angle is:

"]d = R}jx' ¥y + 'l».'a exp [— (lklzg !;!2) 2] Fg 7 : (22)
, F‘/;.SO VR o -

Where |

S, is thé..RMS .su;"rface siope deviation

¥ = h‘bx/k’ and Y, = htgt JR~x (l-wa)

"
!}

range from rader to surface

j=s ]
il

radar range of target

a = Roughness Factor (-uyw)rs LJ-"‘-")

*f
0

B3
"

Low grazing angle correction factor (s-uz_ Lguns 25, .‘?—C:)

12. Roughness F_’actor and specular scattering factor are given by:

Fy = Vl_p;_ UM/% =Sf.t,m£p4&cq/{&mjfufo-f

hence Fé

(23)

D e —

X-p . l-'p
“Psy 82

o Fdl . Fd2 For V1, ¥2
B2, from 2gnl)fer i o respechiely.
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p: - e [f (M“A@- 1 u’) 2] ' ‘ - .

= exp _(-¢2/¢g>

OZW' = RMS surface height deviation corrected for shadowing
¥, = critical angle for pg =1
e

13, For low grazing angles 2 correction terms are used

8= y1/28, , o= yp/28

al = min (a,e) ¢! = max {(a,ec)
(vhich is used depends on the smaller of the 2 angles).

Effective surface roughness is corrected for shadowing

cr}': = o 5vha'  where ba' < 1
or c}'l = g vhere la' >1

h

14. Low grazing angle correction for diffuse power density, where b =

.¢c/250:

Z; = 8 '/1-psz& for b g1+ a' (25)

1 +4+3" -2 -9
al 3&'
29 = 2l for b 3 1 + a' (26)
' -a—?—z- + ;?- + 12 + 5g!

Where

b = _q:g = Ai

28, 8n ahso

sa
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15. The specular error component is only present in _'the abzence of

nosediving ie for Bb>0.7 6_ or for lower angles if PosPs < 0.5 (pos is

E
Fresnel sj:ecula.r reflection coefficient). A calculator program for the

above is available as & Texas Instruments master library module.

TRACK LENGTH PRORABILITY

16. An initial survey or terrain data base may be used to produce (see Fig 55).
unscreened track lengths. This may be diffieult in praétice, but it is
hoped that by examination of typical sites a pattern of probabilities mighf
emerge SO as to act as a starting point in predicting defensive performance
or conversely offenéi#g survivability when operating aircraft ageinst these
low level rader systems. Short periods of target obscuration might be
‘considered négligible since modern systems, rate aidéd,may'be able to .
treck a targef 'through' a narrovly obscured sector df, 88y, 1°; the
exception is of course when the target is headed radially towards the

radar along an obscured Tlight pali.

17. ZExasmple. For explanation purposes an example is used:

a. Target Parameters. Velocity 300m sec 2 (vtgt)’ Mean &rrgbt Tahﬂ&

{croseing target) 3 km (Rtgt)’ Altitgde 60m (htgt)'

b. Migsile Parameters. Velocity 600 m sec ! (Vm), Radar

Site Resction Time 15 sec (tr). VM 5 assymed concfant over
Wasmashed bume vnberval . |

C, Obscuration. Probability of o'bta.in:i.né track length of x

metres is p.




-

18. TFor a given aircraft velocity & non-obscured target must be tracked on
radar for T secs. Useful tracks a?e dependent on range from the ;adar and

v tgf, since the geometry of a track at longer ranges (though perhaps visible
for the same time as a track at shorter range) may not allow an engagement to
succeed because of‘the longer missile flight-time to reach the regquired range.
This is especially so in a commanded missile system where missile and

target must be observable at all times up to impact if they are to be tracked
on radar and the appropriate guidance commands derived and transmitted to the
missile. = Using the example figures an approximation for crossing targets

at mean range is:

tf=Rtgt = 3000 = 5 see¢s and‘I‘=tf+tr=2O secs

v 600
m

where tf + tr is the minimm observation time required. An approximate track

length Tc necessary for an engagement for a target crossing at sensibly

constant range is:

T

c_= vtgt (tf + tr) =300 x20 =6

The probabilify of obtaining this track length is about 0.25 at Figure 5b.

For a radiaslly approaching target a close approximation is:

T, = trvfgt + t,(vfgt + tm) where t >‘%_ given that
d is the minimum possible impact range.m If 4 = 600 m, for this example

t>1, hence t ( + Vﬁ) > 900 and T, % 5.& Kia.

Vet
Accurate computations for system and target parameter change can be made from
weapon trajectory programs written by the author, however the above method
is adequate for manual predic tion purposes. .
¢ ' :
19. If the aircraft altitude is changed to htgt = 200 m, the same timing

calculations apply if the range is unchanged., However, a decrease in

E-10
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obscuration due to the increased target altitude will ceuse the
probability of obtaining the critical track length T, to (typically)
rige to 0.7 for flat terrain. Table 1 shows the effect in similar terrain

but with changes in target and missile parameters.

TABLE 1 PROBABILITY OF OBTAINING MINIMUM TRACK LENGTH REQUIRED
Target : V= 600 m sec ! System Remction 10 sec

‘Merrain: typical flat terrain with scattered clumps of trees.

TARGET PARAMETERS
Vegt | Vigt
260 m sec ! 220 m sec !
(500 xts) (420 kts)
Mepn
Renge to | Dtgt Peot Byot Bt
target Km| 200 (ft) 300 (£t) | 200 (ft) | 300 -(ft)
1 0.62 0.75 0.66 | 0.17
3 0.37 0.52 o.5. | o.55
5 0.22 0.37 0.26 0.40

20. As expected the probability figures sre more sensitive to & change

of target height, then of target veloeity. It is of interest to note thet
doubling the missile speed (and using the seme tr) would marginally (0.01)
increasés.the probability of engaging targets at close rangé, tr is more
sengitive for close range targets. However, the higher missiie speed'
increases probebility values by 0.08, ie almost 10% at 5 Km range,uﬁfk e
example £oriain used hare

21, In the above examples the radar aerial is almost at ground 1evé1 and

it is assumed the missile flies in a straight line (rather than the more
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usual curved trajqctqry). This approxima@ion will make little difference
for a general assessment, since i@ is assumed also that the target is being
tracked at a mean range. In practice with the variation of ground tracks
sometimes the target will be nearer at the beginning or end of an engagement
if no evasive manoeuvres are used, the missile velociiy will also vary,
depending on range. Clutter is ignored for the moment. If the tracking
aserial is raised above the immediate obscuration the situation will be
changed significantly and in general at short ranges the target's only

hope of evading a tracking situation is either by the inability of the radar
to follow the high sightline rate, to separate the target ffom Surféce clutter,
or by deliberately degrading the sybem by introducing noise or deception

jamming and hard target manoeuvre.

. TRACKING ALGORITHM

22. It may seem from the foregoing in this Annex that radar detection
theory has been temporarily forgotten.' The picture is now completed by
cénsidering an example traeking algorithm as part of the overall detection
process. Assuming a tracking situation (unobscured target - which may or may
not last for minimum track length ?c at para 18), then‘a statistical
algorithm to separate genuine detection opportunities from false elarms can
be used to defect an acceptable sequence of detections and a track is then
declared. Markov chains can be used to study such sequences with the
criterion that a tracking state should be held for a minimum number of

time intervals and at a correct signals to noise ratio. The relationship
between p (detection probability) and declared tracking status is derivable.
Results are not only dependent upon the number of observations chosen when -
setting up the algorithm, {228} but the degree of correlation between

individual target returns (hits) during the observation time interval.
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23.  Derivation of Algorithm. If the detection opportunities are taken
in time sequence, as triplets, where p = P (next digit is a 1), g =P
(next digit is a 0), then there are B8 3-bit patterns. Initial and final
states (i, j) are plotted below; where Pij occurs in one change:

J
0 1 2 3 L4 5 6 7

0 aq P
i q P
2 a P

= W
o]
3

w
0
L]

If two 1 states are required for tracking (2 our of 3, ien = 3, k = 2), then

non tracking will be represented by thé binary pattern for 0, 1, 2 or 4 and
tracking by 3, 5, 6 or 7. The above plot can be re-written, with T and T
representing trackiné and non—tfacking respectively. Although the example used
here assumes 2 "hits" out of.any successive cbservations (ie 2 signal

returﬁs out of 3 produce 1 states by crogsing the detection thresﬁold), other
radars may use algorithms which use a larger number of observations (n) and
 require more hits (k). The values of the transition matrix at equation 35

will change accordingly. Performance prediction of a radar with unknown tracier“
processing characteristics will require exploration of a range of values for

n and k. The technique used here is known as a 'sliding window' algorithm.
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2k, If each quadrant (ie TT, TT, TT and TT ) is taken separately:
_ _ A(Toiur Protaginmizs)

a. TIT = P (T and T) - Tracking to Non Tracking. Starting in a

tracking state, ie 3, 5, 6 or 7. Moving from state 3 to
state 1. P (of being in state 1 at (time t) x P (transition

from state 3 to state 1 at t + 1).

_ .2 _ .22
P3» P3p =paxg=paq (P;xa)

. ‘ ' The only other non-zero term is P5 X P5 o
2
22

2 =
=Ppaxg=pg

Combining (P3P

with PP, o) gives the transition P (TT).
. ) 2

3,1




. = 22 |
..P(TT)=ZPiPij=2pq_ S . (27

i, 3! 5! 6’7

Js 0,1, 2, 4

b. TP =P (T and T) ~ Non Tracking to 'I‘rackirig. We have

Par Pp 5 8nd By By ¢

.. P(TM) =3 P, Pj = (pq? X p) + (pq2 xp) = 2p2q2 . (28)_

i,0,1, 2, 4

j’ 3’ 5’ 637

c. TP =P (T end T) - Tracking Maintained. Six items are

considered

F3%3,5* 5 5,6 * %6 (Fe,3 % Fe,p) * Py (Prag + Ppg)

(2 x p) + (Pa x B) + (p%q x 1) fl (p° x 1)

3 3

- 2 2
q+p°q+p =p (2pq + q + p) = p° (2pq + 1)

2p

I P. Pi.=pa (2pc;+1) : '(29)

. .P (TT) 1 Pi

i93!5!697
-3y 3, 5,6, 7
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‘ 7 4. TT =P (T and T) - Non-Tracking Maintained

pd (p0;6'+ By) * Py (Py g+ Py ) + (Pyx ?é’l) +I(Ph x Py o

(q3 +pg®) + (p° x g) + (pa® x q)

q3'+ pq? + 29q3

I

.. PTT =ZPiP..=q_2 (2ray+l) | . (30)

1]

i, 0, 1,2, &

j’ O’ l’ 2’ . h
25. The transition metrix is that of condi'tiqnal pifobability. _'
a, To get the entry for 7fT, start in state T and finish in T

if P (T) = p (TT) + P (TT)

a.ndP T ) _U%R P«Bain vy OETQNMT)

2p2q° (31)
2p°¢° + o2 (2pq + 1) .
b. Similarly for P (""l"/‘l‘)then P (-ffT)= g—%)-) |
wheref (?}T)= P (TT) + P (T1)
_ 202 | |
2p2q2+ p? (2pq + 1) _ - _(32)
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26.

c. For p(¥[T) then,

P () _ P (TT)
P (T) P (DT} +P (TT)
_ P+ 1)

2p%q° + p° (2pq + 1)

| d. Finally for .P ('F/ 'F) then,

2
) q (Efac% + 1)

P (
) 2
P . 2p2q + q2 (2pg + 1)

Giving the matrix, after cancellation:

Finel State
T T
2pq + 1 22
P q
2 )
2 +2pa+ 1 2q + 2pg+ 1
Initial ‘
State
_ 2_1_)2 2pa + 1
T1op2 + 2pa + 1 2p° + 2pq + 1

From matrix above PT,'I' - 1l -PT'f

2pq + 1

2q° + 2pg + 1

(3h)

(35)

(36)

The probability of obtama.ng & number of success:.ve detections N is:

)*(P ) P"'
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. . 5
2pg + 1 :] 2q°
T(w) B 2q2 + 2pg + 1 2q2 + 2pg + 1

(37)

The mean track length (taken from the geometric distribution at (38)) and

meacured in terms of the number of successive detections is plotted at Fig 6.

— 2q° +2pg +1 R
L = il = q 22
5 q
2q

(38)

27. From the sbove, the probabilities of interest are; In SUmmarj (matmjecék
a_cw~fLM~u¢ Syhbice e Frack clocloredd) s~

Py (at_any time) = p3 + 3poq , (39)
.y _ 3 o I T

(no tracking) = g~ + 3pq (40)

o .

Prp {New track commenc:mg) z?i?[:;;‘” (41)

(7"”7‘“ a -H:?At&-;\ﬂ acd ot laok 2owt }'6. 3M:m Ay gholol Crvsﬂnﬁs' -
| ta \ﬂau—f.[c..‘j (:twe_mec) '

PRACTICAL INTERPRETATION

28, Each'detection is of course dependent on the‘ signal/clutter ratio, both
.o‘f which are fluctuating. In the first‘c.a.se this is due to target RCS
variations (glint) and secondly as a funétion of the clutter level being
‘simultaneously received. Swerling and Rayleigh distributions. {229}, and
Heidbreder and Mitchell {230} show that lognormal distributions may be

~ applicable to certain types of target.
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29, The probability.or an integrated grdup of N signals (with noise
‘samples)‘exceeding'a threshold Vv, has been examined by Powell {231}.
For the distribution (Swerling 3} this can be approximated with four

degrees of freedom as:

: o\ ¥-2 v, 1 ‘
P = (1 + S 1+ — o (42)
2

and may be_comﬁaréd'with the other Swerling distributions with two degreeé

of freedom (from p(o) = 1 exp. (- _)):
' ' o v o

Py = (_1+2_)N-1 exp. (—- Yy ‘ -=(43)
2 No 1+ NUAV - o

30. At short ranges NUAV -+, therefore in equations (42) and (h3)'above

PN >PNh . At longer ranges No will decrease. If strong signal peaké_aref
5 s ; e .

received from timé to time from targets at range they may nevertheless
exceed Vt, even though the required target mean signals are below detection

threshold, A critical or "crossover" range must exist,_ﬁhere Py % Py

2 Y

at vwhich this takes place. By further approximations taken over shorter

»

' may be deduced which shows that a low 'noise’

. ranges the "crossover range'
target Is more easily detected at short ranges, while a noisy, peaking or
spiky target is more easily detected at long ranges. ”Using the range at

which signal/noise ratic is 1 (0 4B), PN < Py vhen p < 1,256 ie:
2 i

&

Vv, ~N+1

R=1.059( 't R Yy
N

(0aB)
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" 31, With FAR = 10_6 and N = 1000 the crossover range is 0‘835R(dB)

Beyond this range the target signal fluctuations enhance the probability of

detection and hence tracking., If R(OdB) is approximately twice the detectilon

sy = 049, then R {crossover) is l-TR(Pd = 0.9).

range for P

T+ 1ig seen therefore that a large signal variance does not always coincide.

with a high probability of detection.

32, Although this approach may be acceptable for certain aircraft targeis,
it is thought that they must exhibit fairly angular structural sha?es, ie
nmutually orthogenal reflecting surfaces, in order to produce the large
dynamic range of "spiked" returns. The %echnique is probably not

applicable to small targets with smooothed profiles.
%%, In all cases there 1s o crossover range beyond which fluctuations
enhance Pd’ but inside which fluctuations detract from Pd‘ When

integration number N is plotted againsi crossover range, the following applies:

a. Low Integration Numbers e.g. Acquisition radars, crossover range

is low.

b. High Integration Mumbers e.g. Tracking radars Pd at corssover
\ R N . .
is at greater range (0.75< ﬁ?‘< 0.90), VWithin this renge a cloging

Q
small.target will bte more difficult to track if it is Uspiky'.
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FIG 2 PROBABILITY DENSITY OF TRACKING ERROR
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ARNEX F TO

"THE PROBABILITY OF DETECTING
AND TRACKING RADAR TARGETS IN .
CLUTTER AT LOW GRAZING ANGLES
DATED % @ SEPTEMBER 1982

ILLUMINATED SURFACE AREAS AND TERRAIN CURVATURE

1. Reference is made to Figure 1, where the average gradients of a surface-

illuminated tilted 'facet' between adjacent matrix terrain gpot heights

(ABCD) are:
a. In Range
o = o + .
R Rl R2 : (1)
2

b. In Azimuth
A A o (2)

2. “The simple facet shown can be taken as the illuminated area beneath the
resolution cell for shallow surface gradients. Although it is realised

that the radar energy will also strike the surrounding areas, for the foilowing
statistical studies the 33B area is taken. Sidelobes are ignored since only

sharp-beamed tracking radars are considered here, Facet range (along beam

boresight) gradients will cause radar reflectivity to vary appreciably due to

V.

the changes in the illuminated surface area, as seen with the aspect
variation at Figure 2. The critiecal condition for a reduced area in the
range direction (as T, BE and 8, vary) is given by (3) and (4). R is

11

taken as the radar range to the facet centre, Rl and R &as range to the

nearest and furthest cell edges regpectively:
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°g(crrr) T ATOEER (3)

1

%pZ(CRIT) = Arctan CE° ='Arctan'E§, , ' - h
o,R 0, o (&)

.'52;67 [ nmdx,'T”aJ'a.ﬂhmvfk

.331 If the 1llum1nated facet is assumed to be a flat plane (1e no cignificant
llundulatlons w1th1n the area bounds) its area can be calculated for any tilt _
'angle w1th1n the volume of the resultion cell Only those terraln facets
 which are tllted towards the source of radar energy are assumed to create
backscatter. These are declared "illuminated" by_thc.computer program.t‘Fo:
R

this to ogeur o_ must be a positive value or zero,

N, Non—Critical Slope Values. For a simple set'of_conditions‘(Fig 1)

“R(CRIT) and @y, < Opo(eRIT)

111um1nated area are 1/cos uR and R® /cos GAZ'

be taken of the accurate lengths of all four boundarles of the 1llum1nated area

'u the average dimensions of the sides of the

MorefpreciSély,'account'should

by allowing for the slight_beam divergence in a21muth; such that R BA/cos Opoy

11,
< R‘ eAzz

Thc baéic'shépe is a regular quadilateral with maximum:possible‘side-lengthé
> ap 30 will be:

for “AZ(CRIT) %z #0s Yp(onyT)

_ Rear RBA/cos %o

- Front RBA/coc_aAz2 o S ' (5)

gides 1t/cos @py OF t/cos a

R2




RO, <AB <R®, €08),(cprp 1) .
RBA <DC_<RGA COSAZ(CRITE) . (

e e
T 8D < T/ep(epymy).

L |
T BC < T/opieprre)

Giving averﬁge azimuth-x Range product area:

IAre&.f-T'(COS ap, *+ cos aRE) RO, (cos a,,. + c°S “AZ2) | (1)

Ik cos Gpq COS Op, COS &),y COS Oppn

5.,  Criticsal Slop§ Values. ‘Figure 2 ghows the effect of

%z > ®ag(crIT), *8 < %r(cRIT) *°¢ %am < %azo
Calculation 'of illuminated areas for any condition thus becomes more difficult
than the first case, since facet tilt either results in an irregular hexagon o
(figure h)_or a reduced aree in which the plane does not cut either the range
boundaries or the azimuth boundaries as at Figure 3. For calculative purposes
the area at figurewh is taken as a plane quadilateral TDlQB1l and the area
within the resolution cell is defined by TUVQRS (ie mleett less the corner

areas). Calculations are detailed at para 17 béiow.

é, Terrain.data base intérpolation can providé_the spot heights TDlQBll

if required; waever;.aé will be shown below,'theéelare not strictly |
.neéeSEer if.facet gredient and aspect can be éﬁlculated from nearby date
matrix poinﬁs without the need for interpolatioﬁ. In any event spot heights

U, V, R, S cannot be obtained by simple intérpblation.

F-3




T. Gradient and Curvature. Several techniques for thé'optimum caléulation

of sufface_ﬁaraméteré have.been developed by geomorphéldgical reseérchers as
part of their studies for soil erosion, drainage and siﬁilar réquifementé;

Such a study is considered at {232}, giving & &emoﬁsffébly satisfactorj
method for estimating both surface gradient and curvature derivatives directly

from the altitude matrix.

8. To apply this to radar here, using gradient to inveétigate ¢1u£tér

returns (as a_functidn of facet slope and aspect) and curvature on a largef
scale (for diffréction investigations); involves the inclﬁsion of the eight

nearest spot heiéhtssurrounding the centre of the required cell - which

is the centre of the radar resolution cell "footprint".

9. The central spot height with the four nearest pbiﬁts define siﬁple
gradient, with the furthest four points additionally for'curvature. It is
assumed that.the basic matrix dimensions are adequate to produce the :
required aécufacy. It should be noted that gradient or curvature 'maps'
produced by this method cannot be compared with others unless the matrix

spacing is similarly defined.

'10. Grid Definition. A nine-point altitude sub-matrix is defined at
Figure S5a. By using the full quadratic a complete surface description can be
obtained at equation (8). Cradient is more accurately calculated using _

9 data points for the coefficients at eqns (9) to {(1h).




A= ax2 + by2 +exy +dx +ey +°f ' ' '_ (8)

Using the notation defined for the matrix of spacing (m) the coefficients are

caleulated as follows:

a = Al + A.3 + All- + A6 + AT + A9 - A2 + AS + AB : (9)
6m2 3m2 . '
6m2 3m2 :

c=A3+AT—Al—A9 ‘ ' (11)"

'_hm?
d = A3 + A6 + 59 - Al - Ah - AT ' ' o .(12)
' fm ‘ o

e = Al + Ae + A3 - AT - AB - Ag _ (13)
bm ' '

£ = '3(Ah A, tAgH A6) - (Al + A3 + AT + Ag) + 5A5 | (l’*)

9

Hence gradient, aspect and profile convexity are obtained respectively from:

2

‘grad = arctan (d2 + e2) deg
(15)

or arctan (d cos 8 + e sin 8)



aspect = 6= Arctan~§ deg ‘ (16)

2. .2 :
Conv = - 200 (ad_ + be  + ced) 4 _ -1
. 5 3/, eg {100 m)

(17) |
2 2 2 T -
+ +d° + :

.e {1 +d e’) (for 100m matrix)

11, Frequency Digtributions. Gradient frequency distributions were also

considered by the author as a possible aid to the overall prediction process
for a given arég. Gradient steepness distribution shows an increase with altitude |

with moderately strong correlation, but in a non-linear way {232}. In general

no single transforﬁation is found to be universally valid {233},

12. Therefore although it is possible to statisticaliy summarize & surveyed
area‘in terms of gradient frequency distribution, the results would be -
site-specific. However it seems quite possible that‘a frequency distributiqn
for an area'might be representative (within reasonab1e iimits of judgement )

of ancther area, unsurveyed, but with similar general characteristics.

13. Convexity distributions tend to be balanced by concavity (negative
convexity) since the mean or mediamconvexities tend to cancel {232},

Profile convexity has a weak positive correlation with altitude.

1k, Gradient and Aspect Examples. Gradient calculations present no
problems using the above method, but aspect values have orientations which

depend upon simple rules developed below.

15. Aspect. It is seen that the actual aspect value can be defined with
respect to North or with respect to the radar beém'boresight.' With respect to
the beam boresight the relative direction of aspect depends upon'the

arithmetic sign combination of both numerator and denominator of eqn (16}, as
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seen at Table 2; where the terrain surface is in the quadrant 0 to 909

(wrt North). Similar tables can be deduced for other quadrants. The
slope reflectivity studies in this report were made using the 0-90°
quadrant. Actual angle "Aspect" + (90- angle of Radarf(wrt N}) =0 in .

this quadrant.

Table 2 = Determination of Terrain Aspects

Serial e | 4 Orientation
1 +|of
2 0] - | JNegative Slope 7
3 ol + |& -
L -]o0 * Negative Slope-
5 +11 1™ |
6 -]+ |
7 +] + | ¥ tovaras Radar
8 -1 - )f Negative Slope

9 0} 0 Flat Terrain

16. BSerials 2, 4 and 8 produce radar shadowing(ie zero backscatter is
assumed), aspect values close to serial T would be expected to give a
meximum backscatter, serials 1 and 3 intermediate levels and serials 5 and
6 minimum levels. Absolute values of aspect (degrees) are measured as shown

at figure Sb.r

17. Calculation of Area ~ First Critical Case. The illuminated facet at

figure 3 can be caleul&téd'as follows, since once aspect (8) is known this
also corresponds to the angle 6 marked on the diagram. The conditions are

%z > “az(crir) 8°¢ 9 < Op(egpr) then:

Since TS = 1 _, PT = RGE
cosh

cos (90 - GAZ)




Quadrilateral PQST

Ares = R_BET R N
Cos 6 Cos (90 - aAZ) : '

(18)

R = mean range, as before.

18. (Calculation of Area - Second Critical Case. Consideration was given to
the use of Direction Cosines since the required area of a surface can _be

calculated with respect to its normal position.

da

as

dA =dScos 0 Terrain/® = (1, m, n)

Radar Bea.m‘?l = (x, u, v)

Cos 8 =f“l'ﬁ'= (a1 + um + yn) ete ..veenie.

But to produce the required area a three-co-ordinate direction cosine system

would be neelded and the required terrain co-ordinates are not readily accessible
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for the typical, but awkward shapes, as at figure L, Hence in_fhe long term

- it was simpler to use trigonometric methods.

19. If &y > %o (oRIT)

and with e < g

of if € a the side TD- (fig 4} will cut AD

R{CRIT)
then QDl must cut DC. Hencejthe quadrilateral .

R(CRIT)
TDlQ;Bll is a terrain plane passing through the resolution cell, Points
It is points TUVQRS which’

UVSR are.positioned dependént upon a. o

R? AZ"
define the illuminated area and which are not directly available from the
.spét héight:dafngQSe.  The_plén diagrem accentuates the beam divergence, but
for practicél puf@osegg ﬁith small values.of T, sides UA, CR érg.assumed to be
 parallel, 'Aspect'is'calculated from the terrain matrix - it's difectioﬁ'is
shown in the diagram (in direction OBl1 since thisjis the loweét terrain point)-
| 13

Gradient is available from egn (15) and is angle D1 B a,, and o

A% R
are computed as Arctan (eqn 12) and Arctan (egn 13) respectively.

20, From the figure, if the centre of the illuminatédﬂterrain is also the

centre of the resolution cell, then

VQ =TS, SR = UV, .. =a, , Ares UD'V = Area SBL'R.
Mol 3 Az, Az, Are:
B Q=1TD and TB"~ = D'Q. =

Then_BllQ = T and TBll = eAR (19)
: Cos aR Cos GAZ
Quadrilateral Area TDlQBll = 108 (20)
- Cos aR Cos;aAZ .
1 1 . =1
Since ay ﬁuB(CRIT) then UD'Cos aBl %
hence UT = UD!=RBllR=Rq = __T _ (21)

5
.‘CosaR




1= - 1 = 1 -
TA RO, - UD Sin o TS Sin Gy . {22)

. Sin a,. Cosu 23
giving ™S = AZ .R : (23)
RBECosaR~T81nuR
9 R
Bt = gp w71 = JAT  from (19)
CoscxAZ
11 _6,R Sin a,, Cos «
Hence Side 8B =_A - AZ R _ (24)
- Cosa RY_, Cos op = T8inag '

AE E

Area of both triangles is given by the product of eqn (24) and eqn (21).

Subtraction from eqn (20) gives the radar illuminsted area:

A= TR . ( 64R  _ Sina,, Cosay ) (25)
R R

CosaRCosa A7, 2Cosa CosaAZ RGECosuR - T8ing

It is therefore possible to obtain the required area without direct

knowledge of the terrain spot heights which define the illuminated area

spot heights.

TERRATIN CURVATURE APPLIED TO DIFFRACTION CONDITIONS

21. Reference is made to Chaep 7 eans (15) and (16), which define the
criteria for approximating the terrain as a diffracting knife edge. The
intention here is to use the convexity calculation at egqn (17) above to
estimate the curvature - and then to test it against the criteria. By
ﬁaking typical dispositions for target, obstééle and radar site together

with the matrix values at figure 5a, example calculations are:
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From Fig 5a, coefficients are: a = -0.00055
b = 0.001833
c= 0
a= 5
600
e = - 30
600
T =35.5

hence from eqn (17) convexity = 0.356 deg (100m) !

22. ‘The criteria for approximsting an obstacle as & knife edge can be

expressed from known obstacle radius or diffraction angle 6. However, 8
is normally available only if a complete set of conditions are known {ie
range from radar to obstacle, and beyond.to the target). Converting the

above value to the rate of change of slope (@) by taking the tangent at
| ) . ) . tacle (m):
2 successive matrix points; where Ris radius of crvabure of wbst (™)

R = 180m = 180 x 100 = 16004m (26)
: G 0.356m

Clearly the rate of change of slope is insufficient to produce

diffraction. R 1s excessively large, as shown by the typical values

at Table 1. Typical terrain profiles obtained from the terrain datasbase used
forllePe reflectivity reported at Appendix 1 to this Annex had limited azimuth
cover. In practice arfull 360° sweep would be required to preduce an area
assessement. If it is found that the correct conditions exist to aid tracking
on a smell % of occasions then the probability of tracking is increased for the

ares in question eg PTL = PTL X Difg Factor where Diff Factor >1. An example

diffraction plot is at Figure 6.
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Table 1 Typical Radar, Obstacle and Target Conditions

Tgt Ht | Radar | Obstacle { Obstacle ! Target - | Radius
Ser § (m) Ht (m) | Ht (m) Rng Km Range {m) (m)

B by h a a +a, . [|R
1. T ] 0 ' 100 10 15 T.hé
> | 7 15 100 10 15 19.7
3 (o 20 100 10 15 | 2=
b ° | 30 100 10 15 | ero
5 T0 - 30 100 5 10 ‘a:.‘ 7.6
6 20 | o 50 10 | 15 J60.0
7] 3 | o 50 10 15 82.0
8 0 | o 30 10 15'11_? 2221
9 40 1 0 30 10 | 15 | uso

' Using the notation at Chap 7.

o f Arctan | t _ tx (27)
B = Arctéﬁ -ht - ht o
o gt _ (28)
oo S 3
2

| Diffraction Angle 8 =a+B

23. Rétraciﬁg-the stéps to obtain 6 for R = 16C9h gi;es e = 0.0888°.
| Using the scenario at Teble 1 serial 8, the target would have to climb by
approximately 7 ﬁetres (ie new target height 37m) if this larger terrain
radius existed at the same obstacle range. The éonditiops at Serial 8 are
such that the target would be just visible by direct sigﬁtline at an aLtitude

of Ls5m.
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APPENDIX 1 TO ANNEX F TO

"THE PROBABILITY OF DETECTING

AND TRACKING RADAR TAKGETS
IN CLUTTER AT LOW GRAZING

ANGLES™ _ A

‘Dated - SEPTEMBER 1982

STATISTICAL ANALYSTS OF RAW RADAR MEASUREMEINTS

TO OBTAIN A DISTRIBUTED CLUTTER MODEL OVER

 SLOPED TERRAIN

1. Full statistical analysis of the raw radar measurements commenced
after initially correcting the rﬁngé (see'para 5 below),vwith the formation
of a multgvariabie array containing some 2Ck of measured and célcﬁlated
valuesl All data 'redﬁction programns were ﬁrittén by the author-in‘
fORTRAN to run on the RAF Cdllege.DEC 20 comfuter facility. Initial
analysis was backgd b&.a terrain data base interpolated (tediously) by
ﬂand ffom non-gtandard survey maps specialiy provided by the Mapping énd
Charting Esta£lishmén£ ét Tolworth with a contour notation at S‘metrer-
intervals. By photograﬁhic eplargement i£ was possible to interpolate
matrix spot heights to within + 1 metre Qr better, subject to the
original accuracy of the contours. .UsinngO metre‘grid spacing the

data base produced extends for 9 square kilometres.
2. - For calculative purposes; given the range and azimuth bearing of each

'rédar discrete clutter signal, it.wés thus possible to extfact the

corresponding terrain data using the matrix method for terrain slope and
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aspect detailed at Annex F. Illuminated radar footprint size could then
be calculated, taking into account resclution cell size, slope and aspect
and by mean terrain height)the actual arrival angle of the radar wave-

front. Generated data examples are at Table 1.

3. Clutter returns were processed radially (ie incrementally by igcreasing
range at 5 metre steps) and incrementally in azimuth at either 0.3 or 0.4°
steps. The geographical area was chosen to include both flat and sloped
terrain. For convenience this was divided into L sectors which contain
predominately 'sloped' terrain and one sector which is mostly 'flat'

- although it will.is'e shown below that terrain is rarely flat in the
scientific sense. Data was analysed by sectors and as an integral data
bank., $igure1ﬁ-is Efphotograph}with 0S map showing the location of the

measurements, at Figure 1b.

4. Generally the extent of range meaéurements did not greatly exceed

7 km as indeed many would fall in shadow at this range behind the hill

ridges; as seen on the mép. The terrain, @s viewed in the photograrh

along the boresight) contains scattered trees, but not in sufficient
density to classify as 'forest'} for the purpese Qf backscatter

studies the terrain is clearly 'rural'. There are a few features which may
exhibit specular reflector.c?aracteristics in the form of small buildings

- and possibly in places the:railway line or associgted fencing. It is
difficult to specify how much of this is masked by the earth railway

cuttings. However, much of the area of interest was at a higher angle

of elevation thaﬁ these reflectors — or excluded by the sharp beamwidth

of the trials radar. It should be mentioned that some of the snalysis

was made by filtering out spufious values, taking these to be toutliers!

in the statistical sense.
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5. It is re-iterated at this point thaﬁ by assuming 3dB aerial beamwidth
limits the backscattered energy is taken to be that only from the idealised
surface "footprint" area. Clearly any sidelobe effects or backscatter;
(for example from a large reflector just outside the 3dB beamwidth) will
contribute in some instances. ' However, it is proposed that although

this instance can occur they are likely to do so with relatively low
incidence. As can be seen,  the area igmediately shead of the radar is
clear of such obstacles.’ Further, the terrsin chosen 1s more or less
homogeneous at any given time, at the least for several 'footprints'
dimension in both the range and azimuth directions. This was proved by
making a correlation study between adjazent footprints in both alogg*

boresight and across-boresight directions.

EXPERIMENTAL ERRORS AND LIMITATTIONS

6. Although the raw ra&ar signal measurements were nbt taken By the

.author, thé prevailing conditions are known. Wind was light, weather

‘fine and time of year - June. Other information suggested the possibility

of raﬁge errors for which a correction would be neceséary. Clearly any copstant
range error would cause the incorrect terrain data'to be coupled'toleach

‘backscatter reading - hence an incorrect grazing angle model could result.

" 7. At the outset the-areaé selected for distributed clutter analysis
Were‘egpecially chosen to avoid any major man-made specular reflectors
;uch‘as pylons or métal‘buildings whic£ might contaminate the
statistical distributions. It is of course realised that such reflectors
mey occur when a tracking radar is deployéd in practice. The absencé of
a really distinet ;efléctor to act as a range calibrator in the sector of
iﬁtgresq,resulted in an additional computation task - that of produciﬁg

several additional data files, each with an iterative signal strength
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shift relative to range along all azimuths, while simultaneously

checking correlation values. These shifts were made in 5 metre increments
both towards and away from the radar with correlation checks between several
variables on each occasion. Although there was reason to believe that an
error of up to 100 metres mighf exist, the plot at figure 2 most
convineingly shows a range under-reeding by only 5 metres. All data was
therefore range-corrected by +5m before statistical analysis commenced.
Table 1 shows example data after processing to obtain ¢ for given terrain

conditions.

ERRORS IN CALCULATED TRUE GRAZING ANGLE

8. True grazing angle comprises 2 main components. The first is obtained
by calculation of the terrain slope and aspect angles, with the remaining
part determined by the angle of arrival of the wavefront from the radar.
Slope and aspect are critically dependent upon the accuracy of the terrain

data base as is the mean terrain height used in the determination of angle

1

of arrival, always calculated at the centre of the radar footprint.

9. Raw signal amplitudes were corrected at source by a calibrated standard
at the time of measurement. There may be slight propagation

errors to apply, discussed at paras 26 & 27 below.

10. On the majority of occasions terr@in which appears to be flat will
undulate slightly, giving rise to fé;gé.grazing angles 1f the mean slope

is used. Additionally, slope (and*génce grazing angle) will depend on the
accuracy of each of the spot heights representing a 'facet' on which the radar
energy is impinging. Precise grazing angle will also depend upon range,
earth's curvature, propagation, radar transmitter height; each of which is
subject to small angular error. Additionally the surface culture varies, eg

trees (see Chapter 10 page 209). There are 2 ways of considering the
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magnitude of surface error. Either way it 1s clear that the effect of

errors, as a proportion will be greatest at small grazing angles.

11. GENERAL SLOPE ERROR The magnitude of errors in tpp grazing

angle Y can be easily demonstrated by using the example at Figure 3.
A sinusoidally varying surface with A = 7.5 m and T = 130 m is used to
represent gently undulating terrain. Ignoring vegetation the surface

gradient.at point P will be:

¢ =tan"l d_ A sin 8 ceves (1)
do -
where P is defined y(P) = 7.5 Sin 8, x(P) = 37.58
 hence at any point e
| b = tan~l 0.314 cos 9 .;... (2)

12, Accurate grazing angles are therefore not only dependent upon
the underlying mean terrain gradient, since the true value of ¢ can be
significantly different than that obtained by pure facet geometry

using spot heights, radar range and radar transmitter height.

13.  Direct energy cannbt reach point R, which is shadowed. Péint 5
.is the highest point to which a direct energy path exists at a grazing
tangent (i.e. P = 0°), If the underlying terrain is flat and the
elevation angle E is known, 6, (which defines point 8) will be given

by : _
| |

8 = cos~l jtan Ey : , caess (3)
10.314 .
| 1

_— -

If the terrain is sloped, as on Figure 3, point S will move to a

higher point on the curve.
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14, Por example, for E = 2.5° energy will feach S at 6 = 82°, with
distance OT = 82/90 x 37.5 m. The surface distaﬁce'OS will be
slightly longer and is the distance over which the wavefroﬁt is
spread, depending upon the.resolution cell dimension. At péint S the
true grazing angle is zero.. At point O the surface gradient is 17.4°,
hence the value of ¢ is 14,9, Thus, no single value of ¢ is correct
for the surace illuminated. A mean céuld be taken (7.45°) which does
not compare favourably with the value using facet geometry

(Tan™} 4A = 11.3).

T

15.  PROBABILITY DENSITY FUNCTION. Only at 6 = 73.5° will a true

graze of 2.5f be obtained. If it is assumed that N parallel direct
energy paths exist from the emitter to the surface then the
probability of obtaining 2.5° is ! in this particular case -providing
N the resolution cell length < 37.5 m. If cell lemgth is increased
(due to larger 1), shadowing beyond the point V will eventually occur,
as shown at Figure 4; where it is seen that the resolution footprint
could embrace a number of sloped and shadowed areas, dependent on its
length. By considering changes in the wvariables A, T, T, E it is seen
that the pdf will change. In the example shown energy arising at the
surface between point 0 and 73.5° will graze at a steeper angle than
2.5°%; almost 90% of the enefgy is grazing at angles greater than 2.5°%.
This leads to the conclusion, that in general terrain observations it
is likely that "the actual grazing angle from which backscatter is
measured is higher in value than plane terrain geometry suggests, and
would reasonably.be expected to produce higher backscatter values”.
Practical results will of course depend alse on the finer terrain

texture and wavelength used.
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.16,  For any grazing angle or terrain amplitude and period, mean
surface gradient and mean true grazing angle, taken over N intervals

with respect to mean terrain gradient, are respectively given by:

s
bm =1 ] tan™} {d_A sin 6} eveee (5)
N o} d6 ‘
and
S .
Vg = l_z (tan~! {d_A sin 8} -E) erans £B)
N o de

17. COMPARISON OF METHODS. A comparison of mean { and mean surface

gradients calculated from data base terrain spot heights (which
assumes a plane facet between adjacent values) with the example method
above show significant differences and confirms the hypothesis that
backscatter values have élmost certainly in the past been attributed
to Incorrect grazing angies. Rénges are those to give grazing angles

of zero with the A/T ratio shown.

RADAR

} | SINUSOIDAL POSTULATION | PLANE FACET

I l ‘ . [
| ELEVATION | RANGE vy I MEAN | MEAN SURFACE ! MEAN |
} | | | | ]
[ E i S +0 | U] | GRADIENT i Y !
| | [ | | |
i 0.5° | 0°+16.9° | 8.54° | 11,3° | 10.8° |
| | _ | i ] _ |
| 1.5° | 0°+15.9° | 7.95° | 11.,3° | 10.8° |
| | | ' i } ]
I 2.5° | 0°+14,9° | 7.45° | 11.3° i 10.8°
[ | ] | } 'I

Error values will clearly varf with terrain conditions and the above
figures are used only to show that a more rigorous treatment is
necessary in stﬁdying and representing terrain than is at first
apparent; hence the importance placed on terrain studies at Chapters

2, 10 and Annex ¥. In practice, with typical ranéés of 6 km, E will
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be very small unless the mean terrain height is about Z50 ‘metres above

the radar.

i8. It is seen that the method shown above for illustrative purposes
for obtaining true grazing angle would be difficult to use for
experimental measurements -since a sinusoidal approximation may not be
representative. Further there are usually insignificant terrain data
to set up accurate concavity and convexity profiles along any specific
azimuth —especially with aspect changes and discontinuities with
shadowing. However, the concept shows how easily errors can occur in

mean grazing angle measurements within the radar footprint even under

experimental conditions.




19, Effect of Matrix Errors. It was argued earlier that the matrix method

of terrain representation was preferable for practical as well as
experimental expediency, despite the greater overheads in digital storage

requirements.

20. Returning to the 2 components of true grazing angle which change due to
spot height errors, sensitivity of each is outline@ below, taking & spot
height error of Ah;. True slope angle {as seen from tﬂe'radar)is slope times
{cos 8}, where 6 is the aspect. Sensitivity of aspect change with Aht

is iﬁbortgnt since{it is not constant, and depends significantly upon

errors béiﬁg across, rather than aléng, boresight. -4 small error across
boresight will significantly change 8, with error ﬁégnitudes proportionally
greatest at low slope angles (poth along and across);, and least when near

slope angles are highest.

21. The reader is referred to Anmex F (eqns 9-to 16) together with diagram
5 at page ¥17, for\patrix slope and aspect methods; and to Chap 10 page

211 for the equations for beam boresight angles.

22, Beam Boresight Angular Errors. Referring to Chap 10 Eqn 8 and applying -

8 Aht of + 1 metre, each of the 3 terms, when examined, have differing

t t
X

significénce. When h, — h, is vefy small or zerp, Aht can impose a
shadow sitﬁation, a small gradient where non existed.beforé;or cén change
a shadowed situation into a flat terrain. Shadowed areas are detected -
-and discarded by the computer program, whereas some shadowed areas should
“be included if errors exist; while othe? areas included shounld have been
deleted. There is no reason to believe that instances of positive or

negative errors predominate, and over the large amount of data they may

well cancel for statistical purposes. The magnitude of beam borésight
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errors, if they exist,was calculated to be approximately + 0.01° ie

. ~1 Ah . .
v §in t —ﬁi' where dh, = + 1 and R = 6 Km. This holds at approximately

ah error of :Oio for each metre of error in spot height at the centre of

the footprint.

23. Slope Errors. Slope is calculated by using 8 of the 9 spot heights

representing a group or 'facet' in which the illuminated footprint falls.
The facet is dimensionedrloo m x 100 m with heights at 50 metre intervals.
Slope (given by Arctan JEE_:Hgg),is thus susceptible to errors in e or d
or both. It is assumed that 1, 2 or 3 errors may occur in any seti of 9
since the spacing of contours (though at 5 metres) aré‘spatially spread
across the terrain such that it is considered that at least 80% of ’-f,he_
interpolated figures are good, and projna'bly more so. Three errors is
taken as a worst case condition with the greatest effect of 3 errors when
all 3 occur along the same 'edge', thus having greatest effect on e or 4.
Errors are approximatel& constant for changing slopes and are summarized

at Table 2.

TABLE 2 SLOPE ANGULAR ERROR DUE TO + 1M SPOT HEIGHT ERROR

Max Angular Error (Deg)

Single Error in 'Corner!' + 0.20
Singlg‘Eyror {Centre-side) + 0.19
Two Errors (same side) .i 0.38
Three Errors (samﬁdside) + 0.56
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24, Aspect Errors. Aspect 6 = Arctan e , hence the change in ratio

. ‘ a . :
is important, with an increase in e relative to d altering the aspect across
boresight. The magnitude of aspect errors cennot be represented in simple

form since a,change in any of 9 positions affect both slope and aspect.

. At extreme cases a 1 metre change in one corner can swing the aspect

angle from 14° to 87 but fortunately this has little overall effect on true grazing

angle, as {slope (Cos 8)) does not change much for low angles of e{
Aspect angles reached = ﬁaximﬁm of 54° during the experimental anglysis.fdr
the terrain measured, and spot‘heiéht errors could have produced this.
value with an error of 10°. Hence Cos 8 would be fepfesenped as O.58l
where addition to- the slope error of say 0.20, &eécribed at Table 2, causes
the multiflier_éos 6 to be significantl& in error.

- ' . . . s}
25, Combined Errors. ' Assuming a boreslght exror of 0.01 (para 22),

slope errors‘as shown (Tébie 2} an@ typical'aspéct erfors as discusseq

(at para 2h), thercombined errors can be > 0.25° for a single error and
exceed 0.50 for. 3 errors. In praqticé er?ors may have occurred in various
sénses and'éombinations,-howeVEr if they inevitably act in the same

direction on some occésidns the result could be ss shown at Table 3.

TABLE 3 COMBINED ERRORS

]
Correct A 2 3

Error Errors | Errors

Siope (Deg) = | 1.1 | 1.34 | 1.52 1.70
Boresight (Deg) | 1.0 1.00 |1.01 1.01
Aspect (Dég)- 54° u4° uu° Lo®

2,10 | 2.3




26. Other Errors — Refraction. There is & slight change in refrective

index between ground (radar) level and terrain surface levels which will
give small anguler pointing errors. As expleined at Chap 8 the radar
elevation angle iz always slightly higher than the target at which it

is aimed. However, for the purposes of clutter mesasurement here, elevation
.angle is not meassured by the radar aerial position but by goemetry
through radar range and terrain data base. Even though ﬁhe radar energy
is following a curved path the range measurement is assumed to be.correct
over such a short distance. Ray curvature will be slight and cause
energy to impinge onto the surface at g slightly greater angle. The overall
. efféct'of refraction is tsken to be negligible for the sxperimental

readings.

27. Other Effects - Diffraction. Although the distributed clutter analysis
was intenﬁed to be upon terrain backscatter from sloped and flat terrain,
because of the extent of the area,flat terrain raised above sea level ie
as small plateaus, appéaréd as a small negative slope during the analysis.
On these occasions complefé sha&owing did not occur. They were detected
by the program and flagged.corréctly on the data output. All fell in the
range-O.OOOlO to 1.2° negative élope, but all produced backscatter,.
lpresﬁmably due to diffraction effects. KBackscatter‘values obtained did

not indicate shadowing of the main lobe With residual side-lobe or wider
_beamwidth collection of back-scatter (>3dB), but remained substantially
similar in value to the forward sloping terrain values vhich immediately
preceeded znd folléwed the negative slope values. Insufficient of these
were available to carry out a full statistical and diffrection analysis,
however, a rough check has shown changes in backscatter median of the

order of 10—15 dﬁ, and could reasonably correspond to the - diffraction

loss over the ridges




VALIDITY OF BACKSCATTER POPULATION ANALYSED

28. Homogeneity of Terrain. It is reasonable to assume for rural terrain

that a high spatial correlation value should be obtained from adjacent
resolution cells (both in the range and azimuth directions). Spatial
correlstion was tested over a éample sector at azimuth increments of a
beamvidth and in range for both 5 and 10 metre increments. Correlations

were respectively 0.94 and 0.83, indicating also a consistency of measﬁrement
of backscatter since values were measured at different times in practice - less

so in range but significantly so in azimuth,

29. It was not coﬁsidered necessary to validate terrain homogéﬁeity furthef,
although even higher correlations would have been likely if adjaceht cells
with like grazing aﬁgle had been isolated and compared. As expeéted the
terrain selected is truly representative of 'rurai', with scattered isolatéd
spécular reflectors within a broadly representativé backscatter range of

=20 to 40 dB.m %’

30. The point should be made fhat sloping terrain does not necessarily imply
a high grazing angle, since the actual érrival angle‘of the radar energy

also depends oﬁ the relative radar transmitter heighf and elevation

angle. Hence some of the lowest grazing angles are obtained at the crest of

hills,
31. All radar measurements including calculated results for grazing angles,
areas, ranges and aspect angles were thoroughly analysed in a number of

ways:

a. As a total data base.
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b. As a total package but rejecting outlying values.

€. By examination of meens and medians at grazing angle class

intervals.

d. By grazing angle steps by arbitrary division into 2° ana 3°

steps.
e. By contrasting data from different azimuth sectors.

f. By comparison of data from adjacent radar resolutions cells -

as described above at para 28.

In each case standard statistical methods were apﬁlied, hypotheses tested,
correlations made and distributions plotted. The aim was to deduce a

backscatter-grazing angle relationship which can be applied in practice.

32. Regressions. étraight-line regressions; with grazing angle as the
independent variable were interpreted with caution, since treatment of
all results as an entity (for this.pufpose) could lead to major
inaccuracies. The author was aware thét some researchers had found the

o v ¢ relationship to be a curvé, at the lower values of Y. One way to
minimise this p;oblemlwés to separate the data into sets based on grazing

: o
angle ie above and below say 2 or 3 , and thus obtain separate regressions

from the two parts of the plot.

33. It was decided to analyse the data, which covered grazing angles up to

O

127, as b sets of 3° and also 6 sets of 2°, Because the number of observations

is less in each set,care must be taken to ensure that those outlying results

~do not have undue influence on the results of the sﬁaller data set.
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34, By cqmparison of scattergraphs, bargraphs and histograms seversl
important factors were noted and plots of cumulative freguenices were Than,
made against Weibull and Lognormal disfributions while KOLMOROV-SMIRNOV
tests were also made using a standard computer routine. A quantity of
relevant data is included here for future reference purposes. It should
of course be stated that although the terrain statistics are site

specific — they may nevertheless be reasonsbly applied to sny other similar

terrain and radar conditions.

SECTOR RESULTS

35. Data was initially analysed_in_S aéimuth sectors withﬁstapisticai
results shéwn at Table 4, and as an entity. Sections 1 to-k each confain
- predominantly sloping, undulating or hilly backscatter measurements.
Sector 5 is predominantly flat grassland at slightly less radar range.
‘Taﬁle 5 summé&rises the regressions and correlations for Table L. All
results are commented upon at para 52"‘below, with reference to relevant

plots.

’

36. Partition at 3° Steps. It was observed that the deduction of any
significant relationship was being distdrted by a scatter of extremé ﬁélues,
caused presumably by scattered specular reflectors; although not obvious
from the maps, but probably Sufficiently.reflective rocks, boulders and
fence posts etc ~ to act as K band reflectors. Although it is

appreciated that these objects will occur in.rural terrain in practice in

a somewhat ?andom way, it was-thoughf prudent to filter these peak values

to expose the underlying trend.
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TABLE 4 SUMMARY OF ALL DATA (NO FILTERING)

PARAMETER MEDIAN MEAN | STD.DEV | Max MIN STD.ERR
¢ (dBs) - 25.49 - 25.99 |12.1h - 5.26 | - 59.85 | 0.27
P {deg) 5.85 5.53 3.16 11.58 0.07 | 0,07
Area (n°) 636 622 63.85 | 121 473 143
Aspect 6 (deg) 23.25 2k, 06 12.85 59.79 0.09 | 0.29
Range (km) 6.03' 5.98 0.59 6.88 h,52 113.63
Signal 3ece§i¢d' 0.28E - 2{ 0.28E - 1{ 0.05 0.29 | 0.1E . 5 O.lE;? 2




S\

TABLE 5 CORRELATIONS AND REGRESSICNS

SECTORS
1 2 3 b 5 OVERALL

Correlation

VvV o 0.18 0.05 0.08 0.l 0.15 0.12

6 vo 0.18 0.06 0.37 0.67 0.39 0.35
Regression

¥ % g - 38.06 + .52¢ - 24,93 - 0.2y - 27.79 + 0.35¢ | - 39.8 + 1.9¢ - 18.89 + 1,9y - 31,6 + 0.53¢

Rv o - 2k.6 - 0.008R

8vo ~ 36.4 + 0.156
Median o - 36.07 - 24.98 = 2h.27 - 23.9 - 13.36 - 25.k9
and s.d 9.1 9.8 12.2 l12.9 10.18 12.1%4




37. Ai the other extreme a randqm scatter of very small values weré
present.' These are attributed %o siéelobe reception and small
backscatter levels from partially shadowed areas, perhaps partly due to
diffraction in & few cases or spurious propagation effects. Those
cells which were shadowed were detected by the computer program and

excluded from the working data.

38, Several options were considered; peak and trough values could be
arbitrarily discarded by inspection‘or a cut off could be imposed to
exclude all but the majority of the data.

39. Data Selection. Scatter plots indicated that it would be reasonable to

exclude péaks and troughs by ﬁsing only thoée values fallinékﬁétﬁeen - 20
énd_; 40 dB, Statistical values were'then recalculateg by taking results
for each grazing angle. For example, the database was scanned for all like
values of grazing angle and then relationships we?e considered by class‘-'
interval, bY.reducing the data by takiﬁg the median and mean of each class.
"Median filtering" (as suggestedrin s;me signal processing applications)
could not be used sgince £his would mean the imposition of an assumed rate
of change in backscatterlwith-gfazing angleland-thus defeat the objective of
the analysis.- '

40. Reduction of the data in this way was justified for the following

reasons:

a. Any perticular backscatter valué_for a given grazing angle is the
result of cqmbining measurements (to get mean or median) taken at
various azimuths, ranges and terrain heights. Since the terrain has
‘been shown to be hqmogenecugbjthe individual values obtained

should be _more representative than-an isolated backscatter value.

Tt should also minimise signal measurement fluctuations and errors
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TABLE 6 ANALYSIS BY 3° STEPS IN

TRUE GRAZING ANGLE UNFILTERED DATA

1

MEDIAN MEAN s.d MAX | MIN STD.ERR
0-3° (a) ¢ (Deg) 0.70 1,3k 1.00 2.86 0.07 0.45E -
| (b) o (Deg) 27.65 27.80 12,01 58.30 | 8.12 0.53
(¢) o(m*m®) [0.87E-2 |oMoE-1|0.61E-1} 0.2k |0.158~1Y | o278 -
(@) o (aés) - 20.58 - 21.55 11.81 - 6.09 | -48 .11 | 0.53
(e) Area (n°) 509 559 85.12 721 473 3.82
3.6° (a) ¥ (Deg) L.sh b.52 0.89 5.93 3.07 0.40E - 1
"~ (b} 8 (Deg) 22.41 27.22 15.61 59.79 | 7.95 0.70
(e} o (m? m—a) Q.LTE -2 { 0.14E - 1L | 0.30E - 1 | 0.20 0.12E -~ % | 0.14E -
(@) o (dBs) - 27.59 - 27.95 11.00 - 6.89 | - 4g.08 0.h9
(e} Area (m?) 652 651 33.79 T20 523 1.52
6-9°  (a) ¥ (Deg) 7.03 7.4 0.87 8.73 6.15 0.03
(b) 8 (Deg) 23.95 21 .4 11.18 44,18 | 1.2 0.l4s5
{e¢) o (m2 m“e) 0.11E - 2 [ 0.2E - 1 O.LbE - 1 0.19 0.1E - 5 0.17E -
{a) o (dés) - 29.k - 28.2 12.k6 - 7.2 - 59.8 0.50
(e} Area (me) 645 651 31.6 T06 581 1.27
9-12% (a) = ¢ (Deg) 9.55 9.9 0.77 11.57 | 9.17 0.0k
(b) . 6 (Deg) 20.02 18,5 8.75 29.5 0.09 0.49
(e) o\(m2 m-) [0.3E-2 [0.2TE-1 | 0.46E -1 | 0.29 0.0lE - 4 | 0,02E - 2
(4) o (dés) - 24,5 - 25.5 11.88 - 5.2 - 49,7 0.66
(e} Area (m™) | 617 618 21.5 679 560 1.20




CAT-9

TABLE 7 ANALYSIS BY 2° STEPS IN TRUE GRAZING ANGLE - UNFILTERED DATA

MEDIAN

MEAN s.d . MAX MIN STD.ERR
0-2° (a) ¢ (Deg) 0.65 0.6k4 0.38 1.5 0.7E-1 |o0.21E -1
(b) & (Deg) 27.65 24.3 9.9 58.3 | 8.1 0.55
(e) @ (m? n2) | 0.32E~1 | 0.64E -1 | 0.65E - 1 0.2h 0.15E - 4 [ 0.36E - 2
(4) o (aBs) - 14,9 - 18.57 11.06 - 6.09 | - bh8.11 0.61 '
(e) Arvea (m?) | hoB . 524 68.2 705 | 413 3.80
2-4°  (a) v (Deg) 2,84 3.00 0.47 3.97 | 2.26 0.26E - 1
(b) 6 (Deg) 27.28 35.2 *15.38 . 59.70 | 15.80 0.85
(¢) o(®n? |0a5E-2|013E-1|030E~1]0.1 |0.198~-4 |01TE-2
(d) o (dés) - 28.21 | - 28.25 - .16.h - 8.h2 | - h7.05 0.57
‘ () Area (n°) | 658 645 63.2 721 511 3.49
4-6° (a) ¢ (Deg) 4.87 .97 0.57 5,93 | k.21 0.31E - 1
(b) & (Deg) 22,28 22,54 12,45 . ] 45.39 | 7.95 0.68
(¢) o (m®12) | 0.21E -2 | 0.26E -1 | 0.338 - 1 | 0.19 0.12E - 4 ] 0.18E - 2
() ¢ (dés) ~ 26,61 =~ 27.69 11.46 - 7.2L.| - 49.08 0.63
{e) Ares (m2) Ehik 6Lz 33.9 T11 523 1.87
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TABLE T CONT

609 -

655

MEDIAN (. MEAN s.d MAX | - MIN STD.ERR
6-8° () ¥ (Deg) 6.Th | 666 0.26 7.06 6.15 0.1 - 1
" (b) o (Deg) 23.25 | 20.13 b1 M6 | 1.20 0.79
(¢} om®m® |0.658-3|0k3E-2]0208-1]008 | 0.16E-%|0.5-3
(a) o {aBs) |- 31.8 - 31.7 9.22 - 10.6 | - U7.7 0.51
(e) Area (u°) | 672 669 23.69 706 | 630 1.31
8-10° (a) o (Deg) 8.70 8.88 | o.bg 9.79 | 8.02 0.24E - 1
(b) o (Deg) | 25.46 22.60 | 6.42 29.52 | 8.14 0.32
S le) o (mfw®) | o.6E -2 0.41E - 1 | 0.53E - 1 | 0.29 0.10F - 5 | 0.26E - 2
. (a) o {dBs) S 28,06 | -2ho1 | 13.48 - -5.26] -59.80 | 0.67 .
(e} Area (n%) | 624" 622 19.12 ' 680 . 560 - 0.95
10-12° (a) ¢ (beg) -10.55 20,77 0.51 11.57 | 10.2% 0.43E - 1
(b) o (Deg) - | 20.02 15.68 8.5 . |22.85 } 0.9E~1 | o071
(c) c.(m? n?) | 0.518 - 2 | 0.35E - 1 0.5 -1 | 0.20 0.1LE - 4 [ 0.42E - 2
(a) o (aBs) - 22,91 - 23.23 11.33 -~ 6,97 | - 48.58 0.95
(e) Area (i) | 606 16.22 588 1.37




»

by taking a sample which is statistically large.

b. Since data originates from a number of different surface
textures and inaccuracies in terrain slope calculations; as
explained previously; the use of a large number of ;eadings at

each grazing angle is likely to minimise error.

c. The method is likely to result in the most representative

practical values for o for all values of .

RESULTS BY 2° AND 3° STEPS IN GRAZING ANGLE. ' - -

“41.  Tables 6 and 7 include &s much statistical data as neéessary'for . -—
future reference. lFigurQSVB'and6 show other'results graphically rather

thén as‘tables.

L2,  Observation. -Parameters_wére tested fof-statistiéal di;ﬁ;ibutiéns.
For example, although aspect and grazing ahéle éfé sitéfsPecific; these
were testéd in case‘of fuﬁﬁre Cross reference of work in the same fypeléf '
terrain. _No recognisable distribution was found. This is to be expected

since all negative slopes {shadowed terrain - as seen from the unigue

radar positibn) had been eliminated from the database.  Thérefore a general

terrain analjsis (as made by geographic surveyors) is.not applicable,

since here the terrain-is viewed from a specific position.
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43, ‘Sample Spreadof Grazing Angles, Areas and Aspect Angles. From the

stetistical viewpoint the author was well satisified by the spread of data
in each parameter. The range of values was considered to well represent
typical terrain. Although, as is expected, the data w&s not spread

‘linearly, there were no significant gaps in the values or shortage of

measurements at any particular point. In places a small spread of data
did appear to be distributed normally, however, as seen below Weibull
and Lognormal plots confirm the preference for using "Weibull" to

represent -this rural terrain.

L4, Differences Between Means. It has been assumed thab {although the p v o©

gradient may be less at K Band than other frequency bands), the data

would nevertheless exhibit an increase in backscatter for an increase in |
grazing angie. It was therefore necessary‘fo iest §ignal values obtained -
at different grazing angles to see if their differences could happen by
statistical chance or whether differences could be attributed to & cause.An examp;e-
‘ dxnp#rison of means for 2-4° and 8-10°, respectively - 28.25 dB and - 24,01 dB

-

with &d's of 10.l and 13.L4 dB's and 327, Loh samples , is shown:

= 0.666

-ﬂence 10.4 = 0.575, 13.L4
V327 S/

Then JB.STSQ + 0.666° = 0.880
2X+ 0.880 = + 1.76 4B

28.25 - 24,01 = - L4.24 4B
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Since ¥.2b is nof less than 1.76, the difference has not happened by
chance but is due to a definite cause. Similarly, a test ﬁetween means
for 0-2° with 8-10° also proved significant. However, taking two means
- (originating from 8-10° and 10-12°) from angles closer fogether the test
failed - the difference in means could occur by'cﬁénce. It is also
observed that the difference in mean is likely.to be less since the

backscattef at 9O is not expected to be greatly different from that at 110.

TOTAL DATA PACKAGE ANALYSIS =

55. . The results at Table 4 were obtained by taking all backscatter
results (from all azimuths angles and grazing angles) and analysing as &
complete daﬁa éet, on the initial assumption that there were sufficient
ﬁeasure@énts t0 treat as a continuous result without significant géps in
ﬁhe various parameters.

Distributions were plotted af Pigures TaQ - and 7pb ~ to test for

Weibull and Log Normal characteristics.

L6. General Comments. Bargraphs produced by computer statistical package

were used to examine the spread of data for eachParﬂﬁEter-' Observations

'.are ad follows:

a. Baékscatter.c(st). An unusual numﬂer of réédings occurred at
about -9dBs. The;e were attribﬁted to thé rail¥line or associated fencing,
pr‘both, as the obstacle could prdbably be seen at thg lower gréﬁing cycles
(at fﬁe single range) éver several azimuths. Backscatter'plqts well on

Weibull paper, but a Kolmorov-Smirnov test gave a clearly negative resplt

for 81l other distributions.




b. True. Grezing Angle ¥ {Deg). As expected with the deliberate

choice of low grazing angles, the histogram was strongly skewed

towards the lower velues. On examination the bargraph (not shown here)

looks almost random, Indeed it would not be expected that the facets of a
randm piece of terrain, (illuminated by a radar operationally), should, for y,
exhibit any particular distribution. For experimental purposes

all shadowed terrain was excluded. Any distribution here would not be
expected to accord with distributions made by geomorphological surveys,

fTor example, for drainage purpéses. On plotting the values, however,

a good number of the data produced a log-normel distribution.

¢. Tlluminated 3dB Area (m2). Area is a function of resolution cell

parameters and terrain slope. The concept is nominal since, as
explained previously it assumes a fairly sharp cut—off of energy

- at 3dB, whereas there will be backscatter also received from sidelobes
" or just outside the "footprint" area. With the tracking radar used
here the sidelobe 1eVels'aré-extremely'low. Further, any additional
backscatter fromrfhe f;inges of the ﬁominal 333 footprint will most
probably be reflecfed from an adjacent facet which is likely to be

at thé.same angle or nearly sco. Area bargraphs show.two distinct
peaks in the general distribution; one centred on h98mz and a second,
more pronounced, centred on 6L4Om”. There is no obvious reason for
this, other than the likelihood of a fall-off in area due to the 1érge
number of measurements taken at both azimuth extremes of Challoch Hill,
ie the occurence of high aspect angles  becomes larger becguse of the
geographical location. 'Thus no particular significance is attached

the the Area distribution..
Ca L

P
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d. Aspeet 8 {deg).  Aspect values are distributed lognormally for

‘ part of the spread but are not at all Weibull. They are slightly
skewed to the left and relatively few values fall below 8%, It
is pertinent fo comment agein that aspect is essential to calculate
thé true grazing angle.l The spread of aspect was therefore considered
important and an analyéis at 0.3° class intervals showed that only

a few intervals did not contain observations.

e. TRange R {Km). Most measurements occurred at a range of 5 to

7 Km with a predominance around 6 Km, which is this radar's t&pical
operational working range when acting as a low—ievel target tracker.
The overall statistics do not give a strictly true picture here,
since Sector 5 contributes about 20% of the readings taken mainly

between 4.5 and 5 KM.

f. Backscatter Signal. An examination of the raw measuremenfs before

‘cbnversion to the decibel scale shows 807 to fall below 0.006 and
a clear dist}ibution of Weidbull is even more strongly seen éfter the

_ extreme values were removed as discussed. Because of the inclusion
of the extremes . observed ;n the scattergraph correlations can be
significantly distorted. Correlation between:w and backscatter was

weakly negative (-~0.11) and has little meaning when all data

meaurements .'are lumped together.

" FILTERED DATA

47.  Data wes next filtered to remove the outlying values < -20dB and< LoaB,

and statistiecal tests repeated. Results and comments are as follows: '
48. Effect of Reducing Data .File.. The complete backscatter measurements ‘

Fl~17
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TARLE 8a, SUMMARY OF STATISTICAL RESULTS - WHOLE DATA-BASE (FILTERED)

MEDIAN MEAN sd MAX - MIN STD.ERR
¢ (Deg) 5.90 5.57 3.02 11,54 0.07 0.10
2 -2 . o
o dBm".m - 29,10 - 29.30 5,53 - 20.06 - 39.93 0.18
All Data no
Filter o (7)
] 5.85 5.53 3.16 - 11.57 0.T0E - 1 | 0.07
1a 0.282 -2 1 0.288 -1 | 0.48E -1 | 0.29 0.10E - 5 | 0.11E - 2
TABLE 8b SUMMARY OF STATISTICAL RESULTS - UNFILTERED DATA-BASE
(WITH ALL RESULTS BELOW ¢ = 3° REMOVED)
MEDIAN - MEAN ad MAX MIN STD.ERR
¥ (Deg). 6.81 6.98 2.22 11.54 3.07 0.06
6 dBme m 2 | -27.63 | -27.53 | 11-89 - 5.26 -59.85 | 0.31
CORRELATION  + 0.15 -



LY

TABLE Cc SUMMARY OF STATTSTICAL RESULTS DATA-BASE (WITH FILTERED SIGNALS AND ALL

" BELOW ¥ = 3° REMOVED)

bz-14

MEDIAN MEAN sd MAX MIN STD.ERR
¥ Deg ] 6.Th 6.76 2.27 11.54 3.07 0.08
o aBm w2 |- 29,20 i_ - 29,44 | 5.58 . |- 20.07 ~ 39.93 0.20
CORRELATION + .01 REGR ¢ = - 29.68 + .03y




spproximate roughly to both Weibull and lLognormal for much of the range
of values. After excluding the extreme vglues the total data exhibits a
closer Weibull distribution, end if the values for ¢<3°aréeliminated an

even stronger Weibull fit exists. These are plotted at Figure T.

Lo, Results of the reduced data file are at Table &, Under these
conditions a check on the statistical distribution of Y was also Weibull -
although this may have no significance, being site-specific. Median and
mean of each wrclass interval were also used, and these are plotted at
figs 8g rand 8y in comparison with the other results. In addition
to the Wéibull and Lognormal plots, the Kolmorov éﬁirnov Test indicated

a strong normal tendency.

ANALYSIS IN 3° GRAZING ANGLE STEPS

50, Data in four sets enabled the 0O- 3°values t0 be analysised separately
to ensure that any reversal of characteristics would be isolated from any
influence of baqkécatter values from the higher angles. Data was analysised

in 2 ways:
a. All dats included (Identified as 03C, 36C, 69C, 912C).

b. Data reduced in each set by a >—20 <-h0dB filter (Identified as

03M, 36M ete) and means applied for each class set. Class sets were
determined;unot.by»arbitrgry.equal‘stepsg'but by-gfoupihg:all backseatter
readings from terrain of the same grazing angle. For example, the

mean was.found of all the backscatter readings at.w = L. 86° and so on.
Since ¢ = u-56oioccurred a large number of times.at different ranges

and on different azimuths (and aspect is accounted for — since true

grazing sngle is used), the backscetter mean is taken to be the most
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TABLE 9 STATISTICAL RESULTS -~ REDUCED DATA RY FILTER,

MEANS AND MEDIAKS OF CLASS INTERVALS

|

MEDIAN MEAN s.d MAX MIN STD.ERR
FILTERED DATA _
o -(dBs) - 29.39 ~ 29,52 5.56 - 20.07 ~ 39.93 0.19
P (Deg) 6.52 6.12 2.73 11.57 0.07 0.09
Signal 0,J2E -2 { 0.2;E -2 | 0,248 -2 | 0.98E - 2 | 0,10E -~ 3 | 0.86E - 4
MEANS OF CLASS INTERVALS | _
o (dBs) . - 29,72 - 29,77 3.37 - 21,91 ~ 36,5k 0.5k
¥ (Deg) 6.25 6.09 3.23 11.625 0.125 0.53
Signal 0.20E -2 {0.21E~2 [ 0.14E ~ 2 { 0.68E - 2 { 0.25E - 3 | 0.23E - 3
MEDIANS OF CLASS .
INTERVALS , )
. o {(dBs) - 29.65 - 29,87 3.L46 - 22.95 - 36.54 0.58
y (Deg) 6.125 .00 3.21 11.875 0.25 0.54
FILTERED AND ALL
BELOW ¢ = 3~ REMOVED '
o {dBs) - 29,20 - 29,4k 5,58 ~ 20.07 - 39.93 0.20
v (Deg) 6.74 6.76 2,27 11.54 3.07 0.08
UNFILTERED AND ALL
BELOW ¢ = 3~ REMOVED
o (dBs) - 27.63 - - 27.53 11.89 - h6.9 ~ 5.2 0.31
V (Deg) 6.81 6.98 2.27 11,57 3.07 0.06
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TABLE 9b- BY METHOD OF MEANS OF BACKSCATTER FOR LIKE ANGLES - FILTERED DATA

MEDIAN  MEAN s.4 MAX MIN '8TD.ERR
0-3°
W (Deg) 0.25 0.47 0.50 2,61 0.07 0.08
o (wn?) 0.26E-2 [0.21E~-2 [ 0,23E - 2 | 0.88E -2 | 0.11E -~ 3 [ 0.37E - 3
‘ | | - < |
o (dBs) - 27.75 - 28.51 5.35 - 20.52 - 39.43 0.85
3-6°
¢ (Deg) 3.95 3.85 1.00 5.79 2.26 0.06
o (m°m ) 0.12E -2 } 0.22E -2 | 0.23E - 2 | 0,98E - 2 | 0.10E ~ 3 | 0,1LE - 3
o (dBs) - 20,1 - 29,3 5.46 - 20.08 - 39.88 0.32
6-9°
v (Deg) 6.79 6.71 0.88 0.98E - 2 | Q.10E - 3 §{ 0.05
o (z°m %) 0.962 -3 |l 0.21E -2 | 0248 -2 | 0.98E - 2 | 0.10E - 3 | 0.15E - 3
o (dBs) - 30.16 - 29,83 5.56 - 20.07 - 39.89 0.35
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TABLE 2 CONT

MEDIAN MEAN s.d MAX MIN STD.ERR

9-12°

¥ (Deg) 9.4L 9.31 1.39 11.57 6.76 0.09

o (n'm ) 0.12F - 2 | 0.225 ~ 2 | 0.24E - 2 | 0.958 - 2 | 0.10E - 3 | 0.16E - 3
- 29.14 - 29.57 5.62 - 20,18 . | - 39.93 0.37

o (dBs)




practical value to represent the particuler grazing angle of interest on each
occasion. Results using this method are at Table 9 end plotted at figures
9a, 9b and 10. The same process was applied for raw signal strength, Values

obtained for the means of the total data file are included for comparison.

ANALYSIS IN 2° GRAZING ANGLE' STEPS

51. 8ix data sets identified as 02, 24, 46 etc were analysed in the same

way as the 30 sets.

COMMENTS ON TABULATED DATA - TABLES h‘TO 9

52, Within the overall data summarised at Table 4 considerable fluctuation
occurred, not obvious until seen by sector.at Table 5 and subsequent analysis
in 2° ana 3° steps. For example, the variation in regression models (¢ v a)
shows that quite different models are obtained from adjacentzﬁerrain sectors.
These are inaccurate being distorted by extreme values and cofrelations_are

seen to vary widely.

53. Tables 6 andrT reveal much more information about the general nature of
the backscatter. The data in both tables is unfilteréd, ie all measurements
are included. Thus an examination and comparison of values (while showing
trends as grazing angle varies) also highlights any unusual resuits due to .
extreme values falling within any particular step. The ratio of mean to
median increased significantly as ¢ decreased. This finding is in accord
with observations in the USA (Report "Seek Igloo"). It is not clear why

the standard error for aspect 6 is signifipantly different for 8-10° at

-0.32. Despite the various methods of data reduction, made to eliminate and




minimise undue influence of outlying values, it is of interest that o,

- remains at approximately - 29 dB; as seen in summary table 9b-

COMMENTS ON PLOTTED DATA - FIGURES 5-9

54, It is assumed that a Wéibull distribution exists if plotted values

fit between the 10% and 90% levels. Several impértant facts are confirmed
by the distributions at Figure 5(a). It is immediately apparent that a
good Weibull fit_exists, that the slope parameters are sensibly the ééme
(slope -parameter approx 2.57, shape parameter 0.39)for‘5 of the 6 sets _
of data . The data set with a different slope (8-10°) warrsnted further -
investigation. Values were back plotted onto a large-scale map, since en -
unusually large mmber of high readings were found (- 8.5 to - 9.6 4B, at
56.4° to 56.76 azimuth aﬁd 5750 to-5800-metres range). 'Theseﬂwere found
40 come from a rail line, on an embankment, and rail bridge over.the trunk
road AT5 between‘E and W Challoch; By removing these readings from an
othervise 'standaxd'.set of results the distribution plot for 8-10° moves
towdrdg,the slope of the other data sets. This coﬁfirmed the contaﬁination
in this case and it was thought reasonable to make.this adjustﬁent to the
data. Tt should be notea that the ﬁedian\(so% Weibull) level fixes the
position of the cﬁrves on the plot. These results most clearly demonstrate
 (canfirmed_again at figure 10) that backscatfer values apparently increase -
-at very low grazing angles - assuming of course that these angles are

. J
eorrectly measured (subject to terrain measurement errors discussed at

- para 25 above).




55, The lognormal plot at figure S(b) shows that thelJﬁLL distribution
could almost equally be used a5 a representative distribution, ¥For 3°
steps the mean slope parameter is approx 2.8. As before, these distributions

élearly show an increase in signal strength at the lower grazing angles.

56, Results at figure T were commenteé upon at paras 45-46, however it is
noted that inﬁroduction of the signal filter changes the slope {as
expected), but does not change the excellent alignment of the plotfed
readings on Weibull paper. If all data for ¢ < 3° is removed (postulating
removal of data bel6w the possible minimum in the o v ¥ curfé); Figure
T (Curve *) also shows & very good fit with a slope parameter. identical

- to that at Figure 8 (ﬁeans and medians).
57T. The results at Figure 9 are for data taken in b4 sets with signal filter
applied. Data was then separated into mean and median values by grazing
angle class intervals. It is shown that a good Weibull fit exists

(Figure 9(a)), for which the Weibull shape parameter is almost idemtical

for the 4 sets (0.9 with slope parameter 1.1). Kolmorov-Smirnov tests

indicated a strong tendency also to Lognormal, as seen at Figure 9(Db),

SKEWNESS, VARTABILITY, REGRESSION AND CORRELATION
58. Data distribution were checked for skewness aﬁring the ¢ = 2°

intervals, where the o (dB) skews were near zero on 2 occagions and negatively
skewed on all others. A significantly higher coefficient of variation
occurred below ¢ = 2° and also between 8-10°. In the latter case this is
probably due to the problem at this'angle recognised at para 54 above., It

wvas 8lso noted that both true grazing angle and backscatter values became

"more varisble as ¥ reduced; markedly so for angles below 2%,

F1-36




59. Regression. Rbgressiqns were made between ¢ end Yy, however once it
| | became clear that ¢ increased for small values of ¢, iﬁ became clear that
1 straight line regression éould not be used for the whole data base;
but oply to that portion to the right of the minimum. Reference to figure
o

10 shows that this minimum occurs at some point about ¢ = 27, The best

model for this section of the curve proﬁably lies between g = 29.6 + 0.05 ¢
and =305+ O st/clﬁs.

60. ' Correlations. Correlations between o and ¢ is shown to be positive

(for ¢ > 3°). The variability of data in some sets is such that without

a greater number of samples a stronger correlation is unlikely;

61. General. Apart from the- statistical values shown, & vewry large
“number of supporting caleulations, computer file handling procedures an
plots were made. It is not consider&d necessary to include bargraphs,
scattergraphs, hisﬁograms or frequency tabulations, as this information

appears on the various plots. : : |

62, Weibull Relationships and Cell Size. Aﬁove P = 30, as also found '

{71} (see pafa 39 page 4-89), the s.d increased as pulse lengtﬁ effectively |
decreaéed (ie illuminated area reduqedﬂdue'tb surface tilting‘effects),_
‘however the empirical relationshipé between T and the Weibull shaﬁe parameter
could not be established. As seen from the consistency of the curves at
Figure 5(a) the shape parameter-is approximately constant despite
fluctuations in cell size by as much as 16% from the standardised value.
Neither could the shape pafameter found be fitted inte the tables, curves

or relationship'given by {71} at A = 10 cm.

A o




CONCLUSIONS

63, It is proposed that the results here are statistically valid and that
ressonable.assumptions, with correct-and_careful procedures were used to
expose the undérlying trends in the backscatter data. !ore hypotheses were
tested than have been shown; they are not included here if the results were
- inconclusive. For example a correlétibn matrix was made at each stage
between all variables, together with all regressions and cumulati%e
distributioné; many were null or - ‘inadmissible relationships, or.were
site-specific.
64, . The results compafe well with other puﬁlishéd findings as seen at Figure
> Chapter 4, where the proposed model falls Eiése to several others; although
at a slightiy shalléwef rate of change of o for ¥ at about 1.5
dB per deg; down to the minimum. Since there are few other published resultg
at K Baﬁd,'the reéults shoﬁn-are inevitably.cbntr;sted with those from
I or J Band, or with other models whiqh take account of frequency by postulétion

rather than actual measurement.

65. A most difficuit area to be sure gbout is that at very low grazing
angles, Where, as found by some other researchers,.cc values inexplicably
rise.: It has already‘been §ostulated here that terrain slope angles are
rarely wvhat they appear to be, since even within a 50 or 100 metre square
‘area terrain undﬁlates appreciably._ It may always be questioned as to the
proportion of illumination acﬁually impinging at the presumed mean #ngle. }
At shorter wavelengths this becomes eveﬁ more relevant. A large part of

‘a facet ma& be in shadow due to ﬁigh freguency undulations of the'surface

eg in rows of crops, Dbanks and hedegrows. In practice there will almost

Fl138
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&lvays be a proportion of the cells containing (for the "rural® description),
brick buildings, fences, metal farm buildings, vehicles and so on.
Therefore the contamination these produce cannot be ignored. Production

. of a 2 part clutter model may be possible, ie under lying trend plus an

allowance for peaking.

66, It may be questioned whether there is some unknown mechanism which

- applies only at very low grazing angles and causes ¢, to rise; or ig the
rise entirely due to inaccuracies in terrain angles? Comnsideration of

v+« this possibility commenced with a critical examinafion of possible terrain

measurément errors. Correlation was définitely:positive for ¢ > 3° and
reversed at scme point ¢ < 3°. The variability of the data .vas such that

- & greater number of ohservﬁtions-woﬁld'be'preferable to obtaiﬁ"strOnger
correlations. What errors were likely and where might the medel fail?
“Every effort was made to minimige terrain errors and worst case errors
would have'td be present in large nﬁmbers to_significantly chﬁnée the
underlying trend. Errors wﬁich.did exist will have coutribuiad to the

fluctuaticns found.

67. . It is suggested that the model is accurate within the constraints of

~such a study, especially at X Band wavelengths. There is a remarkable

consistency in the culmulative distribution slopes when the data is
analysed in arbitrary steps of 2 or 3°. Further, if it is assumed that
errors do exist in ¢, causing values to be misplaced on the curve ﬁtll :

. Figure 10, an angular error far larger than the worst case calculated above would
have to be appligd in order to cdrrecting reposition the backsgatter reading
elsewhere 6n thé curve; It is concluded therefore that a rise in backscatter

level does occuf at very low grazing angles. It is nevertheless re-iterated

Fi-3q
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that true grazing angle errors can also be included, and that these may not be

obvious without careful consideration.

68. For "rural" terrain it is suggested that the proposed model
shouldbe applicable to similar tracking raders in similar terrain

conditions, iﬁf the context of detectability and tracking of LLSAM systems.

69. Returning finally to 2 aspects, those of useful 18 product relationships

A
ahd the mecﬁanism causipg 9, to rise at very low ahgles. Pirst, & lot of
' effort‘wee.expended to try and apply Dodsworths proposal for sealing
distributions to obtain new median values, and to compare shape parameters
_as suggested at Chapter 4 and Annex A, wothout success, .It is clear that

for meaningful Weibull conclusions a series of measurements:must be made with
a'varieble pulse duration.rader at the same time and place for cell

scaling relationships to be studied. In summary no conclusive evidence was

found to iink the shape parameter to‘the TGA product.

70.  Secondly, the rise in _ definitely occurs at low grazing angles, as
distinect frqq lqw terrain slopes. Calculated grazing angles were as much as

3.6° lower than elope angles, and many of the lower grazing angles were from
terrain sioped at quite diverse angles. Above ¢ = 3% the ratio of ¢ to mean
terrain slope increased almost linearly (from 0.78 at ¢ = 3% 10 0.98 at v = 12°),
but dropped abruptly to 0.63 at ¢ = 1°. The iﬁplication is that as terrain slope
increases, ;ow values of § are less likely. Greatest incident signal
attenuation could be expected at the higher values of ¢, since the depth of
penetration into surface cover 1s probably greater It is proposed that below

a crltlcal angle (here about 2.5 ) desplte the fact that the rms surface
roughness appears to be smoother in the general sense, § reaches a value where
the signal finds it difficult to propagate inte the culture; since the majority '

of reflectors in 'rural' terrain are seen increasingly as vertical structures

“l-do
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(grass blades as long cylinders), as y reduces. All other
reflectivity factors, e.g. ground conductivity, reléﬁivé ﬁielectric
constant, A, etec. have not_chang;df Further, the mechinism wodld be
more noticeable at higher frequencies, where absorption is higher. It
is of interest that the experimental result here (Figure 10 and see
Chapter 4, Figure 5) is generally below the other world-wide curves.

Only Trebits at 95 GHz is lower.

71.  Reliance of Findings to Overall Tracking Predictions:

Irrespective of the terrain slope it is confirmed that any target
flying at near grazing angles could enter a region (unless the
underlying ground is shadowed) where a rise in clutter values may
occur to a levei which may compete with the target RCS. Targets
should fly such that an.angle of 1° or less occurs, typically 100 m
altitude at 6 km range. This is easily achievable by manned aircraft
and even more so by terrain following missiles with minimum RCS where
grazing éngles can be even lower.

72,  Compatibility With Other Models: Within the past year Barton{23}

has proposed é\ﬁﬁified clutter model for flat or rolling terrain, at a
number of RF's. Although ¢ is implicit in his mocdel out to

R = 4ﬂhrlchrlk, for both flat or rolling terrain, the model does not
set out to relate ¢ with ¢ in isolation. The short-range model,

¢ = ¥ sin ¢ is plotted at Figure 10 in contrast to the K Band results
obtained here. vy is a "terrain coﬁstant' set at 0.04 for USA
test-sites. It is observed that the K Band results here are not
scaleable to meet Barton's proposals by simple adjustment of y; since
the o V ¢ gradient is shallower. Beyond R}, out to the horizon,

Barton used ¢ = ¥ (hrllR)F;‘baséd,on propagation factor

F=(Ri)4, n.l =he, + 20, where op is the terrain surface standard
R




&éviation. It may be concluded that although the Barth unified model
1s a good assessment for flat or rolling terrain, it may ﬁot be as
applicable when a target is being tracked against a backgroand of
gradually rising terrain, since the filtered model (-29.6 4 0.05y)
diverges significantly froﬁ Bartoﬁ as P increased. However, the
medign model over comparable ranges (-30.8 + 0.875y) confirms.Barton's
proposel within 1.5 dB or less, but it is only applicable for ¥<3.
Below ¢ = 3° the values of ¢ rise at a rate which it would be |

inadvisable to quote as a general rule until more results become

available to confirm the phenomenon and the mechanism becomes

understood.
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FIG |aVIEW FROM RADAR TOWARDS SLOPED TERRAIN USED FOR CORRELATION STUDIES



7 [Claghanplucks White
; L 344UTN T Loch f"
o e

Chi’enry

Bafnob

. l Cairn

. Eairnz g |Camriex

'chy

Cairns

Moor
-

__Ayrfield\ |
S }L%ed) \re

CampheH s |;7

% by {
({ Eamys e

Mt YL |Magkitiie
| ;

) E@ Y e 1 ‘ |
hi A | Solds § . 2 ?".“” & N~ d|Balmesh \fenho |
; Galla l”%\ 53 | “Prochs / —— 1 s .J' ; mes . ] 59 el W
N 10 v B AR Craigenholly / | t
Cudrn Main ) h DAT 64 ° |'/ Ll gateBlackhill
y [ . | AN Ro Planting 4 ﬂ Tiigh Ynhm‘ Abber |
=g 100 118 (120012 3N 5/ 1" 2 A : i INTS \\( =‘ Sl
,"'%ore [l Bokiand N> c\ .‘ \ AN Bareagle Forestloalp” Borelendl A~ "0k of the wo!"f ] _ Chpiactle
I 17 l.‘ P i NG : ¢ e W ’r' 7 / \ / Officer’s irn >
- 1 & 12241y, = oy i Challoch ZN / | Cebttadls] | 3 il
ar ~ (I o] ([ Kirminnech ) 9 ower |45 -~ 3 Iy D I 50 [fCe 75
4 i\ & > Hilt A '?ﬁ \ A g g
o \ a3 . out \
2 7 ek \ Litde Gene 248 DAT 53 Eay - o
/ A Vil 2 \ & i \ o
Drund‘och >, { =
A A\ i 3 East Cralloc 'F i
1 D PETT T | o
2 RS s e o Bt [P 9
;;iﬂ _m // 5 QgMGUO: hitel s N ‘ft \lvll‘\
\ Fomm, W Barsolus ,‘\N -
\ ‘t" ach } :
i, -Wes_ﬁ'\Galdeng% % . 'rs se.,emji
8 A ”M—s " St Heléna : IO il
\ o Island, )
\\ East .f A “Barnsall|
\ Galdenoch poe Fell...

\Emrn-_
WHiite f.e'iJ
Foc rl_ 3

58

Ford

MS

_;{\E\ rn

\Castle |
inniness

North
Milma

N Ealen Tooter) .
Laigh D\ {.-‘ /

| ' Gl
Sinniness
) S
Lol arth
/ g th‘ﬂ ng £ogs
5 = E [ Sinniness!
=t n T Low .~ | i .32 Ml Bclrrt;'cksJ
Y] ulgroat fi
24y 2 of Sirininess G
MsNYT |
3 G

High®? | fms



%‘\j”'

CORRELATION TESTS

A S A A A A A A R Sy A o S A

.20 5. 10 -5

METRES({Range Decreasing)

+5 +10

-""n-ﬂ---"-"@"--g

‘16 2 OPTIMUM CORRELATION FOR ERROR CORRECTION

+15

Y

+20

METRES({Range Increasing)



st

RADAR

TERRAIN GRADIENT AT P

0 \

- FIG '3 UNDULATIONS ON SLOPED OR FLAT TERRAIN




s e

0997

"2sD| 0.98"

635}

"0.9
15D/

“0-

079
0;5- T
P 0 15 T

vy,

03]

| " 0.2

0.1
' 0.05

25D | 0.02
"0.01-

3sp |

1

! 0‘;()0.!1 " T ' T T 1 - .- )
' 60| © -50] 40 -30 | 20!
s, 4B m¥m? |

FI¢ 5(a) CUMULATIVE PROBABILITY THAT .VALUEis
NOT EXCEEDED - 2° STEPS “(WEIBULL SCALE)

10

Fi-ub



0.9.'|
07
015 1
0.3-
024
0.1-
: 005;
0.02
%
. [ ]
0791" '
A
. ©
0.0051 .
+
Po00ibiror—
-60 50 40 307 .20 10
| o, dB m¥/m?2
FIG 5(b)  CUMULATIVE PROBABILITY THAT VALUE IS |
NOT EXCEEDED - 2° STEPS (LOGNORMAL SCALE) ..~

C\-q."



0.91
07

0.5

9.3;4

0.2 -

0.1

. 0.054

0.024.

ogg4

0.005-

'E ﬁ%’.o;‘mw Seofz
ParrmeTars (N
BeACLES

b.001‘j

L] T

-60 -50 - 40 | 30 20

o, dB m/m?

FIG 6(a) CUMULATIVE PROBABILITY THAT VALUE IS
NOT EXCEEDED - 3~ STEPS (WEIBULL SCALE)

g

0 |



.,
:E¥§%ﬂ
2sD| 0.98]
0.95

10.9 -

15D

P

60| ' -50] 40 -30. 20" 10! 0}

o o B m%/m? |

P16 6(b) CUMULATIVE PROBABILITY THAT VALUE TS

NOT EXCEEDED — 3" STEPS (LOGNORMAL SCALE)

Flfqﬂj
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‘FIG 9(a) CUMULATIVE PROBABILITY THAT VALUE IS
NOT EXCEEDED - MEANS OF 3° STEPS (WEIBULL SCALE)
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“THE PROBABILITY OF

DETECTING AND TRACKING
RADAR TARGETS IN
CLUTTER AT LOW GRAZING
ANGLES™

DATED

APPLICATION OF MODEL TO EXAMPLE SYSTEM AND LOCATION

1. It is assumed that clutter is present in the resolution cell for

the entire observable track length, taking the worst-case condition;

_although there will be occasions when clutter is ’shadowed'. Certain other

iﬁitial assumptiors are nmecessary, either assessed or postulated according

to the situation. For this example calculation the basic assumption are:-
{a) Terrain: BRural almost flat with vegetation and buildings
giving a terrain sightline responée as at Annéx E, Figﬁre Sa, page
E-25. It is assumed that the mean terrain élﬁpe produces |
Gy = —28 dBul.m2 at 5 km range, and has a surface reflection
coefficient of 0.3,

(b) Missile System Parameters: Considered next (since it

dictates the required radar track length) a Reaction time of 10
seconds and V = 600 ms,

(¢) Target Parameters: Transitting target at 300‘ms'1, and 60 m

(200 £t) altitude and dimension maximum approximately 10 metres.
RCS minjmum 0.05 m? {see page E-22). Crossing the site at a range
of 5 km.,

(d) Tracking Algorithm: A tracking algoritim of the type

described at Annex I (page E-12) is acsumed. /

%
/
I
/f
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(e) Radar Parameters: Radar parameters from the list at Chapter:

6 (fage 6-146) are used, but the aerial height is lowered to 4 m
{i.e. not clear of obscuration). A diode mixer receiver is assumed
on this occasion with a 1200‘ﬁz filter bandwidth, 10 velocity gates
" and 90 range pates, i.e. 900.decisioﬁs per target pulse burst using
a pulse-hurst systeﬁ of 4 bursts of 10 pulses, PRF's 12000 and
10750. ‘For 60 rpm the dwell-time will be 5.3 msec.
2. | 'Other assutptions on ECH degradation etc; are made later in the
gequence which follows.

ASSESSED PROBABILITY VALUES

3. Track Length: A combination of parameters from paragraph 1(a),

1(b) and 1(c) above when applied to Table 1 and Figure 5a at Annex E gives

P = 0.22

It is important to remember that this is the minimum tracklength necessary

for an engagement (see also paragraph 4 below).

4. _ Trackingﬁ It is assumed that the equipment under consideration
~was designed to give a probability of detection (given a sightline) of a

0.9 overall. Applying this to the tracking algoritlm at page E-18, where 2

in any succe;sive 3 looks.must cross the thresheld to delare a track (2 out

of 3 sliding window algorithm) hence:

(a) Probability of declaring a new track PE& = 0.57
(b) Probability of maintaining track,

once obtained Ppr = 0.972
Hence, (c) Probability of loosing track, _
once obtained Ppp = 0.028
5. Detection: Time between false alafms is assessed zs 900 secs (15

mins). Transmission time of each burst of pulses is 10 x 83.3 us (for PRF

12000) and 10 x 93.02 ye (for PRF 10750); totalling 5.28 .m.sec if 3 bursts
/

of each are completed within the dwell time of 5.5 m;éCC, i.e. at least 60

- . Jl’
hits ‘per antenna sweep. Probability of false alam depends upon the number

of decisions per second and the false alarm interval.
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’

No. of decisions =_990 26 =1 x 10° and Pfa =1 x 10~9
5.28 x 1073

The target is observed at least six times per antenna sweep, hence the
probability of detecfion per burst for a Pp of 0.9 is given by

f = }1-(1-0.9) 1/6 = 0.32. Using the staﬁdard curves at Figure 3, the
required S/N is 12.5 dB. Correcting for 10 ﬁulses using Swerlings
Integratioﬁ Improvement factor adds 0.6 dB for the Swerling 3 Case.

6. Use of Clutter Model at Annex F: Using the standard equations,

the total receiver clutter reduction for a tdrgét to be detected at 5 km,
for Gy = -28 dB, is [<29.2 dB + (-12.5 - 0.6)] = —42.3 dB. Worst case rain
conditions give =~24.1 dB, well within the radar's éapability. In practice
the radar may have a far better performance in rain due to éircular
polarisation. If the target is reduced in altitude so that the radar
grazing angle Y= <2°and the clutter level rises (as shown in the research
at Appendix 1 to Annex F) to a level of ~18 dﬁ at T\= 1°, the values above.
become:—

[-39.2 dB + (12,5 + 0.6)] = -52.3 dB
If é.clutfer rejection capability is postulated for a system it is thus
pdssible,uby the insertion of the clutter model, to reverse the calculation
process to detemine the detection performance, tracking performance and
hence the total system pfediction. '

7. Area Assessment: For a particular terrain, given target size and

full terrailn data, for a given site position it is possible to assess a
percentage of occasions when the target may be lost in clutter. Many modern
radars can process clutter to a high standarde It is assumed that in the

terrain




in question targets are lost in clutter for only 2% of the time a sightline

—

Clutter Factor 0.98

l

8. Chaff, Noise and Deception ECM. Chaff may pose a detection problem

exists.

unless filtered by MIT. In the basic detection mode, fﬁrward firing chaff
from a radially apprbaching target can usually hide & target

because of the large RCS produced., This would ﬁe a wﬁrst-case condition
for a point defence:tracking'radar (failing MTI). 1 Kg of broadband

chaff produces 660 e (since o = 1365W/dez). The teader is

chaff
referred to Haddow {137} and subsequent reports on the technique of radar
tracker break~lock as a distinctly different use of chaff, TFor example

purposes here it is postulated that system radar performance is degraded

" to 50% of its undergraded value by the use of ECM, ie tracking error is

increased to an unaccepbtable level 50% of the time

B, = 0.5

9.  Tracking Frrors. Para 4 above considers tracking probabilities given

a sightline., Scanning radars will attraét azimuth tracking errors

{e @ _1 ) Skolnik (p 148 Fig 5.16), while tracking radars will be
subjeg%7§; errors discussed at 9-187 and 9-~193, Range, refraction and
elevation errors should be applied as appropriate Pages 8-1T4 to 8-176.
These are also calculsted by reference to Annex E - probability of sight—~
line falling on target. For this example it is taken (page.E-EB) that &
target at 5 km can be tracked successfully when there is a surface
reflection coefficiént of 0.3. From Annex E (eéuations {4) and (5)) it

is calculated that the ﬁfobability of the sightline falling on the specified

target is

PS = 0.2k




A rétio of 10 was assumed for qs givingo¢ (el), (52) as respeétively

0.43 and 0.18,

10. Diffraction. The effect of diffraction, which could enhance track
lengths, is more difficult to assess in the absence of site — gpecific
data. A computer program was wriften by the author to produce the exahple
plot at Annex F Fig 6. Page Fl0 together with Chap T provide the critefia.

For this example s diffraction factor of 1 is used.

D.=1 (ie no enhancement).

11, Missile Performasnce, If an overall assessment of radar tracker

system performance is to include a missile engagement, a

_lethality figure must be included, This will depend on many factors

including trials results under idealised and possible under countermeasure

conditions. A figure Pk = 60% is used here for example purposes.

P = 0.6

12, Operator Performance. In those systems where an operator is used
several sources of degradation may occur which can seriously affec£ overall
system performance but which are often difficﬁlt to quantify. Conditions
mey also change dsy to dsy and reflecﬁ, for example, on morale, fear,
training standérds, coldness if exposed or lack of confidence in the

system (following possible earlier failureé). The operator may be using

a system but forced into the optical mode by the enemy jamming of his
associated tracking radar; the system is thus elready in a degraded

or reversionary mode of operation. He may of course be assisted if the
system is semi-automatic (ie SACLOS compared with CLOS). For this example

operator efficienty is taken to be TO% ie daylight with good visibility

.« POE = 0.7




13, System Availability. If e system is mobile it may not be in an

may be able to partially defend the air space during its redeployment.
System equipment availability is calculated from MIBF and MTTR (see Fig
2 page 11—226), taken to be 75 and 4 respectively. With redeployments
and reload availabiiity to account for, overall probebility of

~ readiness is taken here as 70%

PR = 0.7

this may of course degrade after a redeployment due to vibration, weather

ete.

1k, Targét Re—engagement. If an engagement fails for one reason or

another it méy be possible, depending on target speed, sightline and
available tiﬁé to re-acquire and refire. There will always be a low
probability of obtaining a larger track length than the minimum, byt the
~refire reaction time - . is often much faster than the original reaction
times The re-establishment of tracking will naturally depend on clutter,
operator skill or auto-system ability etc. To assist in the prediction
process two nomograms are included at figs 1 and 2 (pages G io and

G 11) Fig 2 is a standard multiple trial (engagement) nomogram to be

used where required for salvo engagements. Fig 1 was deliberately

produced as two 3fd order nomograms rather than s single (5th order Genus 1)
nomogram 80 that either the track length covered by a target during missile
flyout or itracklength flown during system reaction time can be read off a
common sceale, ‘This means that the target velocity/reaction time grid

irmediately operational condition, while others in a similar location
on the nomogram can also be used to read off re-engagement track lengths.




QVERALL PREDICTION

15, Results can be easily read from the simple multiplying nomogram

figure 4 _

a., Mobile System — Operator Controlled (No EOCM)

P= PTL X PMX X PR bd POE

v}
1}

0.22 x 0.7 x 0.6 X 0.7

2]
|

= 0.06 (6%) this result is shown on the nomogram

b. Mobile System — Radar/Automatic Fire Control

P = PTL X PMM X PR xP_ x PS
T
additionally multiply by ECM, clutter and diffraction factors,

as appropriate,

lav)
[t}

0.22 x 0.6 x 0.7 x 0.57 x 0.2h4

b
1

= 0,013 {1.3%) =~ this result is shown on the nomogram

at

16. This method assumes that tracking and hence engagement opportunities

can always be used and that they apply to 360o azimuth cover. There will

be cases where PTL can be very much higher in value dbut only applicable

to a limited sector in azimuth;‘advantage can, of course, only be taken

from these sites if targets fly into the high PTL sector. The

probability of targets entering these sectors then also becomes of

o-T




interest. However such siting is usually deliberate in order to protect a
sector along which targets may be constrained to fly due to type or
alignment of the intended surface target. It is suggested that another
factor P ; ie probability of converting a detection to an engagement

E
might be incorporated.

17. The importance of PTL is re-iterated since in flat snd gently
undulating terrain it can be significantly improved by simply raising the
tracker aerial clear of immediate obstructions. In the tﬁo cases gt para
15 placing Py, %0 1 immediately changes the results to 29% and 6% respectively.
Similarly on a fixed site PR might be much better.

18, Interpretation. It is also necessary to remind the reader exactly

- what the results mean, since much misunderstanding of gimilar results has
occurred in the past. The result (6%) at para 15a does not mean that 6%
of all targets will be successfully engaged, however, 6% could idgally-
be engaged if every opportunity is taken since it is a statistical wvalue.
There may be slightly more ~ or far likely, less - opportunities in
practice since it has been assumed that no target appears as & surprise
and that targets are engaged(tracked]either approaching or crossing but

not receding.

19, Further, improvements may occur in a radar tracked system if off-
site assistance is given by other radars in the area; while on the other
hend degradation will ocecur if electromic counfermeasures or target
manoeuvre is used to degrade the tracking function, Notice that with the

tracking algorithm chosen there is a 3% probability of loosing a

G-8




successful track after obtaining it with a 90% detection probability

once it became unmasked. Conversely there is a 97% probability thet
tracking will continue successfully subject to a sightline or diffraction

path and nc other degradation.
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