AD A139 531 A MODEL OF RADAR PROPAGATION AND DETECTION(U) ROYAL
AUSTRALIAN NAVY RESEARCH LAB EDGECLIFF
M R BATTAGLIA ET AL. DEC 83 RANRL-TN-2/83
UNCLASSIFLED FIG 17/8




*\ ¥ ) .

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANOARDS — 1963~ 4

-

¢ S

: ¥ C—e‘ A

-y




RANRL T/N (EXT.) No. 2/83

DEPARTMENT OF DEFENCE
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION :
RAN. RESEARCH LABORATORY }
EDGECLIFF, NS.W. 1

RANRL TECHNICAL NOTE
(EXTERNAL) No. 2/83

AD A139531

A MODEL OF RADAR PROPAGATION y
AND DETECTION ~

ELE
M.R. BATTAGLIA S:t“:’ 00
'P. WILLIAMS A

THE UNITED STATES NATIONAL
TECHNICAL INFORMATION SERCE

IS AUTHORISED TO
REPRODUCE AND SELL THIS NEPORT

APPROVED POR PUBLIC RELEASE

corY Ne. 26




k2

PNCLASS TFikD

DEPARTMENT OF DEFENCE

R.A.N. RESEARCP LABGCRATOXY

@ Compunweelth of Austzalia (1983)

RANRI. TECBNICAL NOTE (EXTERNAL) No 2/83

A MODEL OF RADAR PROPAGATIOM

AND DFTECTION

M.R.BATTAGLIA
and
P.WILLIAKS

A computer model of redar propagation sad detectios is described.
probability of

The details of multipath, clutter, attemsation and
detection algorithms are costained ia separate saneszes,

POSTAL ADDRESS: The Director, RAN Research Laboratory
P.O. Box 706 Daslimghuret, N.8.¥, 2010

UNCLASSIFIRD

Sy




]
e —4
| i
Lo idi r
P
po CONTENTS : 1
! !
! ;
L 1.  INTRODUCTION 1 I
‘ !
‘l .
: 2., THEOKETICAL BACEGROUND 2
2.1 The Radar Equation 2 (
: 2.2 Clutter 3
! L
i 2.3 Noise and Probability of Detection 4
; REFERENCES 7 f {
| L
; ANNEXES :
A. Refractivity and Effective Earth Radius A-1
|
’\ , B. Attenuation by the Atmosphere B-1
‘ C. Pattern Propagation Factor c-1
A R
' \
i D. Antenna Pattern Function D-1 &
1 E. Antenna Noise Temperature E-1 ) }
. F. Clutter F-1
,oee !
2 G. Probability of Detection G-1
. H. Noving Target Indicator (NTI) -1
; | Accesaion For T
‘ I. Examples of Program Output NTIS Gm“--»w-?z_. I-1 .
: DTIZ PAR ks
. : X S unged 1
‘; i DISTRIBUTION D fesmimomtios | 103
! ‘ DOCUMENT CONIROL DATA SHEET ' I“‘:" e 105
. A- i “Duu-i!?u.\;i;n/
! X Availability Cedes
: Avail ane/or
, Distl | Special
/) 4




e i o =

————-

1. INTRODUCTION

The prediction of radar and ESM performance in & complex mari-
time epvironment has become s rootine task for the naval operations
analyst. With the emphasis on operational rather thanm environmental
variables, resort is usually had to readily -vuihble.co-putet programs

for propagation and detection. If these are not available, seversl
physical and mathematical approximations most be made to facilitate

routine predicticans,

Simple 1adar models employing ’'standard’ eavironment and detector
have proved wuseful for ad hoc estirstes of performance under
globally averaged conditions. Thesc models however often employ simple
approximations for multipath effects, signal statistics, detection
criteria, attenuation and backscatter snd care is also needed to enmsure

that input varisbles are not outside the range of validity of the

model,

The goal of the radar model described bhereins was threefold -
(i) it should produce reliable dsta over s wide range of environmental
and radar parameters, eoxcluding ducting conditions, (ii) the programs
should be writtem in s high-level scientific language and (iii) tke
model should be programmable on medium sized mini and miorocomputers.
In reference 1 a BASIC program was described which was specifically
designed for the Tektronix 4051 system, and which was concerned with

the pesformance of scanning search radass with fized threshold detectors.

This model bas since been enlarged and rewritten in PASCAL, and
the detection subroutines have been oxtended and modified to improve
nomerical stability. Both fized thresbold and CFAR detection are
trested for coherent and noo~coherent detectors ssd various m-out~of-n
detection oriteria. This paper also presents s more detailed description
of the physical principles and range of validity of the model. Each of
the major subroutimes is covered by s separate aamex, To assist with
progzam development, the results of esch routine are also preseated ia
graphical form,

With wmany aspects of radsr performamce prediction the
litezature presents several alteramstive techaiques or relatioms used by
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1 varicos authors with qualified reliability. The most important of such
! topics, which are considered to merit separate annexes, are
|
’ (i) refractivity and the effective earth radius
'j (ii) attenvation by the atmosphere
l (iii)pattern propagation factor
‘ (iv) antenns pattern function
|
% (v) antenna noise temperature
f (vi) surface and volume clutter
{ (vii)calculation of detection and acquisition probabilities
i
The annex on clutter is predominantly concerned with a
| description of the surface clutter routines, which have pot been
reported elsewhere. Probability of detection algorithms have been
L validated for accuracy and numerical stability over s wide range of
probabilities and target scintillation paraxeters.
i
1 2. THEORETICAL BACKGROUND
{
The theory of radar detecticn is well documented in the
‘ literature (e.g. references 2 - 7), but will be briefly reviewed below
't\ to give a broad outline of the method used and to place in context the
symbols and terms used in later sectionms.
2.1 The Radar Equation
-
.- v In free space electromagnetic radiation spreads spherically, so

that the power density at distance R in a tangential surface of areas A
is

';‘ = ;*:* (1)

where Pt is the transmitted power and Gt is the power gain of the
transmit antenna in the direction of propagstion. Equatioma 1 is the
one-way transmission equatios appropriate to communications or ESN/ECN,
In the latter, A can be replaced by the effective antenss area A. to
calculate the received power ia terms of the wavelemgth (1) and the
receive sntesns gain (6,)
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The ‘radar equation’ in its simplest form assumes that the
radiation incident om a scatterer is captured in an area o and
reradisted isotropically, This yields the bistatic radar equstiod

P.G G A3¢

Pt=(T;ﬁl'§T[,—i (3)

where R, is the transmit antemna to target range, snd R, is the target

to receive antenna range. For monostatic radar 6,=G,=G and R,=R,-R.

If more than one path is significant the received fiold is modified by

a psttern propagation factor F. The usuval defimition of F (Annex ()

includes the antenna pattern functions (Asnex D) of the direct and

indirect rays, so that G is replaced by the gain along boresight (G,)
P,G¢2A%Fig

P = WL €4

The propagstion path is calculated usimg the rules of geometric
optics (ray theory) for a smoothly decaying pressvre and moisture
gradient, with the goometric variables transformed to the effective
earth radiuvs model to sixplify calculations. The approach used in this
mode]l to calculate the pressuore and bhumidity-dependence of the

effective earth radius is described in Anmex A.

Pattern propagation factors for targets over the horizom are
ovalunated using diffraction theory (ref 3), and an isterpolation

procedure is vsed for targets pear the horizon.

Losses due to absorption by atmospheric gases asd precipitation
sre accounted for by the loss factor L. This loss is cospsted usiamg
the caloulated attemustion rate (Ammex B) and the slant ramge. Systes
losses are pot imcluded in equation 4 simce the power is referred to
the sntemmna. The imcorporation of additiomal losses due to filter
wismatck, pulse compression, otc are descrided in reference 1.

2.2 Clattez

The clutter reterp fros the ses sarface (P.) is calenlated from
the radar oquation (equn 4) with the clutter cross-section givea by
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o = g%A = g* %-secv (s5)

where Bn is the effective horizontal beamwidth, ¢ is the speed of
light, y is the grazing angle and B is the bandwidth of the matched
filter. Expressions for the clutter cross-section per uvmit area (of)

tre described in annex F,

Volume backscatter from rair and snow is determined in an

aralogous manner, with

\}
o = g:v = ,: nﬂgﬂ_s (6)
2.3 Noise

Quasi-thermal ncise is evaluated from the system noise temp-
erature (T') referred to the antenna. The equivalent noise power

(P) is then
P = En/t = kl's/r (1)

where t is the radiated pulse width and Fh is the spectral demsity of
the noise power. (Care should be taken using bandwidth in the radar equation

if © is not of order 1/Bn). The system noise tempersture is
T, =T, + T (L~1) + L Te(NF-1) (8)

in which T, is the antenna temperature, L, and T  are the receiving

r
line 1losses and temperatvre respectively, T,=290 K and NF is the

teceiver noise figure, The method for ovalusting T, is outlined in

2.4 Probabdility of Detection

Gaussian statistics are sssumed for clutter and moise, and the

single pulse signal-to-noise ratjo is defined as
8$/N = l’t,/(l'° +P) (9)
The prodability of paiat depesds oa 8/N, the prodability of

oco,s
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false alarm, the degree of pre—detection (coberent) and post-detection
(non-coherent) integration, and the target fluctuation statistics. A
generalized Chi-square distribution is used to synthesize the amplitude
statistics of the target return, with a single distribution parameter
vhich is determined by the relative timescale of target scintiljation.
Non-fluctuating targets, Swerling cases I-IV and Weinatock targets are
included. Programs for evaluating psint probability from S/N are
described in annex 6. A goneral method for detcimining acquisition
ranges for m-out-of-n detection criteria is also described together

with results for 1/1, 2/2, and 2/3 detectors.
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ANNEX A

REFRACTIVITY AND EFFECTIVE EARTH RADIUS

Variation in the refractive index (n) of air with altituode
capses electromagnetic rays to follow curved paths through thke
atmosphere. The classical method for dealing with this phenomenon, when
cslculating ray geometry, is to replace the earth’s radius (a) with an
effective earth's radius (a,)

a, =Ka (A-1)

and to assome an equivalent homogeneous atwosphere. From Smell’'s Law
K =01+ aff3? (A-2)

where % is the change in refractive index with ™e’ght. Replacing
refractive index with refractivity N (= 10¢(n-1)) gives

(A-3)

=01 +gdfh?

The model makes the further assumption that N varies exponentially from

its sea level value N' to its value at the tropopause Nt

{} log, g‘ (A-4)
8

N = Nse
N
. logg (A-5)
and ﬂ = -2-: loge[-:':]ef-t : -Nf

where h, is the height of the tropopsuse. Since most of the ray bending
ocours in the first few kilometres of the atmosphere, where ﬂ- is
relatively constant, a linear approximation is wade using the valuve of

ﬁnt sea level.

N (A-6)

[ N, |-1
- ———
K [1 + 1o¢h,’°'eﬂf]

snd the tropopause is assumed to have s constanmt height of 13 kilometers
with the refractivity constant st 61 uaits at that height. Subdstituting
for Ny snd b,

-
L Do ’
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! A-2
= -1 (A- ;
K -[1 +0.00049 N, log, {f}] 7

! The refractive index of a pure gas is given by the Debye relation

(ref 8) and, assuming ideal gas behaviour, this becomes

‘ 271 = Ef]?r[" * ’ﬁ'r] (A-8)

| where P is the pressure, R is the gas constant, a is the electromic

} polarizability, p is the electric dipole moment, T is the temperature and
? €o is the permittivity of free space. For a mixture of gases P is
replaced by the partial pressures and the term on the right is summed
over all species which contribute to the polarization - mainly oxygen,
nitrogen and water for air near sea level, This equation is valid oaly if

the electric dipole p can rotate in phase with the applied electric field.

At RF and low microwave frequencies and for a pormal atmosphere this
reduces to

4
N = 10¢(a-1) = 1}-11[1» + —11;—"!] (A-9)

where P and P, are total pressure and partial pressure duve to water
! 9 vapour in mbar and T is the temperature in Kelvin

.
o

[
i The lcwest frequency rotational resonance for water is at 22 GH:z
i
'| (fo). Using the Krarers - Konig relationship and Lorentzian line shape '
sssumption (i.e. collisionsl broademing), the variation in the real part :

' ‘ c¢f the dielectric constant across an absorption band is given by _ : '
1

nax
% Sy = i?(ﬂ—r:_'% (A-10)

, where y™*% i3 the peak absorption (dB/km), @ is the frequency and ¢ is
. ' the spoed of light. Taking a worst case (100% humidity and 300 K) 8s, =
I 0.4 x 1075 (or 8N = 0.2 for N = 400) scross the 22 GHz sbsorption band -
i an insignificant error. The general variation in N due to dispersion in
i the molecular polarizability from the IR to RF regiion (ref 8) could
1 account for 10 - 40% in N, However, simce the ramge of validity of the
overall model is restricted to EF and microwave bands, only a mean value
! 1 for refractivity dispersion is used in the model. :

The mode]l tses environmental iaputs of temperature, total 4 .

o-ol"’ .




The considerable varisbility of N, and bhence K is illustrated im
figures A-1 and A-2, In figure A-1, N, is plotted sgainat B for sevemal
temperatures at a constant pressure of 1012.25 sbars. In figure A-2, K i3

plotted against B for s similar range of values.
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A-3 !
pressure and relative homidity (H) to calculate N; (using equation i
(A-9)). To calculate partial pressure due to water vapour (from the i
: input parameters) an empirical form of the Clausius - Clapeyron relation
is used "
E o (A-11) |
P, = kjHe }
where k; = 1,8178 x 107 mbar
k; = 5329k
and H is the relative humicity in percent
)
If the selative humidity is mot known explicitly, equation (A-11)
can be 1ewritten in terms of wet snd dry buld temperetures. The saturated
vapour pressure at the wet bulb temperature is obtaineé from equation
(A-11) with T = T, snd B = 100. To obtain the vapour pressure
at ambient temperavre, the wet bulb depression AP' is suvbtracted. For
i total pressure P in wbar, T in degrees Celsins, this is
i AP, = {0.646 x 10-* P (1 + 0.000941 ) J(T - 1) (A-12)
<4
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ANNEX B

ATTENUATION BY THE ATMOSPHERE

Atmospheric Absorption Due to Uncondensed Gases

General

The one way absorptionm (Aj). due to constituent gas j, for a beam
traversing a path in the atmosphere is obtained by integrating the
absorption coefficient (yj) over the ray path

Aj = Jtyj(s) ds (B-1)

where s = the distance along the ray path
R = the total length of the raypath (ie the slant range)

Assuming absorption is proportiomal to partial pressure with anp
exponential model for each atmospheric constituent, the absorption
coefficient, as a function of height, is

-h/B
h/B; (B-2)

Yj(h) = on [ ]
where 110 is the coefficient of absorption at sea level fcr comstituemt j
and 'j is a constant for constituent j. The height of the direct ray at
s distance (s) slong the ray path is given by

h = [s342s(a +b;y)sind +(a +h,)8 -a (B-3)

'y
where 2y = offective earth's radius
hy; = antenna hejight above se¢a level

§, = clevation sngle of the ray at the antenns

Substiteting equation B-2 into equation B-3 gives
J:;*zn(a.fl,)oinl +(a_+h,)8

-8
r—— -+ (3-4)

1yls) = v450 J

nd therefore

T
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B-2

/i’+2:(l°+h;)sin.=+(nﬁ+hz)? 2
Ajts) = -,jore o as (B-5)

(4]

This integral is solved numerically in the model using n-point
Gaussian quadrature techniques in which

Ay = 'onR g'i f(x;.R) (B-6)
_J32123(a tha) sind ¢ (0 4h,) 2 -ay
where f(s) = e ] ®-7)

and x; and w; are tabulated in colunn k=0 of table 25.8 of reference 15

for varioes n, In this model n=8 is used.
Total Absorption

The total ome way absorption (A) is calcuvlated by summing Aj for
all constituent gases where A and Aj are in decibels:

A= Z“j (B-8)
J

At nicrowave frequencies, absorption of electromagnetic radiation
by uncondensed gases is due to the intersction with molecular dipoles
rotating on a 10® Hz timescale (ref 9). The strongest molecular absorber
is water which has a permanent electric moment and gives rise to a
strong line at 22,235 GHz and other lines in the millimetre region.
Oxygen lacks s permanent electric moment bdut displays a maganetic fine
structure at 120 GHxz and some fifty observadle lines between 40 and 80
GHz, Although this magnetic imteraction is much weaker them the electric
dipole interaction, oxygen (by virtue of its much greater demsity) is
responsible for an absorption comparable with water at sea level and
greater at higher altitudes., No other polar or paramagnetic tropospheric
gases give rise to significant absorption at the frequencies of imterest
and, therefore, in this model total one way absorption for uncondensed
gases is assumed to be

A=A, + A (B-9)

Ao and A, sre calenlated from equation 6 adove usiag

-y




B-3

Bo = 6.1986 kilometres
ll' = 2.4261 Yilometres

and values for Yoo and Two calculated from the models described below

using sez level environmental parameters as input.

Absorption Coefficients - Gemeral

‘lines’ have vanisbingly small width oaly in
The width of the spectral limes varies

Nicrowave spectral

the limit of zero pressure,
inversly with the excited state lifetimes or dephasing times, which are
of the same order as the rate of 'effective’ moleculsar collisions, At
sca level these occur on a 10 Hz time-scale for both water and oxygen
(ref 10). Low altitude radars usvally do not operate near the peak of an
absorption lime, however the calculated residual intensity in the ‘tail’
of the absorption is critically dependent on s model of the relaxation

process, An exponmential decay is assumed, resulting in a Loreatzian

power spectrum.

Absorption Coefficient — ¥ater

The main water band of interest in the microwave region is the
22,235 GH: line slithough there is some backgroumd absorption from the
180 GHz and 320 GHz bands. Froms ref 11, the expression for the line width

(Af) is
Af = 1.349310-2 [[ﬂp]p' + o.zos46(r-p,)[1¥ﬁ]°‘63]u: (B-10)

where P and P are the totsl pressure and partial pressure due to water

vapour in millibars, T is in degrees Kelvin, Although water collisioms
the lime-width is

The expression for

are more ‘effective’ than those of otber wmolecules,
approximately proportionsl to the total pressure.

water vapour absorption is them given by
2.144]12-
Ty = 19014220 ey 34017724 [ ’qu, + Yo GB/km  (B-11)
where £ is the frequency in gigshertx and F is a shape factor givea by

F = 4, [t + wrdbum] a1

l.‘,‘*
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B-4

: where f, = 22.235 GHz and Yres 18 the residual wate:r vapour absorption

due to the tails of lines above 100 GHz given by the empirical expression

Yres = 1.591 T-7/3P.P_f* dB/knm (B-13)

Absorption Coefficient - Oxygen

Although O; does not have a permaneat electric soment, it is
[ paramagnetic and its microwave absorpticn is due to the fine-structure
transitions in which the magnetic moment assumes various directioms with
respect to the rotational engvlar momestum of the molecule, The coupling
of the rotational angular momentum (quantum number N) with spin (quantum
i number S=1) results in total anguler momentum with quantum number J =

Y (N-1), N or M+1, The selectior rules for the microwave trersitions are
J=N—>T=N<+1 (B-14)

The relative intessities of these lines are related to the Boltzmann

populaticn factors for the J-states.
*\ -
' Ny = (23+1)pf o T (T+1)BB/LT (B-15)

Spectroscopic data for O; (ref 9) gives (kT/hB)=145 at 300K.
To account for contributions from overlapping lines summstion up to
frequencies corresponding to J=45 have been carried out to determine
the O, absorption. The positions of the O; lines (ref 2) are listed ia
- table B-1, To compute the totsl oxygen absorption the Vaa Vleck-Veisskopf
theory (ref 12) is used which, sfter some substitution, reduces to

7o = 2.0058 PT-2£3 > Ay dB/km (B-16)

where Ay = [FN+“N+ + Fyby- *+ Fo"No]' ~2.068N(N+1)/T (B-17)

FO = r‘e&m (B-18)
Fye = rr—'ﬁr-m“- 7 + rr—ﬁ‘-mw + (8-19)
oo = MGNL 3-20)

.Q.,.-,
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BN- = m:mﬁh:n. (B-21)
PNo * ¥ (B-22)

are line shape factors, P is barometric pressure in millibars, T is in

Kelvin, f is the frequency in GH:z snd Af is the line width.

To account for the breakdown of the Van Vieck - Weisskopf theory
for overlapping lines, semi-empirical line widths have been used to give
good agreement at sea level. At moderate altitudes the linewidth narrows

according to the expressicn
Af = 0.18949 % GB2 (B-23)

Above 50 km doppler broadening and Zeeman splitting must also be
included since these begin to dominate the apparent limewidth.

Condensed Water

The attenustion beyond the Rayleigh region cammot be treated as
absorption but rather as a resonant multiple scattering, which depends on
the distribution of drop sizes. At very high water donsities such as fog
or rain, the absorption of weter can be calculated from sinple empirical

expressions. Rain attenvation is usually expresscé in the form

Train = ofP (B-24)

where r is the rainfall rate in mm/hr and a,p are functions of frequenoy.
Rivers (ref 13) has suggested the following semi-empirical expressions
based on Mie scattering theory and raindrop size distridutioas.

-s£8 2 1/3
Al § & + T/ (1+13/12100)373 (8-29)

B = 1.30 +0.0372 [1- [1+ [1.95.}“19-1]’]" ’] (B-26)

i.e. there is s maximum in the pover law at I-dand.

Goldstein (ref 14) has deduced a formula for attemsatioa by fog:

...,.*
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Tgog = 4-89x10-4Nf3 (B-27)

where ¥ is water content in g/m?. Comparing (B-24) and (B-27) it is
clear that at UBF frequencies (say 1 GHz) a lmsm/hr rainfall rate gives an
Sttenuatiop comparable with a fog of density 0.67 g/m?. (100 =
visibility). Also, from eqn (B-11), uncondensed water of the same
average density results in about ome tenth of the attenuation. Fog
attenuaticn is often recorded as optical visibility (d). An empirical

relation between ) and d can be deduced from Goldstein's data
¥k g71-43 (B-28)
where kX = 1670 when d is in feet and 305.4 when & is in metres,

Table B-1
Oxygen Resonance Frequencies

N fy4 (GHZ) £y (6Hz)

1 56.2648 118.7505

3 58.4466 62.4863

5 59,5910 60.3061

7 60.4348 59.1642

9 61.1506 58.3239
1 61.8002 57.6125
13 62.4112 56.9682
15 62.9980 56.3634
17 63.5685 55.7839
19 64.1272 55.2214
21 64.6779 54.6728
23 65.2240 54.1294
25 65.7626 53.5960
27 66.2978 53.0698
29 66.8313 52.5458
k3§ 67.3627 52.0259
33 67.8923 51.5091
3s 68.4205 50.9949
3 68.9478 50.4830
39 69.4741 49.9730
41 70.0000 49.4648
43 70.5294 48.9582
45 71.0497 48.4530




Attenuation ¢ dB/km )

B-7

S el e e

+

vv‘:b n
Frequancy ¢ Gz )
Figura B~1. Atmospheric Attenuotion Due To Uncondensed Gases

Barosstric Preseure is 1013.25 wbar
Huidity {e 100 X

- et —— — LH—O—O—O-“ ;
— e +* A 2




;
|
]
i
|
|
|
|
|
}
|
)
\
!
|
{
]
|
|

Attenwation ¢ dB/km )

8-8

21

-

L 2 4 » » ® o
Frequancy ( GHz )
Figue B-2. Atmospheric Attenuation by Uncondensed Gases

Altitude 10 0, 8, and 30
Humidity is 38.5 X




[ S - e e e — ———— e

Rainfall rate ( m/hr 22

B-9

® » ®
Fregquancy ( Giz)

Figura B-3, Attenuation by Raln

o t 1o
( ®j/gp ) uoIOMBIY

rc. T T T e i o S o e T e B s o SR e S SO S

0%




v — e

C-1
ARNEX C

PATTERN PROPAGATION FACTOR (F)

General

The form of the radar equation used to definme the pattern

propagation factor (F) is

P,G23c)A3F4
Pt = QZnsiR‘

so that F includes terws in the antenna pattern function and the received
and scattering effects.

(€C-1)

field due to multipath, diffraction

The Interference Region

In the interference region ( between the radar and a critical

ground range (G,) ), F is calculated using ray theory for ome direct ray

and one ray reflected from the sea surface. Gc is near the optical

horizon for willimetre to centimetre wavelengths but is typically only
60% of the borizon rarge for UHF radars. Expressions for the calculation

of G, are at equations C-32 and C-33,

Vithin the interference regiom ( 0<G<Gc ) F is obtained simply as

F = £(8;)[14x%42x.cos(J ) (c-2)

where x = 2%%65?‘)

£(0) is the antenna pattern function ( see Annex D )

(C-3)

and
O, is the elevation angle of the direct ray

©, is the elevation angle of the indirect ray
}ii is the phase difference botween the dixect and indirect ray

r is the roughness coefficient

D is the divergenmce factor
p is the magnitude of the sea surface reflectivity

The phase difference ( I?l ) between the direct and iadirect ray

is the sum of the geomstric phase difference

due to different path

vodlC~2
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lengths, and the phase shift at reflection for the indirect ray due to
dielectric effects. Direct subtraction of the direct and indirect path
lengths may lead to opumerical instsbility and the preferred method
of calculating the path difference (§) is

& = a(8/2m = dfalyedn’y (c-4)

where the symbols are as shown in figure C-1, The slant ranges (R;,R,,R)
are first evaluated as the correspcrding ground ranges (G;3,G3,G) which are

the solutions of the approximate relation ( ref.3 )

264 +28 ,h16-3G632+ (G328, (b1 +h3) 161 = 0 (c-5)
viz Gy = G/2 - p.sin(¥/3) (C-6)
vheze p = 2};;]ha+h.;+(612); -1

and where h; and by are the antenna and target height respectivei~ srom

which the slant range is calculated : ‘

R = [(hy-b1)3+4(ag+hs) (a,+hs) . s10% £(6;+G5) /20,) (c-9) .

Ry ( R3 ) is obtained by substituting ha=0 ( hi=0 ) and Ga=0 ( Gy=0 ) .The

solutions for the angles 6;, 0, aud y are

-1 z_a_i(h.—h;)-fh.’—h;’-k’

°I = gin 2(.¢+h1)l (C‘IO) ‘I

2a h;+h 2 4R, 2

0, = sin~! W (C-11)

-1 28.batha?-Ry?
a2l

2‘.‘1 (C~-12)

Yy = si

The divergence factor (D) accounts for the fact that the ray
reflected from the curved earth’s surface diverges more rapidly than if
the easrth was flat, For moderate grazing asgles ( 0¢6<6, )

8,6.siny.cosy R _
Pu jﬂZO;Galcosyic.c.niny)(l+l;ln.)(1+l./c.) (€-13)

eeslC-3
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The electroragnetic contribution to the phase difference ( E'i )
and reflectivity (p) is obtained from the complex reflection coefficient
[ = pei® (C-14)
These parameters are determined by the grazing angle (y) and the complex

dielectric constant of sea water,

L]
1

¢ E1-jes (C-15)

€1-j60Ac (C-16)

where €, and e; are the real and imaginary parts of L Py A is the
wavelength and o is the total ses water conductivity, The complex

reflectivity for horizontal snd vertical polarizations are

siny - Jen-cos’y
rh = siny + ﬁ“—c-co‘ Y (C—17)

_ & siny - Jc =cos3y
v = e siny + JE,-cOSTY (C-18)

The real and imaginery parts of e, are evalvated from the expressions

- 1-a 10—2)
N (eg~4.8) [1+(a /D) (nx ]

. (C-19)
o 1922 /0 T % (nx1072) + (2, /2) 2(1-0)

(e,-4.8) (A /0170 18
€5 ®s i . = ( €-20)

" MmO T Hrania-e T

where 020.02, f is in GHz, A, is the wavelength corresponding to the

dielectric relaxation frequency, &, is the static dielectric constant and

s
oy is the ijonic copductivity in mho/metre. Variations in salipity and

surface temperature are taken into sccount through the empirical
expressions ( reference 24, 25 )
s, = 87.8 - 15.3N - 0.363T (C-21)
1005, = 3.38 - 0,117 + 0.00147T* + 0.0173TN - 0.52N metres (C-22)
oy = 5N + 0.12TN + 0,04T (C-23)

in which T is the tempesature in degrees Celsius and N is the electrolyte

.../c-‘
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pormality ( equivalents/litre ). The relevant temperature is the water
‘skin’' temperature, and the default value in the model is the sea level

air temperature. The default value for salinity is N=0.6 (3.4%).

Equations C-19 and C-20 include a parameter a which accousts for
the non-Lorentzian spectral distribution due to the spresad in relaxation
frequencies in the region of 15 GHz. Contributions to &; from water can
be igncred at UHF frequencies where it is dominated by the 180i/f=60101
term as shown in figure C-2 in which e, and g, are plotted up to 100 GH:z
for T=0, 15 and 30°C., At higher temperatures the dielectric relaxation
processes are faster ( 1/t«20GHz ) resulting in strong tempersture
dependence of e, and e; in the frequency ramge of interest shown in the
expanded scale of figure C-3. '

Dielectric subroutines, employing the relations described above,
were used¢ to plot the phase and magnituvde of the reflectivity in figures
C-4 and C-5 ( the apparent 2n phase difference st normal incidence is due
to the sign convention for #). Results for 1 and 35 GHz display

significant temperature dependence of p and # for vertical polarization.

The dielectric reflectivity (p) is multiplied by the roughness
factor (r) to obtain the overall reflectivity in equation C-3. Referemce
1, vusing data for vertical coverage diagrams for several sea states,
stresses the importance of a realistic model for the roughness factor.
Although the iiterature provides s priori models for r ( refs. 2, 26 )
these are in general not in good agreement with experimental data. The

mode] vses a semi-empirical relation

r = ¢ 2% $¢0.6366
= ¢71.2732s otherwise (C-24)
where s = nilfssin1/21 (C-2%)

in which 31,3 is the significent wave bheight, which is spproximately
related to the Douglas sea state Sy by

ixls = 0.5 8y (C-26)
for 51/3 in feet.

.../C-s
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C-5

The Diffraction Region

Mechanises for propagation over the horizon include diffraction,
ducting, troposcatter and ionospheric reflection. In the absence of
anomolous propagation and at the frequencies and ramges of interest for
radar predictions, diffraction is the most important. The model assumes
that for distances greater than 1.05 times the horizom range the single
mode approximation to the diffractiom field is adequate ( ref.3 ). Using

standard nomenclatore

F = £(6,;) JU(Z,).0U(Z,).V(X) (c-27)
where Z,, Z, and X are the antenna and target heights and target range
( in natuvral units ) respectively, and 0, is the elevation angle to the
horizon, The natural uwnit of range is ( ref 27 )

L = (a2a/m?/3 (c-28)
and the nstural unit of height is

B = Haas/ns)1/3 (c-29)
The attenvation factor in dB is then

V(X) = 10.99+1010g, ¢X-17.55X (C-30)

For the height gain factors the model uses the approximate expressions
given by Blske ( ref.2 )

U(Z) = 2010g,,Z 2<0.6

= -4,3+451.04[10g,44(2/0.6)13°4  0.6¢2z01

= 19.85(Z0-479.9) otherwise (c-31)
The Intermediste Regiop

Near the horison ( y=0 ) the calculated divergence factor
spproaches zero and the ray theory eoxpressions would predict F~1, whereas
F~0 near the horiszon. In the model ray theory is omly used uwp to the
oritiocal grownd range

! eee/C-6
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C-6
G, = ae[n-21c-sln'1(s.cosyc/(h;+a,))-sin’1(a'cosycl(h,+u.))]
(C-32)
where y, is the critical grazing angle
Te = tan_l(l/2nl‘)1/3 (C-33)

Between this range and 1,05 times the borizon range it is assumed that F

decsys exponentially ( i.e. linearly in decibels ). This

simple
interpolation is wused since the

predicted detectiorn zrange in the
intermediate region is likely to be much more sensitive to & realistic

model for target scintillation than the interpolstion techamique,
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ANNEX_ D

ANTENNA PATTERN FUNCTION

The power gain (G) describes the distribution in elevation and
azimuoth of the power available at the antemna. In the model this sppesrs
8s the product of the power alomg boresight (G,) and the normalized
antenna pattern function

G(0.9) = G,E2(0,8)

= G.E; (9) .Eg (.) (D—l)
4 3
where G, = T mIEm (D-2)
i jE’(O..)tinO 40 de
0o Jo

for an antenna of effiency factor n. The required inputs to the antenna
subroutires are (i) gemeral type of antenna ( pencil, etc. ), (ii)
horizontal and vertical 3-dB beamwidths (o‘.ov), (1ii) maximum power gain
and (iv) tke level of the first vertical sidelobe. If €1 ana oV

are known, but not G,, the default value is
Co = 0.8 (4n/0%0Y) (D-3)

E(®) can be calcuvlated from the curremt distribution across the
aperture, however usvally cply a few far field parameters are available
from radar manuals., These parameters are used in the model to synthesize
two general classes of antemna (i) modified (sinm v)/u and (ii) cosecant
squared. These patterns form the basis functionms for other patterns. If
the effects of aperture blockage are important, the pattern may bde
synthesized from a linear combinmation as described in reference 1.

Modified (sin u)/w

This pattern resvlts from a one pasrsmeter aperture distribution
of the form

ACz) = gd 5, (1nB[T-427707 ) (0-4)

where Jo is the Bessel function of the first kind and 3 is in the ramge
44/2. The sesulting pattera is

eesdD-2
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sin nln’—B’
E(8) = "fgfzg? (D-8)

Equation D-5 is valid for resl or imaginary arguments and is equivalent to

sinh gZB‘—;‘

E(®) = " /Fi-us (p-6)

B is calculated from the sidelobe 1level by iteratively solving the
relation

SL = (SL), :i2p 1B (-7

where (SL), is the sidelobe voltege of the (sin u)/u pattern (~4.603). To
normalize D-5 and D-6 the RHS is divided by the normalized sidelobe ratio
( SL/4.603). This ratio also determines the sperture efficiency through

the relation

(s{:_ J2 sinb n/BP—(Be/2)%
SLY, ©

AT (p-8)
with
Bo = (d4/1) 03B (0-9)

Equations D-7 and D-8 sre solved iteratively with the isitial estimates

given by the polynomial relations

B* = -0.6604597+0.03086396x+0.001323133x?
+9.498675X10 6x2-1,040798310 7 x* (p-10)

and Bo = 0.58114+0,023468x+3,6432X10 Sx?
-6.7425X10 6x2+7.9701X10 " 8x¢ (D-11)

where xAis the level of the first sidelobe im dB. The solutions for B?

and B, are plotted in figure D-1. Representative plots of E(6) usiag
equations D~ to D-8 are shown in figures D-2 to D-4.

Cosecant Squared

These antennae are desigmed to detect, with constant return,

ve./D-8

2 y
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targets at constant altitude or displacement off the boresight ( if the

tilt is non-zero ). The corresponding pattern is

dB
E@© = ii—?;i-i'sﬁ;é?) 0.503%Bc0c0,
= Eo(8) elsewhere (p-12)

where Eo(0)
cosecant squared antenna is less than the value determined by equation

D-3 by a factor

3dB
G
tT=2- gtln!G..xi

The default valve of G for cosecant squared antennse is 3dB less than

3db
26n.x>>0 is Plots of

seaborne and tirborne cosecant-squared patterns ere shown in figures D-5
and D-6.

is the pencil pattern described above., The gain of the

(D-13)

equation  D-3 ( i.e. assumed, )
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E-1
ANNEX E

ANTENNA NOISE TEXPERATURE

The antenna noise temperature accounts for the noise from the
black body, cosmic and man made sources. If the antenna senses n noise

sources of brightness temperature Tbi then

n e2n
T, = ,-,}-ZJ Jﬂr“(e.om(o.o)uno o a9 (E-1)
=10 "o

where G(O,8) is the antenna gain as a function of elevation and azimuth
Tp;(0.8) is the noise terpeseture as s function of elevaticn and

azimuth,

If the angle dependence T, ,(0,8) of each noise temperature
source is known then equation E-1 can be solved numerically. However, in
this model a simplified approach is adopted, where the source is
considered to be contained in a solid angle of average gain G and average

brightness temperature Tbi and

where k; is the gain weighted solid angle divided by 4n. For zeasons
discussed 1later contributions from the sea are ignored, and for

atmospheric and cosmic sources ki=0.9 the following values are assumed.

33 ‘5/2 +
XosToos = i;!llﬂ__tf_______i. (E-3)
» -1
Ko oun = ”—t{' (B-4)

KyepTata = 290 (1-1/Ly) (E-5)

where f is the frequemcy im hertz, the resultant temperatures are ia
Kelvia and L, is the total ome-way atmospberic loss along the sntenmna

boresight.

The total ome-way atmospheric loss along the boresight is
calculated im a manmer similazr to that discussed ia Asnex B for aatemnms

to target absorption.

.l.,'-2
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Ly = _ZLAj (E-6)
J

where LAj is the total one-way atrospheric loss due to comstituemt j.
However, in this case it is necessary to irtegrate along the raypsth from
the antenna to infimity. There 21e two cases to be considered (i) where
the tilt angle of the antenns is greater than the elevation angle of the
borizorn ( and, therefore, tbe ray points directly at the sky ) and (ii)
where the tilt anmgle is less than the elevaticn angle of the bhorizem (

and the ray is 1eflected from the sea sorfsce ).

LAJ = onrf(s)d3 when 0t>0h (E-7)
o
R
= Yjo J f(s)ds + J‘g(s)ds otherwise (E-8)
[ o

Briasta m st s oo

where f(s) = ¢ J (E-9)
{s+2sa sinyeta,? -a,

gl(s) = ¢ Ej (E~10)

Yo = cos_1[(1+h,lae)cosot] (E-11)

= grazing angle of boresight ray

R =Jl°’+4ae(ae+h;)sin‘[(0t+7.)/2] (E-12)

@, is the anterna tilt angle
b, is the aptenna height

a, is the earth’'s effective radius ( see Annex A}

- L
o - st |- 4 (B-13)

= the elevation angle of the horizom
ﬂj is a constant for comstituent j
70j is the sea level sbsorption for constituent j ( see Annex B )
The integrals in equations E-7 and E-8 do not lend themselves to
snalytical solution end svmerical methods described at apmex B sre used.
The integrals from zero to infisity are approximated by integrals from
zero to an effective stmospheric limit l.. which is the range that
coincides with an assumed stmospheric thickness h. ( 150 km is the
model ).

oo /B-3
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R, =[(b,+a,) 2~ (ha+a,)%cos®; - (a,+hs) sind, (E-14)

This enables equations E-7 and E-8 to be approximated by

Ly = 7jonei;'i“‘i°nc)

n
= Tjo R;wif(xi.l) + neg:-i;(xl.n,)

where x; and w; are tabulated in coluwr k=0 of table 25.8 of reference 15

for varionus p, In tkis model n=8 is used, enabling the same subrountine

when @56y (E-15)

otherwise (E-16)

to be used as is used to solve equation B-6,

Equations E-3 to E-5 are based on the assumption that all cosmic
and black body radiation enters the antenna directly or by reflectiom
from a perfectly reflecting sea, With sirborne radar the boresight may
be pointing into the sea at near the quasi-Brewster angle. The

brightness temperature of the sea is
Ty(sea) = Te(sea) (1-R(O))? (E-17)

where Tt(sea) is the thermodynamic temperature and
R(O®) is the Fresnel reflection coefficient.

Using the subroutine described in annex C for R(©), Ty has been
plotted in figure E-1. At the maximum for Tb ( 5-10° ) the error in T.
using only equations E-3 to E-5 is in the order of & fow degrees and is

therefore neglected,

In the cases where T. does not contribute significantly to the
total poisc temperature, such ss receivers with NF >> 54B, aspprozimate
formulac may be used. Reference 1 gives approzimate expressicas for

ground based radars. Equations E-3 to E~5 are used with
L, = vel3.5+107(1-2181y24) (B-18)

where @ is the clevation engle and y, is the sea level attensation ia
dB/a.mile,
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ANNEX F

CLUTTER

Ses Clutter

The radar equation for sea clutter may be written as

PLGIAE4(8) (g ) (F-1)
P, = Lrgmye— o7

where f(0) is the antenna pattern function for the ray to the clutter
cell which makes grazirg angle vy st slant range R. For an irregular sea
surfece more than one ray is possible so tkat equation F-1 differs from
the normal radar equation due to the implicit inclusion of multipath

effects in the clutter cross section o(R,y).

Clutter return depends on the area of sea illuminated in the
minirum time resolution possible. For a wmatched-filter receiver with

rectangular spectral envelope the corresponding range sesolution (AR) is
AR = ¢/2B (F-2)
for receiver bandwidth B. For simple uncoded pulses
AR x c¢t/2 (F-3)

where ¢ is the speed of light and t is the pulse width. For pulse
compression radar the time-bandwidth product of the transwitted pulse
equals the pulse compression ratio so that t in equation F-3 canm also be

intergreted as the compressed pulse width,

Unlike point scatterers the clutter mormally ‘£fills’ the beam in
azimoth, It is customary to assuxe an effective beamwidth ( o - 03“ )
outside which the clutter returm is negligible. This introduces an
overestimate of 1.5 dB in the calculated clutter return for the types of
sntenna pstterms discussed in Annex D. To compemsate for this a smaller
offective horizontal deamwidth is msed im the calculations,

o = 0.75 654

R - |
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F-2
The clutter cross section is then
o(R,y) =¢° A (F-§)
where A =0.375 Regdnctconp.secy

is the 'illuminated area’ and o® is the clutter cross-section per unit

area,

There are pumerous models for ¢® in the literature ( refs 2-6,28 )
Lowever these do not in general give good agreement over the wide range

of frequencies, grazing angle and pulse widths required for this model.
It was considered more appropriste to develop a general semi-erpirical

model with frequency (f), grazing angle (y) and sea state (S) as the only
input parameters, The desirel range of validity was 0.4 GHz(f<(35 GHz,
t>0.25ps and 0,1°¢y¢10° and 0(S<6. Nathanson and others ( refs 6, 28 ) have
reported o¢® over this range and these data were chosen to fit the

semi-empirical parsmeters,

The grazing angle dependence of scatter from the sea surface can
be divided into three regions, At nesr normal incidence (v = 90°) the
scatter is specular and is greater for smooth seas than for rough, At
intermediate prazing angles the backscatter is omly weakly dependent on
surface roughness (’the plateau region’), Below some cxriticsl grazing
angle (Yc). which depends on the frequency and the surface rovghness, the
scatter is greater for rough seas than for smooth, The mode]l is concerned

with the region around v,

At sea state 3, microwave backscatter is strongly correlated with
the appearance of whitecaps, This enables Yo to be estimated by analogy
with backscatter from a target at s constant height and consideration of
pultipath effects ( discussed at Anmex C ). Plots of the pattern
propagation factor (F) for an array of scsttesrers at s height of 1.8
setres above sca level display typical interferemce 1lobing, with the
lowest angle lobe at a grazing angle near the 1limit of ray theory
applicability (Amnex C). The lowest lobe marias for 1 GHz snd 10 GHz are
observed st y, = 3° and 0.3° respectively, A linesr interpolation is

assumed for s}l frequencies at ses state 3

Yo " ;Qaﬁ;; degrees (R-6)
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The sea state dependence of Yo is complex, since the relative
importance of physical scatterers ( swell, sea, capillery waves and foam)
changes with botbh frequency ard sea state. In the absence of detailed
experimental data pear ¥, it is assumred that y, is inversely proportional
to sea state. Fitting Nathanson's horizontal polarization dats for ©v>0.5

ps, 0.1<y<10°, ané an average of upwind/downwind datas snd sca state 3 :

o%(dB/m3/m3) = -159 + 31,61log(f) + 19.910;(10)
+ 17010;(1/1c)/f“ for y<y¢
= -159 + 19.91og(y) + 31.6log(f) otherwise (F-7)

for f in MEz and y in degrees,

Data for vertical polarization does mnot exhibit a low angle
plateau region and o° (dB/w?/m?) vs log vy is fairly linear over the region of
interest. For sea state 3 and vertical polarization, the fit of

Nathanson's data yields :

0°(dB/m3/m?) = -30 + 410f-%410g(y/10) + 2.510;(f/50000)103(1/1¥)

v
¢

= -30 + 410f-%410g(y/10) otherwise (F-8)

for v>v

The c¢ritical angle for vertical polarization (13) appeass to be
insensitive to wavelength and wave height and sm arbitary valuve of 1° has

been chosen.

Variations in the wave heigtt affect not only the critical amgle
Y.+ but also fluctustions in numbers and positions of scatterers. This
contribution appears to vary as the fourth power of sea state for
horizontal polarization

0®%(S) = o®(8=3) + 4010g(8/3) (F-9)

This simple bebsviour is not seen for vertical polarizatioa, whers o°
sppears to vary by about 4.3 4B per sea state below sea state 3, Above
sca state 3, where clutter is stromgly correlated with the appearance of
white caps, and shadowing occurs for low y, o® seems to vary by oaly 3.5
dB per ses state,

Figures F~1 to F-6 show ocomputed o° for typical radar and
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environmental parameters. The overall level of agreement is + 5§ dB which
is compareble with the accuracy of the data. Wind aspect dependence cof ¢®
is not included in the model since the only data, which is for larger
grazing angles (10 - 60 degrees), does not cdisplay a well behaved reletion
betweer ©° and aspect angle ( ref 28 ). Most models assume some circular
function, svch as a cosine, to predict the wind aspect deperdence of ¢,
From the aveilable data it is not clear that this is valid for the wide
range f prazing angles anc¢ frequencies of interest. This model therefore
accounts for wind aspect only as an additional vocertainty of +5 dB in ¢°

for simulation purposes.

Non-integer sea states are allowed in the model ir order to
facilitete small variations in wave height for simulation purposes. Data
for ncminal sea state 0 in reference 6 was vsed to fit S=2/3 in the plots
for horizcptal polarization, consistent with Nathanson's comments about

mininunm wave height,

Amplitude and Temporal Statistics

The previous sub-section describes the calcrlation of median
cluotter return for UHF to microwave frequencies and low grazing amgles.
To calcnlate probability of detection from signal- ;o—clutter ratios a
model is also required for the amplitude ard temporal statistics of the

clutter.

This model assomes that the clutter resolution cell s
sufficiently large for a large number of independent scatterers of randre
phase to be detected. Under these conditions the clutter is Rayleigh
distributed. A minimum asrea of 104 =? secems ressonable at I-band and
corresponds to t>0.2 us ( B<S MHz ) and On)l° for typical ranges. This
range is confirmed by Nathanson’s short-pulse I-bamsd distridbution
( ref 6 ) which shows that the ratio of ¢* to its standard devistioa
is near unity for horizontal polarization oamly for t©)0.1ps. Vertical
clutter seems less spikey even at very small pulse widths, and the
Rayleigh distribotion is probably adequate for all pulse widths of

interest.

A model of temporal statistics is required for estimation of some
clutter reduction techbniques. Within the range of validity of the Rayleigh

...l"’
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amplitude distribution, the clutter appesrs tc decorrelate on &
millisecond timescale. This is not true for very short pulses where the
decorzelation time may be of the order of seversl seconds. Under these
conditions clutter returns at different frequencies may not be
decorrelated, so that the criterion Af )> 1/t for frequency agility
decorrelation may not be valid. This subject requires deeper investigation

before short-pulse decorrelation techniques car be modelled adequately.

In surmary the sea clutter model tsed im the programs is expected
to produce realistic probabilities of detection for v)0.2 ps, 0.4<f<(35GHz,
sea states 0 tc 6, 0.1°<y<10°, borizontal or vertical polarization for

standard pulse radars.

The volume clotter cross section (o) is
6 =0,V = ov'ﬂR’OHGVAR (F-10)

where B is the slant range, of and 0V are the effective beamwidtbs (~n/4
times the 3dPR beamwidth) and the range resolution AR is

AR = ¢/2B (F-11)
for matched filter of bandwidth B.

Bain
The specific clutter cross section (°v) is strongly frequency

dependent. At UHF and low microwave frequencies (<(10GHz) Rayleigh
scattering bebavicor applies and, ignorirg multiple scattering effects

nt Js.-1)2
6y =37 |;ﬂ;§' {.‘ai- = fzixlsz (F-12)
¢

where 8. is the complex dielectric constant of water, d; is the diameter

of the ith scatterer and tle summation is over all particles in the clutter

cell. Using the formulae for ¢, ( for pure water ) described in anmex C.
Ikls = 0.93 +0.01 (F-13)

aoull-‘
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over the range of frequencies and temperatures of interest. An empirical

expression for the reflectivity (Z) is ( ref 4 )
z = 2x10716 (1.6 (F-14)

where r is the rainfal] rate in mm/hour, Combining equations F-12 to F-14

-14
o, =310 — 1.6 (F-15)

Snow can be treated in a similar manner due to a fortuitous

cancellation of small [E}? ané large Z-r coefficient:
Kl = ¢.20 (F~16)
Z =~ 10715 1.6 (F~17)

where r is interpreted as the snowfall rate aftcr the snow has melted
( ref &),
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ANNEX G

PROBABILITY OF DETECTION

Probability of detection is calculated in the model for fixed and
adaptive threshold (CFAR) detectors. Rayleigh amplitude statistics are

assured for the reciever noise and clutter, while the target can be
non-flvctvating or of a generalized Chi-square distribution,

The general method for calcvlating paint probability bas been
described by Marcum ( ref 16 ), Swesrling ( ref 17 ) and Rubin and Di
Franco ( ref 18 ), Recursive algorithms are similar to those described
elswhere in the 1literature ( refs 19, 20 ) with additional scaling
algorithms to reduce the dependence of the results on the numerical

precision and/or dynamic 1enge of the computer in use.

Non-coberent Detection

Assuming Rayleigh noise/clutter statistics, the distribution of
the integrated signal-plus-pnoise-plus-clutter variate (v) for s given
integrated signal-to-moise-plus~clutter ratio (z), where v is normalized

with respect to the average noise level is given by
0
fntvlz) = ;oz"vm'-le'('") 6-1)

where N = the nusber of pulses incobereantly integrated
2 = Nx
x = the single pulse signal-to-moise-plus~clutter ratio

ixed Threshol

The probability that v will exceed a fized threshold (Y) is given
by

P(v)Yi2) = r‘N("') av

Y
Y l{-f-'ﬁ?{-’ (6-2)

For s sos-flsetuating tazget it is sufficieat to replace 3 with the mean

l."Fz
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integrated signal-to-noise-plus~clutter ratio (Z) and evaluste this

equation.

To determine this probability for a fluctuating target it is

necessary to integrate over the target distribution w(z, Z) and

P, = rw(z,Z) P(v)Ylz) d2 (G-3)
[+]

In this paper w(z, Z) is assumed to be in the form of the Chi-square

distribution and

vz = (B %‘f (6-4)

where K is 8 distribution parameter selected ss required to synthesize ;
actual target floctuations. K may only take positive values and is of the !
order of the number of independently fsding scatterers. The four Swerling
cases may be etvaluated by substituting K = 1, N, 2, and 2N respectively.
Substituting equation G-4 into equation G-3 and performing the necessary

integration gives

S TR SR iy @s)

B=o n=0

The probability of false alarm (P ) is the probability that v will
exceed Y in the absence of signal and may be found by substituting Z = 0

lr. -Y

(]

Peu = 2 ST (G-6)
=0

Constant False Alarm Rate

In the case of CFAR detection the fixed threshold Y is replaced
by a varisble threshold (y) which is derived from the sum (v) of R
independent Rayleigh moise-plus-clutter samples of umit averags power.
Therefore u Bas the distribution
R-1_~8

piu) = f‘:{’r 67

Substituting ¥y = w/T, where T is a calidraticg factor, snd performisg
the necessszy iategration gives the overall probability of v ezcoeding Y

...,P’
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As before the probability of false slarm may be found by substituting
Z =0 and

Pro - 3 R ) V)" -9

m=0

Algorithes for Pd

Let

Fla) = 28"
= Es% (&\K ‘l,z,z\n for fluctuating targets (G-10)

e Y
Gim) = S for fized threshold detectors

= M‘T{'{)l(ﬁr\. for CFAR detectors (6-11)

for pon-fluctuating tasgets

s0o that
N-1
Pey = ;;oﬁ(-) for all cases (6-12)
[ ] -«
Now, 3 _F(n) =3 6(m) =1 (6-13)
=0 B=0
® 4n-1
amd Py =% Fln) t G(m) (6-14)
n=o %0

Expanding this and regrovping the sommations gives
N-1 © N
Py - LGl + E6mD - R
=0 n~ n=o
N-3 o
- Zom + .}2;0(-) (- gpml + &, 6mn gn(m

where B)N (6-15)

Therefore

Py - E:c(-) + é‘c(-) f1 - al(n)l 4+

where the error tesm

= LB oAb o i et
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[ m-N
g = § G(m)[1 - 3~ F(n)] where B)N (6-17)
mn=B+1 n=o
B B-N
< (1 -3 6m))1 -F F(n)) (6-18)
<o n=0

This error term may be used to truncste the infirnite summation

when a specified error limit is reached. Alternatively, the expressions

N-1 B m-N
H=3 6(m) + ¥ 6(m)[1 - S_F(n)] (6-18)
m=o0 m=N n=o0
and
N-1 B n-N B B-N
I =35 6G(m) + ZNG(m)[l -3"F(@} + (1 - 3=6(m))(1 - 3_F(n))
m= n=o 1=0

m=0 m=0

(6-20)
both converge on
N-1 ® o-N
Py =3 Glm) + ZNG(l) {1 - 3" F(2)) as B« (6-21)
n=0 n= n=o

The valve of I converges more rapidly on Pd than does that of H and is
therefore uvsed¢ in the model, Summation is terminsted when successive
estimates of P, differ by less than a specified amount and the ‘error
term’ is less than 0.1/N. ( This latter conditicn is necessary to prevent

prevature truncation of the series for high signal-to-noise-plus-clutter
ratios ).

Pecursive Relations

The terms in the infinite series are ovaluated recursively using
tte following relations :

a. F(n+l) = Ei'l' F(n)

with F(0) = o™ for nop-fluctuating targets (6-22)

b. F(a+1) = £} Lo .F(n)
vith F(0) = ()"
o. G(m+1) = BiR wiy 6w

for fluctuating targets (G-23)
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R
vith G(0) = (yiy) for CFAR detection (€c-24)
d. 6(m+1) = Fr 6(m)
with G(0) = ¥ for fizxed threshold detection (6-25)

Evaluation of Threshold

In most applications of the model, the user wishes to calculate
the performance of thke radar for a given false alarm rate or probability
of false alarm and it is therefore necessary to calculate a value for the

threshold as a function of the probability of false slamrm.

Vhen the number of pulses integrated (N) is 1, the solutions are

given by

Y =~ log, (Pg ) for fixed threshold detection (G-26)
and

T=2/(1-27) for CFAR detection ’ (6-27)
where Z = esp [ log (Pg) / R ]

¥hen N > 1 , there is no analytical solution and the value of Y
is determined by Newton’s method. The relationship between Y and Pf.
described at equation G-6 does not satisfy all of the prerequisites for
Newton's method and therefore the following well-bebaved, normalised

function is used
s(X) = log,[ £(X) / Py, ] (G-28)
and succesive iterations for the solution of g(X) = 0 are

£(Y) o(1y) (6-29)
L L AR

For the fixed threshold detector Y replaces X sand

| ad SR 2PN

4
Y) = (6-30)
£(Y) }E:’ir-

...,H
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and
e-YyN-l

£ ) = - [J{EDT (G-31)

which yields

N-1 N-1
S 6(n) X 6(m)
g1 = Y * Sgtnen) 1o BB (6-32)

For CFAR detectors T replaces X and
 gem1)1 /T \R n
0 = 5 Sl (6-33)

and

e - R SR ) ek - AR ) )"

% NZ-IG( ) EN G (w) (G.34)
= m - -
P nG (v

m=0

Number of Pulses Integrated: 2-D Radar

The number of pulses incoberently intgerated (N) for a scamning

radar is assumed to be

N = Q_i_ri (G-3%)

where 0n is the horizontal beamwidth,
prf is the pulse repitition frequency in Hz, and
8 is the target/boresight azimuth rate

8- 6rpm + -—-—-;E-—-‘L

in which R is the target range, V is the target velocity in rasge uaits
per sec and @, is the sngle between the radar—target axis and the target
velccity vector. The effect of the target terz is neglected for routine
caslctlations, simce it is significent omly for very short range crossing
targets with smell N, In the preceding sectioms N is rounded down to an

integer value. ,
2-D Redas
Simultaneous azimuth and elevation scamning is mormally performed

eee /€
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by phased array antennae. The number of bits per scan, ignoring target

motion, is

v
N S, (6-3m

vy

where o, is the vertical scan rate, t_, is the vertical scap period.

v
Typical values for 3-D target indication radar are (en.ev)=4 deg?, 10rpm,

prf = 50002, w, = 10%deg/sec, t, = 30msec yielding N = 1,

v

Elevation scenning is oftem performed by frequency juvaping in
discrete increments to provicde one pulse per beam which are typically
about ¢ ov apart tc ensure contimuous vertical coverage, This means that
there is 8 significant contribution up to the 2nd or 3rd beam off the
line of sight and increases the effective number of ptlses per scan by a
factor of 2 or 3, If these pulses are integrated on a PPI an additional
collapsirg loss (L ) must be included.

L, = s6/6" (6-38)
where A® is the total coverage,

Coherent Letection

The radar equation for coherent processing can be generalized in

terms of signal-to-noise—plus—-clutter energy ratios

(NP, T)Ge3A30F*
- T, oL (6-39)

whexe v is the radisted pulse width. The equivalent numbes of pulses N,
is considered for three detectors i) simple cohereat processiag, (ii)

pulse doppler and (iii) pulse compressicn,

With simple coherent detection N, is the aumber of pulses
integrated. Assuming no post detection imtegrationm (N‘-l) the threshold
level is given as

Y = -log,(Pyg,) (6~40)

Figures 6-12 and G-13 show comparisons bdetween pure ocoherent aand

+e /6-8
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incoherent integrators with a non-fluctusting target. For a comstant N,
the incoherent processirg 1loss is only weakly dependent on the L !
signal-to-noise-plus-clutter ratio. Also near unity signal-to-noise-plus- i !
clutter ratio the 'integration loss’ varies only by a few dB between 1
and 100 pulses and can be represented by the simple empirical expressions

described in the literature ( ref 5 ).
Pulse doppler radar is also described by equation G-39 with i

PN, = P,eprf/B, = P, /B, (6-41)

wkere Bn is the doppler filter bandwidth, assuming that the range gate

is of the order of one pulse width.

The aralysis cf pulse compression radar is essentially the same
; . as for a radar which radiates at the compressed pulse width t, with
increased power Pth where Nc is the time-bandwidth product ( or pulse
compression rstio )

Pt N, = Pyt = P N./B, (6-42) , &

The effect of ac¢ditional non-coherent integration has already been
described. Frequency weighting is vsvally employed to reduce the
time/range sidelobes below the 13 dB for unweighbted linear FM. The family

- of Taylor weightings is commonly used, and are specified by a simgle
i parameter n. As n becomes large the sidelobe reduction, for a givem pulse \

brosdening, approaches that of the Dolph-Chebyshev weighting at the

=1 expense of total sidelobe emergy. Typical performance figures are 50%
polse broadening for 25 to 45 dB sidelobe level resulting ia a
processing loss of 0.5 to 1,5 dE. The default value in the model is 1.5
éB.

Acgujsitiop Probabilities 7

The probability of detection Py(}) is the probability of
.* aschieving m paints ovt of n successive trisls (scans) for the first time
on the Nth trial. Cumulative prodbadbility of detecotioa Pﬁ(:) is the
A probability that the target has been initially detected by the Nth trial, .
and the comsplement Gﬁ(:) is the prodability that so iaitial detectioa has

e e e e
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occured by the Nth trial.
The previous section describes the calculation of probability of

a paint p; for a given scan i. Recursive algorithms for computing PN(:).
PR(R) and Qf(}]) ere described below

PR(D =0 for N(m

= 1- o}(D otherwise (G-43)
Py(D) = PR(D - PR 4 (D)

= Qf () - o{(D (6-44)

The expansion of these expressions becomes more unweildy as more complex
detection criteris are evaluated and no genmeralized m/m probability
slgorithes in terms of p; are possible. In the curreat model three
specific detection criteria are addressed, 1) one-out-of-one, (ii)

two-out-of~tvo and (iii) two—out-of-three, and algorithms are
1/1 Dotection Criterion

Q‘i(:) = (1 -py)
(1) = (1 - pp)Q%_¢(2) for N>1 (G-45)
1 N 1%y

2/2 Detection Criterion

qae) =1
QR(2) = (1 - pppp-y)OR-1(2) for N1 (6-46)

2/3 Detection Criterion

1
1-mp
(1 - pypg) (1 - pyg) + pg(1-99) (1 - py)

(1 - )1 () + py(1 - Ppg) (1 - D-2) Ry (D)
for M9 (6-47)

}
G
G
Q)

The development of similaxr recursive expressioass for other m/a oriteris
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using Markov state diagrams has been cdescribed by Castella ( ref 21 ) and
Postema ( ref 22 ).

Operator Efficiency

The probabilities p; are probabilities of paint and do not take
into account degradation in operator performance due to fatigue, etc,
This results in an unrealistically narrow distribution in the detection
range. In the model p; is scaled by an operator efficiency factor Pop

which represents the probability that the operator will see a paint given
that a paint occurs,

Acguisition Range

Two quantities of interest are i) what is the probability that a
detection occurs on a given target run and (ii) given that detection

occured, what is the expected range? The former is simply the cumvlative
probability of detection P§(:).

The expectationr values of the detection delays N and N® aze also
calculated in the programs

N =X
N = 3 NRy (6-48)
where Py = P\/ZPy

from which the mesn and standard Ceviation of the acquisition time cam be
calculated

T=Nst (6~49)
op = stfid - ¥ (6-50)

where 5t is the time per scan, Also calculated sre the medisn delay
(PR(D)=0.5) and quartile (PR(3)=0.25,0.75) delays. These sre especially
relevant with wmulti-modal distributions prodvced in the wultipath
enviroament,
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ANNEX B
MOVING TARGET INDICATOR (MTI)
Returns from zero doppler, pulse-to-pulse correlated targets, are
reduced in MIT systems by a series of n delay line cancellers. The model

assowes that the MIT signal retorn for an n-delay canceller is modified
by a factor

P
MT1 2n 2n/2nv
=2 sin (B-1)

P Apr¥

where v is the range rate and 3 is the wavelength, Optimum target
velocities occvr when

o = P21 (B-2)
for integer values of m, and blind speeds occur when

p—:f - .!é. (B-3)

The signal gain when aversged over all target velocities is
obtained by integrating equation H-1

G = By /P, = PB4 (B-4)

Yhen detection is receiver noise limited the increase in noise power is

2 T &-5)

so that the signal-to-noise ratio remains constant in the absence of
clutter, when averaged over all target velocities. The effective number
of pulses for post-dotection imtegration is ( ref 2 )

for n=1 (B-6)

for n=2 (8-7)

for n=3 (B-8)
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B-2
where Ny

= N-n and N is the number of pulses imput to the canceller.

Perforrance in clutter is determined by the pulse repetition

frequency and the spectrus of the clutter return W(f)., If the gain
profile is
6(f) = 227 sin20[L1L}) (8-9)
and
»lezdca
¥({) = Woe (H-10)
the cluttesr power at the output of the n—stage MII is
+prf/2
P, = J wiH)6(f) daf (B-11)
-prf/2
+
:j W(f)G(f) daf (B-12)
-
n
= w.(%','—l)z [(1.3.5....(20-1)) f2n1e 22*1 (8-13)

while the corresponding clutter power entering the canceller is

Pi. = {21 Vo, (B-14)

A measure of the ability to see ap ’‘average’ moving target in

cluotter is the gain-weighted cancellation ratio or improvemeant factor (I)

- (,%gf)” 22 (B-15)

Nost MTI systoms use a linear limiting amplifier preceding the

cancelles, which ensures that the residuval clutter resembles receiver

noise, An undesirable effect of limitiang is to seduce the effective

value o to n’ where n'’mn for no limiting and n’n0.9 for hard limiting,
Whilst this reduces I for single-delay NTI by only a few dB it can
degrade the performance of multiple-delay NII
decibels,

systems by teas of
This vnoertainty justifies the vse of simple velooity spectrs
for sea and rain clutter, vis

8y ¢ /s for sea clutter
(oy)% = 1 + (0.4nx0V)* a/s for raia clutter

oeo/E-8

et v e s e
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where S is the sea state ( Douglas ), K is tbe wind shbear ( uwp to
S m/sec/km of altitude ), the doppler spectre cf surface civtter is given
by equation ( H-10 ) and

S, = 2a,/X (B-16)

The variability in I for simulation purposes is accommodated ty varying o,

and n’ ( between 0.9 and n )

In the evaluvation of S/N = P /(P +P;) for the probability
algorithms, tke levels at the output of the MII are assumed to be

P out = Pr-G() (B-17)
{Pa)ont = P,.6 (B-18)
Pe)out = P -6/1 (8-19)

If only ‘'average’ MII performance is considered G(f) = G and so
S/N in the absence of clutter is independent of the MII gain, For
simulation purposes, where target velocity is kmown, it is important to
determine whether the target is located near a blind doppler region
( Equation H-3 ). Often the MTI pulse repetition frequemcy is varied,on »
scan—~to-scan basis, between two frequencies f, and fy,. If £,/f,axi+1l/2a
( where & is a zultiplier of the first blind speed ) then for typical target
speed, average performance will be obtsined oversl) at this target
doppler slthough the target return may be severely Cepraded on altermate
scans. In the worst case a target may remain in a blind zome even with

alternsting pulse repetition frequencies.
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ANNEX 1

EXAMPLES OF PROGRAM OUTPUT

Figures I-1 to I-6 illustrate the graphical output of the
programs for a variety of target and detection parameters, as described

in anpex G. All samples are for the same radar snd environmental
parapeters which are summarized in tadble I-1,

In figure I-1 the single pulse signal-to-noise-plus~clutter ratio
i is plotted against target ground range for the interferemce and )
" intermediate regions, Under the non-ducting conditions assumed here, ray

' theory remains valid from zero range to the peak of the lowest
interference mazimum (at approx, 20 n.miles). The barely perceptible
change in slope near 20 n.miles justifies the use of the expomential
interpolation for the intermediate region, For ranges less than the
clutter horizon (12.3 n.miles), the S/N envelope begins to be dominated

by the clutter return at sea state 3.

! The probability of detection computational procedures of anmex G
are illustrated in the remaining plots. Ian figure I-2 the S/N data has P

LY 3
-

: been used to compute the paint probabilities for a scan-to-scan
! ' floctoating tsrget. The 50% paint probability, or unity signal-to-noise , )
’ ratios, are often used to produce pnominal detection ranges — from these
;- ' data both criteris would lead to & computed detection range of

approximately 23-~24 n.m. Even these crude detection criteria illustraste ! )
] & dramatically the importance of including multipath effects since the
‘ g notional detection range is only about 75% of the radar horison at 5§ GHz,
' A' This degradation against low altitude targets is even greater for UHF
..' radars ( ref 1). {

Porformance sgainst very slowly fluctuating targets is s
illustrated for the Weinstook target (K = 0.4) in figure I-3. Between 20 s
and 40% paint probsbilities there is negligible differemce from the
scan-to-scan scintillation rate previously discussed. The difference is,
' however, fairly large in the region of greatest interest (50%-99%).

. A more significent detection ramge estimate is obtained from the
comulative probability of initial detection. This is illuwstrated ia
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figure I-4 for the single blip detection criterion and s range of
l operator efficiencies. These plots illustrate graphically the essential
difference between applying an operator loss (typically 3dB) and scaling
I the probability by an operstor effiemcy or alertness fasctor. For modest
1 signal-to-noise ratios the former would mnormally lead to a predicted 4
i detection range near the peak of the first multipath wmsaisum. By contrast
; the use of a realistic alertness factor for a fatigued operator (20%-50%)
leads tc thke much wider distribvtion shown in figure I-4 for a typical
1‘ aircraft cJlosing speed. If the detection critexion is changed to two
; consecutive blips the degradation is even more dramatic. As shown in
! figores I-5 and I-6 for moderately and slowly fluctvating targets the )
i median detectior range could easily be less than 50% of the range
1 calculated vsing simplistic detection ramge methods.
1

Sea Surface Temperature
Salinity

Sea State (Douglas)

Air Tempezature at Sea Level
Barometric Pressuze at Sea Level
Hemidity

15 degree C
3.4%
s
15 degres C
1013.25 mbar
508

R, ~

" O N R Y N N AL N st W T
S akare : el
e

P

Table I-1.
' Radar spnd Euyvironments)] Parsmeters
' Transmitteé Frequency 5000 Mz
j Peak Power 200 kV
; -4 Trapsmitted Pulse Width 1 ps * \ e
" ! IF Bandwidth 1 MH:
f Pulse Repetition Frequency 500 Bz . A
i Receiver Noise Figure 5 dB 9
il - Plusbing and Miscellaneovs Losses 10 4B
E . Horizontal Beamwidth 1 degree 4
o R Vertical Boamwidth 20 degxees
' I , Level of First Vertical Sidelobe 17.6 4B
- Antepna Tilt Angle 0 degrees
. N Antenna Rotation Rate 20 rpm B
' ‘ | Antenna Height 100 foot T
‘ Polarization Horizemtal ‘ :
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