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1. Introduction :
d
Operational performance of Naval radars is routinely checked by 1

measurement of the vertical coverage diagram (VCD). Comparisons of returns 1
from a calibrated targot with the VCD facilitates the detection of any

degradation. This may be in the form of a lower average detection range
or 'holes’ in the vertical coverage, The former may result

from 5
electronic degradation or transmission line losses, while the latter may 4

result from antenns damage or multipath effects - these being determined

by sea state and choice of antenna height or operating frequency. -

In reference 1, computer programs were described which calculated

(i) the radar return from a target flying a specified height/range s
profile and (ii) the probability of paint for fluctuating and non- ;
fluctuating targets. Refinements to the model, and the theoreticzl basis -

of the algorithms were outlined in reference 2.

N

Comparisons have been made between the output of these programs t

and the measured returns in the RAN sphere drop calibration trials. In :
the absence of ducting, any differemces can generally be attributed to 3
plumbing or other isotropic losses. .
RANRL has been requested ( ref 3 ) to produce programs suitable K

for desktop computers to solve the inverse problems - (i) the calculation 2
of signal-to-noise required to yield a given probability of paint and E
(ii) the calculation and plotting of detection contours in a multipath E

environment. The ensuing sections describe the algorithms used in the

programs.

L3R}
a
)

2. The Radar Equation

The power returned in free space from a target of cross—section o

is given by the monostatic radar equation

. P _G3g
‘ P, e 1.

where Pt is the transmitted power, G is the power gain, A is the radar

wavelength and R is the target rsnge. Multipath, diffraction and other
environmental effects are accounted for by the pattern propagation factor :

(F) and the atmospheric loss factor (L)

p o P,GIAIGF 2
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The problem adcdressed in this paper is the calculation of [ in equatico
2, which may be 1e6cast to provide ar e¢xpression for the meximur sizgle-blip

detection range:

R . P C2p%0 oty 3.
L

max ~3
4x Pn o

where P. is the peak tiansmittec power end P, is the systesn mnoise
power, Do is the single-pulse signal-to—-noise :atic required to yield
the cdesired probebility of paint for a given numbez ¢f pulses integrated,
false alarm rate and taiget 1eturn statistics, In the abserce of cluiter,
the limit to signal detectability is geverrecd by the pulse energy, so that
the effective noise power Pn' referred to the artenna, is determined by
the trensmitted pulse width (t), the antenna ncisc¢ temperature (Ta)' the

receiving linc lceses (L)) and the receiver noise figure (NF)

P, = k/tl T, + To(L-1) + LTo(MF-1)] 4.

where T  and T, are the tempesrtture of the receiving line and 290 E

c
respectively, and k is Boltzrann's constant, If the receiver noise band-
vidth B, is used instead of 1/t in (4) the transmitted power should be
pultiplied by DBr, the time-bandwidth constant, to give the effective §/N
for pirobability of detecticn calculations, If clutter-to-noise is near
unity, it is ccpvenient tc¢ assume that the clutter-plus—-ncise variable

(Pc+Pn) has the same statistical distribution as ieceiver noise, and this

Rayleigh distributed total noise pcwer is vsec for P, in equation 3,

3. Pequired Signal-to-Ncise
3.1 Approxzimate Formulae

There are numerous approsimate formulae in the jadar 'iterzture
for evsluating paint probability from S/M (an¢ vice versa), Eeascuable
estimates of cdetection range csn be obtained using the simple formula

suggested by Neuvy ( ref 4 ):

D = 10 log | & .JQL_EEA____B
o & [ M (log(1/Fy))

where PFA is the probability of false alarm, P, is the probability of
paint, N is the numbesr of pulses incoherently integiated, The detector
law is described by the 'constant’' y which is often given the empirical
valoe of 2/3 ( ref § ) rather than the asymptotic limit of 1/2. Neuvy
has given heuristic estimates of « and B for the Swerling and Marcum

(non-fluctuating) targets as shown in Table 1,

4
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Yoo Case e ... R AU B o .. 1 :'
| Swerling I | 2/3[1 + 2/3 exp(-N/3)}| | H
-
. ] 11 | 1 | 1/6 + exp(-N/3) [ N
| 111 | 37401 + 2/3 exp(-N/3)1} 2/3 i R
| v | 1 I 1/6 + 2/3 exp(-N/3) | 3
) Noo-fluetuativg } ___ . _ 1.4 2 exp(:N/3) 4 . ye | g
Table 1. Neuvy parsmeters for Marcum and Swerling targets.

------ Swerling Case —------

N I 11 11 1V Eqe (6)
1 10.5924 10.3747 10.5924 10.3747  10.5924
2 8.1681  7.9547  71.9547  7.9295  7.9547
. 3 6.8091  6.5984  6.5735  6.5938  6.7176
4  5.8732  5.6644  5.6443  5.6807  5.6060
5  5.1639  4.9565  4.9478  4.9907  4.8528
6  4.5949  4.3888  4.3026  4.4380  4.2808
7 4.1213  3.9163  3.9320  3.9781  3.818f
8  3.7165  3.5123  3.5392  3.5&51  3.4310
9  3.3636  3.1601  3.1972  3.2425  3.0968 &1
10 3.0511  2.6483  2.8947  2.9391 2 8030 :
20 1.0674  0.8689  0.9763  1.0105  0.9566 23
30 -0.0357 -0.2360 -0.0962 -0.0687 -0.079%& -
40 -0.8042 -0.9989 -0.8384 -0.8153  -0.8024 -
50 -1.3861 -1.5798 -1.4045 -1.3845 -1,3574 N
60 -1.8550 -2.0479 -1.8613 -1.8437 -1,8079 M
70 -2.2471 -2.4393 -2,2438 -2.2280 -2.1871 <
80 ~-2.5837 -2.7754 -2.5726 -2.5583 -2.5143 S
90 -2.8785 -3.0697 -2.8608 -2.8476 -2.8021 N
100 -3.1405 -3.3312 -3.1171 -3.1049  -3.0590 g

200 -4.8285 -5.0169 -4.7736 -4.7666 -4.7370
300 -5.7918 -5.9791 -5.7225 -5.71715 -5.7111
400 -6.4664 -6.6531 -6.3883 -6.3844 -6.3996
500 -6.9853 -7.1715 -6.9012 -6.8980 -6.9324
600 -7.4065 -7.592% -7.3180 -7.3153 -7.3670
700 -7.7611  -7.9467 -7.6691  -7.6667 -7.7340
800 -8.0672 -8.2526 -7.9723 -7.9702 -8.0516

Table 2. Required signal-to-poise (dB) tabulated for N=1 to
800 pulses integrated (PFA=0.000001, P,;=0.33).

PR L AP kA

[Rd

Iterative solutions (columns 2-5) used fitted data

in colvmn 6 as 'first guess’.
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These formulae are accurate to within a few dE for 0.1<Pd<0.9 and mod-

erate values of N. This rarge is not sdecuate since (i) the 95% contour is

. '::E;“i |‘E‘-2'

ofter srecified as the required detectability contour and (ii) cumulative
paint piobability considereticns night wariant the plotting of a P 4<10%
contour. The fernilae also do nct give good agreemert for 1<N<5 whiclh is

typical for 3-D radar, nor are they applicable to very slowly fluctuating
(Weirstock) targets, FExpressions cf compaiable accvracy kave beer given

by Alberskeinm (ref ¢) and Rlake (ref 7) for ros-fluctvatizg taiget.,

LoLid

{ 3.2 Iterative Sciutions

The fcrmulae described above si:c¢ r1c¢t valic over a sufficiently

large range of Py, N, PFA and target scintillation rate to be used fer
routine VCD calculations, but are sometimes useful in providing a staiting
point for an iterative algorithr, Bowever, in the unieliable regions
(such as moderately large N and F4590% ) numerical instebility poses a

serious problem., A more robust starting point s required whbich ccovers

the range of radar e1¢ target parameters likely to be e¢rccurtered,

. The rethod used bere is based on tke cbservation that Do, for 33%
probability of detecticn in gaussian noise, is virtually independent of
the amplitude statistics of the target ( see figure 1 ), |Regression
analysis of D, date for P,=0.33, 3<N<1000 , PFA=10"5, Swerling case II,

and non-coherent integration yields the following 1esult

D, = 7.138% + 1.01&/1cg(N) - 5.533.1o0g(N) 6.

with Do in dB. Values for N=1 and 2 are evaluvated separately in the

program,

The secant jterative metbhod with equation 6 as first guess,

,.,..la(‘r.r"v

together with the algorithms of reference 2, were used to produce the

,l
data in table 2., Tteration was stopped at Py = 0.3310.00001. The -
accvracy of equation € is of the order of the dependence on target &

~

scintiljation ( +0.1 dB ) at 33% probability of cetecticn. Results for g
50% and 95% (+ 0.001%) are shown in graphical form in figures 2 and 3. A
4. The Fadar V(D N

<

In free space,the detectability contour, or vertical coverage N

N

diagram, is determined by equation 3 with F replaced by the antenna pattern "
s

function f(O©) o
4

Rpax = f(8).R, 7.

where R, is the detection rarge along boresight, and © is the elevation B
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angle. This smoothed contour is also useful for estimating mean Cetecticn
ranges at higher elevaticn angles and wodeiete sea states, in which case
the multipath structure is washed out (see also Jate:r section on skip
motion). At lower elevaticn angles, or sea states, multipath lobing must
be considered and the detection ccntevr becomes

F"xr.a! = F'F'o &

Under ncn-ducting conditions, the pattern propagaticms “actor, F in the

interference region is

F = f(61)./1 + 52 + 2x cos 0 9.

and may take values between C and 2. The phase diffesence @ is the sum of
contributions fiom the geometric path difference between the direct arnd
indirect 1ays ( fig 4 ), apd the phase difference cpr reflecticr from the

sea surface of the irdirect ray. The reflectivity paraceter 5 is

x = T pD f(8,) 10.
fZel)

in which D is the divergence factoi1, 1 is the rougbness fsctor, p is the
Gielectric reflectivity (thke reflectivity which would apply if the sea

were perfectly srocth) and 64 and @5 are as shown in figure 4.

For elevaticn angles pear the horizon, and for targets over the
horizon, F is calculated using diffraction theory (or by interpolation as

described in ref 1) with

F = £(01)./U(X).V(Z).V(Z,) 11,

where X, 2y, 2, are range, target height and antenna height respectively
in natuial vnits and the functions V and U are gain functions described

in refetence 2.

4.1 VCD Envelcpe

Tte main features of the V(D for Naval radars canm be calculeted

using ray theory. The envelope of E is obtained with equations &

max
and 9 with
omax = 2nm ( e=1,2,3...... ) 12.
so that,

X (envelope) = f(6,).(1+x).R 13,
8xX 1 o
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Within the range of elevaticn ar¢ grazing angles of interest,

the shape of the VCD is thus dominated by f(©) and r.

4.2 The Roughness Factor

The reflectivity of tbe indirect ray capm be written as
M= r.p.e P 14.

where r is the roughkness factor, and p and @ 2re tke magnitude and
phase frespectively of the specula: reflection coefficient. Formtlae
for p and ® as functions of grazing argle, frequemcy, water tempersture
and salinity are given ir reference 2 and are in good agrecement with
experimental cdata. The dependence of the roughness factor op pirezirg
angle and frequency is less straightforward, and tkere is 8 paucity of

esperimental data.

Ament ( ref 8) has shown that if the wave height distribution
is gaussian, (variance o?), then the surface rouvghness will slsc be

gaussian

r = ¢ 28? 15.

where

= 2no.siny/ A 15a.

This equation gives good agreement at Jow grazing angles (y),
but this is to be expected¢ since r-->1 as y-->0. That is, most models
will predict l'.max~2Ro for the lowest multipath mazimum over a wide range
of frequencies and sea states, despite the lack of agreement for the high

altitude coverage.

At higher values of s the reflection is nct purely specular. The
additional diffuse compcenent adds to tbhe fluctuation in the pattern
propagation factor, but mct to its average veluve. The random corponent
of F is not considered in the program, but rather anm effective constant
value is assumed. Reasonable agreement for large s is obtained using

the empirical expression given in reference 1:

r = e 28? for 1>0.44 16.
= ¢71.2732s r<=0.44

-
w1

3
B
N

The program also makes vse of the Burling relationship between i
significant wave height (E1/3)|nd c .
1

| R

Hl/3 =40 17.
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4.3 Antenna Pattern Functicns

At high elevatiop angles and mcderate sea states x— >0 and tle

envelope of E is dominated by the APF, as per eqn 7. Flsewhese, the

rax
antenna patterr function of btoth the direct «rnd irditect rays & ¢
required for the calcvlation of F. In gereral, the APF nec¢ds te te
represented adequately out to the first sidclobe. The prograr calculatces
either (i) a cosecant-sqguared pattern or (ii) a modifised sin u/v fan VLeunm
of tte form

sin n/u? B2 1

n/u2-B2

£(6)

where u=d.sin®/2 and B is a constant Icr the antepna, which describes the
sidelobe level and aperture efficiency., QMNctbods for calculeting E from

the sidelcbe level are cescribed ir refeierce 2

5. Craphical Fepresentation c¢f VCD

In the abserce of fiteh and 2031 the VCD is indepcrdent of rada:z
azirutlk (neglecting blind arcs and supcrstrictvse multipath) so that tle
VCD can be (displayed as a 2-D graphical represcrtation., Variations with
range and height of vypaint gprobability o3 signal-to ncise can be

Cescribed by an aibitrary numbe: of grey scales

In figures 5-8, the VCL of a UKF air search radar and a G-band
surface scarxch radaix are illustrated for two sea states, Gross
parameters vsed for the LHF zadar are A = 0,7 metre, antenna height hl
30 metre, N=75 pulses incobherently integrated, sea states O and 6, anc a
free space rarpe of EO = §0 n.miles agairst a 1 metre-squared target,
Parameters usec¢ for the G-band radar are A = 0,05 metre, h1 = 25 metre, N
= §, sea states 0 and 3 and ko = 17 n.miles, Standard atmospheric
conditions and scan-to-scan (Sweiling case T ) target scintillation arc
asstmed, The grey scales correspond to paint probability regions P>95%,
S0%<P<95%, S5%<P(50% and P<5%, and were ccmputed as described in the

previous section,

The VCD's were produced by taking 120 cuts in height fcr 200 range
increments. Sea clutter was ircluded ir the noise calculaticns, uvsing
the expressicns cescribed in r1eferemce 2 For 1easons c¢f clarity the
plots are not truncated at minimum s;ange and rsxinup vnacbiguovs range as
determined by the radiated pulse width and PRF respectively. In order to
resolve the structvre in the G-band plots, calculaticns were carried out

only to 4000 feet and limited to sea state 3, while the UHF calculaticns
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were carried out to a height sufficiert to contain the SX probability

ccntour.

The calcvlations for figures 5-8 took a few minutes of processirg
time op a (DC Cyber 76 mainfreme cocmputer. Such a progran is however
unsnitable for small desktops, such as the Tektronix Graplics System

specified in refererce 3, since similar calculations wculd take 2-3 days
cf computer time for each plet., The next section describes methods far

rzoduvcing lire contour VCD s which can be ¢uickly computed on a spall

desktop pachine, using a nmodificat cn of the progratr describec ir vef 1

6. Contour Piotting
6.1 Asymptotic Behavicur The Fiat Eazth Limit

Fast algorithms for computing contour VCD s a1¢ nct easiiy
implecented due to the jeck of cymnetiy ir the rnujtirath Lobirg
structure, One method oftern employed is to perfoim an approxivatec
calculaticn of the VCD vsing the flat earth meltipath 1esvlits and to modify
the computed results graphically or by scaling tc account for curvatvie
Even this approach howeveir will not be generally applicable due to the

additiona! geometric approximaticns tlat must be rade

In the tlat eaxth 1imit D:-1 and, for horizontally polarized UNF
r1adars at low to modeiete elevaticn angles. r=1 and the phase difference
¢n 1eflection jis 5 1acdians The path difference betweer direct ernd

indirect 1ays for a target at ground range G is

¢ = J(hy+hy)? + 62 - / (hy~hy)? + G2

If tbe free space range of the 1adar is large compered with the
sum of taiget and antenna heights the path difference fo1 ccnstructive

interference is given approximately as

5 - 2Pba 19.
R cos®

Vithin the antenna main lobe (f(0)~1) the pattesrn propagation

factor then simplifies as

las]
[H

2 [ sin(2ﬂh1h2/lG)]

= 2 [ sin 2rhy; (tan6 + El) ] 20.
A G
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Usually G>>h1/tan6 for naval seorch radars at ranges cof interest,
so that the VCD's produced from the flel carth mudc! are highly symmetric
- that is, only one ralcvietion of multipath geometry necd be perfcimed

for orc a1ange at each elevation angle ircrement, vith [-* scalirg to

cetermine the range for a specified probability of detecticn and false
alarm rate (using the algorithms of section 3). A first order ccriecticn
for the effect of the eartb’s curvature car te incjuvded after the last
approximation, This is equivalert to assuwing that the sea surface s
f1-t up to the point of reflecticn sc tbat the final resilt reqguires cnly

the transformation h2-~>h2 + G‘/Zae.

The algosithrs used ir the prograp describec here do nct rely on the
flet e£:1h model, however the gross structure of the VCI can be deternired
uvsing the procecdure cescribed above, Such a cdescripticn is therefore a

useful basis for a more general elgorithm,

6.2 Spherical Eartb Model

. - Dependence of F ¢n FLange

The flat earth model precdicts that the lcbe maxima for long range

raval i1adars occur (with =2 ) st ¢levation angles

6pax ° sin-x(zm—1)x/4hl ®=1,2,3,.... 21.
It is clear from figreres 5-¢ that, in the more general model, F=2 at the lcbe
maxima only at low clevaticp angles, This implies, not only that twice the
free space range will be achieved only at lower altitude, but also tlat the
lobe spacirg is nct vniform, Equation 21 is, however, vseful for cdeteinining
the elevation angle spacing zequired tc fully resolve the multirath structure,
Ir the prograr, ten poirts a1re calcuvlated per nominal lobe spacirg. This
facilitates botk resclution of the lobes and the ability tc read the 1adar

rarge from the plots to a within a few percent of F_,

The behaviou:r at ccrstant elevation angle for a spherical earth

is most easily demonstrated graphically. Figures 9§ and 10 are typical

3

\

plcts of the signal 1e¢turn for the UNF radar described in the previous

4

¢ 0 e s .
e .

secticn, The plots are for a 1 metre-squared taiget at two interrediate

Y
“~
l‘.

N~

N

'l .
.

elevation angles, separatec by half a nominal lobe spacing, at sea states

0 and 6, If the free space range of the radar is large compa:ed with the

ol -,

clutter horizon, alporithrs for coptour VCD s are likely to be most
stable at higher sea states cdue to the reduced multipath leobirg, This is
seen in the plot for sea state 6 (figure 10) whbere results for both
elevatiop angles yield rescults which are close to the free space result,

Since the power 1eturn decays as the fouvith power of r1anfe, either a

L scaling or iterative slgorithm should calculete the required e




signal-to-noise in one or two iterations even if the first

inaccurate.

The behaviour at low sea states is less well b
robust algorithms are gemerally rcquired. In figure G t
at the free space range (80 n.riles) is qualitatively (i

two elevation angles selected. One curve corresponds |

of a lobe maximur (at 80 n.miles) and R-4 bLehavicur is s
2.0 times the free space range, This type ¢{ beliaviouvr is
and implies that as long as the first guess for Jong

around the free space range, the cdetection range (S/N=I}0
razira will generally be easily comprted, At very shco:
kopping occurs for constant elevatico angle calcuvlations s¢

algorithms may te ntmerically unstatle.

As a corcllary, iterative algorithms nay be uns
range search radars such as the G-tand radar of the rievic
the werst case there may be either no sclution o1 severa
S/N=T'  at a given elevation angle. The former case may ap
sea states if the detecticn range is of the crder of the ¢
while the latter will be worst at low sea states where

lobing is most prorourced.

6.3 Description of Main Progran

Either of two algorithres ray be selected in the ma
cases where numerical stability is not a protlem the pref
calculaticn is an iterative search metbod. This algorit
reliatle results at moderate sea states for naval radars
is large compared with the clutter horizon. This metbod
there is a solution along a selected elevaticn angle and
is resscnable (power monotconically decreasing with ra
detcction range can be calculated with arbitrary preci
sensitivity of C.25 dF should be acceptable for most app

10 pcints are plotted per nominal lobe spacing.

In orcder to increase the probability of the searc
numerically statle region, the first two corrections to tt
are scaled assumring K-4 and R-®! decay law respectively
reduce ringing), with sutsequent iterations independent of
If a solution has not teen obtained by a specified numbe:
the ‘solution’ plotted will correspond to the pinimum val
Ttis gethod will therefore produce reliable ranges in

structure but nct necessarily in the nulls. This loss of
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of little corsequence (see figures 5-8) especially considering that the
power in the nulls is highly varisble due to ship muticn (discussed in
next section) , wave height fluctuaticns, stmospheric inhor ogereity, and

other factors.

The second algorithm is a one-step scaling algorithr, so that the
Computec¢ detcectability range, at a specified elevaticn argle, will in
general be reliable only if the first guess is close to the actuval
detectability range. The scaling algorithm in the prograr is optimized
tc produce a reliable envelope for VCD contour since the first guess at
any elevation angle is the range to the lobe maximun, given by equation 13,
Since the reflectivity parareter x is a function of R, it is nct krown until
the final solution is obtaired. An estimate x is used, and this provides

an estimate gmax:
Ro.x = Ry £(8).(14%)) 22,

The estimate ;i is the value correspondirng to the last solution
(xi_l). With this procedure, Ry,  will be calculable to within a few
percent at sea state 0 if at least 10 points are calculated per multipatk
lobe. At higher elevation angles and/or sea states the multipath lobing
structure is wasbhed out (xi——>0) so that this algorithm will be both

robust and accurate if Fo is greater than the clutter horizon.

Plots using these s&lgorithms are given in plots 11-17,. The
contour selected is ¢ dB in all cases, which corresponds to 4% and 52%
probability of paint for the G-band (N=5) and UHF (N=75) 1scars
respectively against a Swerling case I, 1 wetre-squared target
Figures 11 and 12 used the iterative algorithm (0.25 dF sensitivity) at
sea states O and 6. The contour VCD's are in good agreement with the
grey scale envelopes of figures 5 and 6. An additional plot for sea state
3 (fig 13) is included to illustrate the gradual, and very significant,
decrease in maximum height with sea state. The same parameters were vused
to produce the plots in figures 14 and 15 with the scaling algorithm,
Altbough this algorithm is optimized at the lobe maxima, it also gives
good agreement in the mid-lobe region. The lower half of each lobe is
generally well reproduced tc much shorter ranges — this is fortvitous

since this is the lobe region of interest for inbound air targets.

Figure 16 and 17 show the results of the scaling algorithm for
the G-band contours, with the calculations stopped at ar elevation angle
corresponding to the maximum height in the full graphical representations

(fig 7-8). Again, the 0 dB contour (4%) is consistent with the 5% grey
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scale envelope of fiyures 7-8. With thris radar, the pattern propagaticn

factor has a stronger range—depencderce sc that the iterative algorithm is
numerically less stable. The man testa:ion of this is a VCD witk a much
higher incidence of 'bac’ data peints (abeut 5% of all points calculated).

At sea state 0, the iobes for this radar azre pronounced but clesely spaced

so that only the envelcpe cf the VCD contour is easily m2asured (svfticient
reascn for using the quicker scaling methcd), At hijher sva states the

effect of ship moticn further complicates the VCD,

7. Effect c¢f Ship Motion

The motioen of the ship is most converieptly described in terms of
the reference axes systems defined in figure 18, A nstuvrel choice for
the 'space—fixed' axis system utilizes the mean sea surface as the x-y
plane. Tte ship's axis syster is also naturally defined by the effective
plane of symmetry througk the keel, which is defined as the x'-z' plane,

with the y'-axis passing through the antenna.

Relative moticn of the two axes systems atout the vertical (yaw)
is equivalent to a fluctuation in the antenna rotation rate and, thus,
the number of pulses integrated, Similarly, the number of hits per scan
is increased or decreased during a rapid turn, Although this motion may
be of the same order as the normal antenna moticn, the probability of
detection is only a weak function of the number of pulses incoherently
integrated, and can therefore be ignored in most cases. Motion of the
ship in the x-y plane is also ignored since the VCD is plctted in terms
of relative range which will not change significantly during the time on

target for norral antenna rotation rates and target range rates.

Pitch and roll can be defined as the angles © and @
respectively in figure 18. The effects of ship ’'rotation’ are symmetric
ir pitch and roll unless a specific target bearing is considered., For a
target on the bow, pitch has the same effect as varying the antenna tilt
in the x,y,z axis system whijle preserving the polarization of the
radiation, (The effect of the vertical motion of the antenna during
pitch/roll is discussed Jater in the section on heave). Pitch or roll
can be significant compared with wvertical beamwidth, even for wide
beamwidth search radars. This not only has the effect of increasing the
maximum angle of the main antenna lobe VCD, but also gives rise to
calculable fluctuations in the pattern propagation factor aiL moderate

elevation angles duc to variations in the APF of the direct and indirect

cenlddb bbb dchudnd
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rays. This ijs shown ir figure 19, where the antenna tilt was allcwed to

vary randomly between zerc and 10% i the vertical beamwidth,

The effect of roll for 2 turget along z¢1c relative bearing also
has 8 small] azimuitb-fluctustivn eftect fer taigets at moderate elevation
angles. (This effect is not ncrwally sigrificant, or else it woulcd
provide an elegant method of determining target elevaticr usirp a 2-D
radar.) A second effect for this relativ¢ geometry is that polarizaticn
of the radiation in the space—-fizxed system is pa:tially conveited to the
opposite sense, The detecting antenna s cnly concerned with tle polariz-
ation in the ship’s axis system, so that this is only manifested through
rultipath effecis, Six degrees cof roll converts only 1% of the radiation
to the opposite polarizaticn, At grazing ircidence for the indirect 1ay,
the phase difference anc reflectivity arc near n and 1 respectively for
both polarizations, so that the lowecst lobe is virtually independent of
polarization. At moderate elevation, the magnitude aud phase fcr vertical
polarization may be sufficiently Jifferent to put maxima at the elevation
angle of a minimum for the opposite poiarizaticm, Since the detection
range is of the order of (S/N)° 2%, the nulls for a 1% polarization
change may be filled to about a third of the range for the adjacent lobe

maxima.

In the case of heave, the effect is simply related to the ratio
of heave to mean antenna height above sea level, A simulation of the
effect of heave is shown in figure 20 (cone run only),where the antenna
height was uniformly distritured over the nominal bheave dimension. The
effect on the lower lobes is only slight, but heave has the effect of
filling in the upper Jlobes and thus reducing the mean detection range
along a Jlobe maximum. If the mear of many simulation runs is calcvlated
for each elevation angle, the nulls at the n-th lcbe will be completely
filled if n is of order (antenna height/2.heave) or greater, decreasirg
in effect with decregsing elevation angle.

Ship heave will also affect the probability of detecticn by its
effect on the target fluctuation statistics. In the case of slowly
fluctuating (¥einstock) targets, hceve will modify the scintillation to
scan-to-scan (Swerling case I) at higher elevation angles but will have a
reduced effect on the amplitude statistics at lower argles. Targets with
Swerling case I-IV statistics will not be affected to the same extent
since ship motion is negligible on a pulse-to-pulse timescale for typical

PRF's .
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8. Frequency Agiliry and Diversity

The radars discussed aieve ave assumed to have a transmitted
frequency bandwidth of crdes ¢! the Inverse of the pulsewidth - typically
1 MHz. VYith pulse compression rs-la: it ts the inverse of the compressed
pulsewidth., JIn additicn, the certie tfregoency may be tuned over a range
of several perceut - typically tens of Miz., The cingle-pulse baundwidth
is small comparel with the centre frequency, and so .as nc significant
affect on the VCLO, while the tuunabtility of the radar set simply changes
the number of lobes that i+ intce the ancenna main lebe at fairly long
time irtervals, (The ireguetcy term i the rada: equaticn car be assumed
to be a constant, since¢ the detection renge varies as the square root of

the wavelength.)

Frequency agility has an aralogous e¢ffect on the radai VCU, The
detectability, averaged over all trensmitted trequencies, may be the same
as a simple tunable radar, however on a sian-to-scan tirescale the radar
VCD's are quite different. The e¢levation angle to the n—-th lobe is
approximately proportional to the ratic of the transmitted wavelength to
the antenna height, I{ the agility was random, and on a scan-to-scan
basis, the effect on the VCD would be similar t¢ the heave simulation in
figure 20. That is, the lower lotes would be unaffected but the power in
the upper lobes would be fluctuating abcut the free space level, Pulse-
to-pulse random agility yields the same mean detection range but the
fluctuations are averaged out in the integraticm process, A second
effect of random pulse-to-pulse frequency agility is on the number of
independently fading signal groups per scan, or alternately the number cf
degrees of freedom of the equivalent Chi-square target., JTf F frequencies
are transmitted per scan with sufficient separation to have independent
echoes, then a target which is represented as having 2K degrees of
freedom for the fixed frequency radar lss up to 2Kk degrees of freedom
for the pulse-to-pulse frequency agile radar ( K=F,N,2F and 2N for

Swerling cases I,II Ii1 and IV respectively ).
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AKNEX A

Calculation of TLetecticn Threshold
For Fixed Threshold Detectors

REM HES SRSttt aana ittt iR RN RN RN RN RN ERARNRES

REM UTILITY ROUTINE TO CALC SUM NO=0 TC N-1 OF YO"M.e"-YO/M!
DEF FN LGT(X)=LOG(X)/LOG(10)

IF N>1 GOTO 1215

Y2=EXP(-Y0)

RATI0=1.0

GOTO 1280

NO=0: ANSWER=0

LIMIT=1.0E35

IF YO>1 THEN Y1=YO#*1C"(37- FN LGT(YO0)):ELSE Y1=1/Y0%10" (37+ FN LGT(Y0))
FACTOR=-LOG(Y1)

REM START OF MAIN LOOP

FACTOR=FACTOR+LOG(Y1) %2

Y1=1/Y1

IF NO=0 THEN ¥Y2=Y1:ELSE Y2=0

REM START OF INNER LOOP

NO=NO+1

Y1=YO/NO®*Y1

Y2=Y2+Y1

IF(NO<(N-1)) AND(Y2<LIMIT) GOTO 1245
ANSWER=ANSWER+EXP (LOG(Y2) +FACTOR-Y0)

IF NO<(N-1) GOTO 1225

IF Y1>0 THEN RATIO=EXP(LOG(ANSWER)+Y0-FACTOR-LOG(Y1))
Y2=ANSWER

RETURN

REM SN assnaasiaasauaasniasautsisunaantanannunanuisa e unsuruannannnne
REM START OF MAIN ROUTINE TO CALCULATE THRESHOLD (Y0) FROM N AND PFA
YO0=-182LOG(PFA)

RATIO=1.0

IF N<=1 THEN 1410

REM First estimate for YO
YO=(SQR(-LOG(PFA))}+SQR(N)-1)#SQR(-LOG(PFA))+N-SQR(N)

GOSUB 1201

DO=LOG(Y2/PFA)®RATIO

Y0=Y0+DO

IF ABS(D0/Y0)=>3.0E-7 THEN 1370

REM YO IS THRESHOLD FOR FIXED THRESHOLD DETECTOR

RETURN
REM S80S0 4R AR RARRRRARARARARRARARGARNRNREANARAGORRARARRRERAQRES
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AMNNEX B

Calculation of Pd for Marcum, Swerling and Weinstock Targets

REM SRR NNt N RO SRR RN R RN SRR RN AR RN RN R R RN NN RN R

REM CALCULATE Pd FROM S/M (X dB),CHI-SQUARE PARAMETEF (X),N AKD YO
ELIMIT=1/(10%N):Y2=PFA

Y1=PFA/RATIO

NO=N

X=10"(X/10)

S1=Y2

X1=(K/{K+N#X)) K

X2=X1

X3=X#N/(K+N#X)

D1=K-1

M=1

R1=0

IF X2=0 THEN GOSUB 1€61

REM RESUME AFTER UNDERFLOW LIMIT REACHED
L1=R1

Y1=Y1/NO®*YOD

Y2=Y2+Y1

S1=S1+Y 1#(1-X2)

E1=(1-X2)%(1-Y2)

R1=S1+E1

X1=(D1+M) /M8X18X3

X2=X2+X1

IF(X2>1) THEN X2=1

M=M+1

NO=NO+1

IF ABS(1-L1/R1)=>3.0E-7 THEN 1530

IF E1=>ELIMIT THEN 1530

REM R1 IS THE PROBABILITY OF DETECTION
RETURN

REM #6480 880000 attasrauennnsiansauniasiaaisnunsunaaanunanneaannns
REM SUBROUTINE TO SCALE FOR UNDERFLOW
X4=0:X5=K# (LOG(K)-LOG(K+N#X))
X6=LOG(X3)

REM JUMP HERE TILL LIMIT

Y1=Y1/NO#YO

Y2=Y2+Y1

S1=S1+11

XU4=X4+X6+LOG(D1+M)-LOG(M)
X1=EXP(X5+X4)

X2:=X2+X1

M=M+1

NO=zNO+1

IF X2=0 THEN GOTO 1663

RETURN
REM SSA0R00aauniasuisnastainasametusnionuaecenassiunsanasunnnansny
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AMNEX C

Calculation of Required Signal-to-Moise (Do)

8000  REN S s i u i e R R NN RN RN RN RN RN RN NN REN RN
8001 REM routine to solve rocts of f(x)=R1 by secarnt method

8002 REM SNdBn IS CURRENT ESTIMATE IN dB OF S/N REQUIRED FOK Pd = PROB
8003 DEF FN LGT(X)=LOG(X)/LOG(10)

8004 LN= FN LGT(N)

8005 REM

8006 PROB=0.95

8co7 PROBLIMIT=0.00001

8008 REM ITERATION WILL BE STOPPED WHEN SNGB3 = PROB +/- PROBLIMIT

8010 REM FIRST ESTIMATE OF REQUIRED S/N IS FIT OF SOLUTIONS FOR PD=0.33
8011 IF N<3 THEN SNdB3=10.5924-8.T74G0L4*LN

8012 IF N>=3 THEN SNdB3=7.138+1.018/LN=-5.353¢%LN

8013 SNdB3=SNdB3+4.343% FN LGT(PFA/1.0E-€)/ FN LGT(PFA)

8014 REM SECANT METHOD SEEDED WITH 2 POINTS STRADDLING Pd=0.33

8015 SNdB1=SNdB3-1.0:X=SNdB1:GOSUB 1430 :PROB1=zR1

8020 SNdB2=SNdB3+1.0:X=SNdB2:GOSUB 1430:PROB2=R1

8025 REM
8028 IF(PROR2=0) AND(PROB1:=0) THEN SNAdB3=SNdB3+0.25:GOTO 8015
8029 IF(PROB2=1) AND(PROB1=1) THEN SNdB3=SNdB3-0.25:GOTO 8015

8030 SLOPE=(SNdB2-SNdB1)/(PROB2-PROB1)

8035 TESTSLOPE=(PROB-PROB2)#SLOPE

8036 IF TESTSLOPE>3 THEN SNdB3=SNdB2+ FN LGT(TESTSLOPE):GOTO 8050
8037 IF TESTSLOPE<-3 THEN SNdB3=SNdB2- FN LCT(-TESTSLOPE):GOTO 8050
8040  SNdB3=SNdB2+TESTSLOPE

8050  X=SNdB3:GOSUB 1430:PROB3=R1

8055 REM  SNdB3 IS CURRENT ESTIMATE OF Do FOR Pc=100%PROB3 §

8060 IF ABS(PROB3-PROB)<PROBLIMIT THEN GOTO 8100

8070  SNdB1=SNdB2:PROB1=PROR2

8080  SNdB2=SNdB3:PROB2zPROB3

8090 GOTO 8030

€100  PRINT "ITERATION STOPPED AT ";SNdB3;" dB = ";100%#PROB3;" %"

8110  RETURN
Q000 REM SRS suuiaautsuanruuiiaansisnsinnuteannunnnuasniesnnnansnse
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AMNNEX D

Calculation of Paint Probability for Non-fluctuating Targets

REM S5t u sttt i i nu NS R RN RN R RGN N R NN R RE SRR
REM ®#%% PROBABLILTY OF DETECTION FOR NON-FLUCTUATING TARGE[S%##®
REM CALCUATICH OF Pd AT : Signzl-to-Ncise = X dB

REM Prctability of False Alarm = PFA
REM N Pulses Non-coherently Integreted
REM Fixed Threshold = YO

REM

Y2=PFA

Y1=PFA/RATIO

NO=N

X=10"(X/10)

S1=Y2

X3=N¥x

X1=EXP(-X3)

X2=X1

X6=LOG(X3)

M=1

R1=0

REM TEST FOR UNDERFLOW CONDITICN

IF X2=0 THEN GOSUB 1661

L1=R1

Y1=Y1/NO#YO

Y2=Y2+Y1

S1=S1+Y1%#(1-X2)

E1=(1-X2)#(1-Y2)

R1=S1+E1

X1=X3/M%X1

X2=X2+X1

M=M+1

NO=NO+1

IF ABS(1-L1/R1)=>3.0E-7 THEN 1530

IF E1=>0.001 THEN 1530

REM R1 IS THE PROBABILITY OF DETECTION

FETURN

REM SARRRESiass it i a RN RN RN RN RGN RO RN RN NN R R RN
REM USE SCALING KOUTINE WHILE UNDERFLOW CONDITION EXISTS
X4=0

X6=L0OG(X3)

REM JUMP HER TILL LIMIT

Y1=Y1/NO®*YO

Y2=Y2+Y1

S1=81+Y1

XU4=X4+X6-LOG(M)

X1=EXP(X4-X3)

X2=X2+X1

M=M+1

NO=NO+1

IF X2=0 THEN GOTC 1663

RETURN
REM 0NN Suaanuaneasntnniinasnaisanuanuenssnasnnept s sasssanees




AXREX E

Main Progrer for Contour
VCD calculations,

REM DEFINE FUNCTIONS REQUIRED FCR GEOMETRY ROUTINES
DEF FN LGT(X)=0.43429448%L0OG(X)

1
6
7  DEF FN ASN(X)=ATN(X/SQR(1-X"2))
8 DEF FN SL{X)=SQR((HH2-HH1) 2+4¥ (A1+HH1) ¥ (A1+HH")#(SIK(X/(2%A1)))"2)
9 DEF FN GR(X)=2%A1% FN ASN(SQR{((X"2-(HH2-HH1)"2)/(L*®(A1+HH1)%¥(A1+HH2)))
12 DEF FN EL(X)= FN ASN((2%41®(HH2-HH1)+HH2" 2-HH1"2-X"2)/ (2% (A1+HH1)#X))
13  DEF FN IND(X)= FN ASN((2®A1%HH1+HH1 2+4X"2) /(2% {A1+HH1)#X))

2190 REM VCL ALGORITHM IS ITERATIVE OR R™4 SCALING ( I OR S )

2196  REM 30 MULTIPATH LOBES CALCULATED USING DEFAULT PARAMETERS (PCINTS%=300

2199 REM BB AN AR RER R R A RN R R RN RN RSN R RN RN AR RN RN RN RN RN ERREEEE

2200 REM START OF MAIN PROGRANM

2201  R7=SQR(2%A1/M1)#*(SCR(H1))

2202  MINELEV=-1.,0% FN ASN(H1M/R7+R7/2/A1) :MAXELEV=TILT+1.1#B1

2203  PRINT"MIN ELEVATION = ";57.3%MINELEV;" DEGREES"

2204  DBLIMIT=0.25:REM 0.25 dB RESOLUTION FOR ITERATIVE ALGORITHM

2205  PRINT"™CALCS CARRIED OUT TO ";57.3#MAXELEV;" DEGREES"

2206  INCELEV=0.1%# FN ASN(W/(2%H1))

2207  ELTHETA(1)=0.7C*MINELEV

2208  PRINT"USING LOOKUP TABLE PROVILEL,WHAT IS THE SIGNAL-TO-NOISE RATIO"

2209  PRINT"REQUIKRED FOR THIS RADAR'S VCD CONTOUR":INPUT THEESH

2210 LINP1=10"(P1/10)

2211  QTHRESH=10" (~THRESH/40) : RO=RO*QTHRESH

2212  FOR I=1 TO POINTS%

2213 FIRSTSLANT=ABS(RO®F1%#( 1+R1%#F2/F1))
2214 IF I=1 THEN GOTO 2220
2215 ELTHETA(I)=ELTHETA(I-1)+INCELEV
2216 IF ELTHETA(I)>MAXELEV THEN I=POINTS% :GOTO 2400
2220 THETA=ELTHETA(I):GOSUB 920
2225 REM First estimate of range
2227 SLANT=FIRSTSLANT
2240 PRINT" FIRST SLANT = ";SLANT
2242 LOWLIMIT=10
2245 ITERATION=0
2250 KEM ark**® Compute first estimate of altitude
2251 IF ALG$="I" GOTO 2255
2252 IF ITERATION=2 GOTO 2375
2255 HH1=H1M
. 2257 H9(I)=SLANT 2+2%SLANT#(A1+HH1)*SIN(ELTEETA(I))+(A1+HH1) 2
e 2258 HY(I)=M1%(SQR(HI(I))~A1)
. 2260 PRINT"HEIGHT = ";H9(I);" FEET"
o 2261  HH1=H1N:HH2=HQ(I)/M1:G(I)= FN GR(SLANT)
A 2262 H2=H9(I)
o 2263 G8=G(I)
AN 2265 ITERATION=ITERATION+1
" 2270 R7=SQR(2%A1/M1)*(SQR(H1) +SQR(HI(I)))
>N 2280 REM Compute target multipath geometry
o 2290  GOSUB 2680
.ﬁ{' 2300 REM Compute clutter return for ith point - C7(I)
o 2310 GOSUB 3400
T 2320 REM Calculation/interpolation of pattern propagation factor - F(I)
RS 2330  GOSUB 2470
- 2340 REM radar equaticn

by= 2350 F(I)=K6+F(I)+RCS-40% FN LGT(SLANT)-2%L3%SLANT
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Mein prcgram (cont'd)

NOISE=10%* FN LGT{(LINP1+(107(C7(I)/10)))

INCSLAKT=SLANT-CLDSLANT

OLDEXCESS=EXCESS:OLDSLANT=SLANT

EXCESS=F(1)-NCISE:IF ABS(EXCESS-THRESH)<DBLIMIT THEN GOTO 2375
INCEXCESS=EXCESS~OLDFXCELS

IF(AES(EXCESS-THRESH) >ABS{LOWLIMIT)) THEN GOTO 2359
LOWLIMIT=EXCESS-THRESE :LOWG=G(I):LCWR=OLDSLANT:LOWH=H9(I):LOWP=F(I)
IF ITERATIONC1IC THEN GOTO 2365
EXCESS=LOWLIMIT+THRESH:G(I)=LOWG:OLDSLANT=LOWF:H9(I)=LOWH:F(I)=LOWP
GOTO 2375:REM END ITERATION AND USE SMALLFSY EXCESS IN VCD

IF ITERATION<2 THEN SLANT=SLANT*QTHRESH#*( 10" (EXCESS/40))

IF ITERATICN<2 THEN GO0 2369

IF 1TERATICK<4 THEN SLANT=SLANT#*(QTHRESH* (10" (EXCESS8/40)))70.5

IF ITERATIONCY THEN GOTO 2369
SLANT=SLANT+(THRESH-EXCESS)®INCSLANT/INCEXCESS

IF SLANT<O THEN SLANT=2%RO*END(1)+0.0811%W5

PRINT"SLANT= " ;OLDSLANT;" ELEV= ";57.3%ELTHETA(I);" EXCESS= ";EXCESS;
PRINT:GOTO 2250

RSLANT(I)=CLDSLANT

REM Printout

GOSUB 2840

IMAX=I

NEXT I
REM S5 KR aua st n i R R RN R R R RN AN AR RN RN R RN RN RN R E RN R R RO RN
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Figure 18. Reference axis systems for discussion of ship motion.
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