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ABSTRACT

This report discusses an investigation of the
feasibility of defending surface vessale against
law -flying threats, Various models and tech-
nigques based on themn for the estimation of
threat trajectorias are derived wsing & poliy-
static radar approach wherein targeta are il=
laminaced with sxywave and surface-wave modes
and reflections are received by a shipborne
receiving eyatem via the surface-wave mode,
Two of the models were teated vin simualation:
B two-tranamitter, one-receiver {double bhasea.
line) caspn and & one=-tranamittsr, Onk=receiver
[minngle banelinel case, Tha results of the in-
vestigation indicate that of the maodels teated
only the double baseline spproach may bhe a
feawible mathod, Howsver further anslysis
iz needed bafore a final conclusion can ba
reached,

Two configurations that mnight be feasible for
the shinborne hardware yequired 1o perform
the azimwuthal and Doppler medsurements ate
discuraed: the multipie-baseline/patiern-
recagnition ayatem and tha switched linear
array Doppler direction finding aystem, It i
cancluted that the relative advantagen ol the
two systams should be investigated to select

- the one Mmdet appropriate to the specific appli-
cation degired,
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Seetlan |
INTRODUCTION

)
1.1 ,ﬁsf' BACKOROUND,

The dstection of low-flying threats io surisce vessels at a
range sufficlent to give useful warsng tlme and tracking information Ls 3
problem which muet be aolved if the surface navy is to survive, [n detecting
these threats the ewmemny muat not be given the opporrunity to use simple
direction finding techniques to locate floet unita, Thus, it is depirable that

target detection nod require radiation from the fleet and that the flest eperate
under complete clectromagnetic contral (EMCONY.

The fearibility of using & hyhrid (nkywave /aurface-wavel
syatern 1o help nolwr this problemn has heen demaonsirated ap part of Lthe
MAY DELL Program:. In this tonoept, the target.la HMluminatled by skywaves
from tranamitters feither shipborme or land-based! 1ocated at over-the-horizon
OTH) ranges. Suxisce waves which propagate {rom the target to a recaiving

system aboard a skip permit detections to be made even when the target is
below the line-of-miaght radar harlzon,

Experimants prriormed at Cape Kennedy, Florida, with
& shorps-based receiving station nirmmlating the shipboard environment, a
Navy P3V aircraft s a controlled tarpet. and illumination provided by the
MALRE (pulse) asé CHA IPETL, NELL {phase coded transmitters. lacated
respedtively in Maryland and Yirginia, have shown the lechnique 10 be feanible.
For most of the [Tigkts of the target its altirude wan 2010 fept, and detections
webe made at ranged as greal as I kilomcters (kmi from the recelver,

IRUSSFE)

_-_—_—_______'

1,2 Q)) BT EEASBILITY STEDY,

, ds an application of the hybrid-system, fect alr-defense
technlque, o feanislllty study under Project AQUARIUS has been conducted to

‘determine the practizality of defemding the Mediterranean Fleeat againsi Tow

Mylng aircraflt and cmaise missiles weing overcthe-horizon deteetion {OHD)
thywivesspuprface cwnre and turlace~wave-~yurface-wave 1echnigques. A
paralle] eliort withiry this study wams e determine if sirerple eontinueus wave

(CW} rather than range code tranemdaslans could be used which might then
reault in 2 simpler, more mobile ¢ yutem.,

BRCLASSIFED




m ,E:I:-H:fi‘__, |
o G comns oL bodirici

It was determined that shore-baved HF (CW! acurces
could ba used for ekywave and surface-wave target illumination and shipboard
receivers used to detect the surface-wave Doppler shilfted slgnal scattered
by the tarpet, Assuming reasonable powera {10,006 W], vertical antennas

and 150 m" cross scetiznn, x target detection range of approzimately 100 km
fremn the ship 1s typical,

Although the {lepplar detection provider some Iaformation
about the target velocity and direction, because nl wymmetry, targets flying
near the transmitter may give the same Doppler shiit as thoas flylng near
the ship. Thus a meana of dlscriminating betwean threataning and non-

thredtening targets may be e iraportant as detecting the targets themsslves,
at OTH ranges.

Thin report deseriber the derivation and presenta slmula-
tion results [or three stralrht-forward techniques which allow OTH target
datection and tracking while maintaining EMCON, '

1.3 QJ) | SUMMARY.

Derivations have baen made of lechniques to provide
location e«stimatas of low-fNying targets using x polystatic radar approach in
which the targets are illuminated with skywave and/er surfacea-wave moden
{rom & land-based HF CW transmitter and Lthe reflections from the targeta
are received by & shipborne receiving sysiem via surface wave .ode., The
modelns usad have bean examined for two configurations- & two-transmittor,
ons-receiver {double baselinel case and & one-transmilter, one-receiver
{aingle baseline]l case, For the double baseline casa two models were e~
veloped, one to represent azimuthal and Dappler measurements made at twa
difforent time pointa for each baseline and a esscond to repranent a single
aet of meararermnents for sach bascline, For the pingle baseline cass & third

model requiring two sets of azimuthal and Doppler messurements was de-
veloped. |

The setond and third models were simulated for alrcraft
detection in the Mediterrancan for tweo s.tuations: one in whieh the ur:uuﬂ
fliea directly at the ship and & secund in which it flies at an angle of 3D

{from the ship. The influences of bearing error measurements on the Lrajec.
tary setimalion wers examined,

wla '
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Implarnantation conslderations indicats last Dappler
resolutions of O, | Hz and acimuthal accurscises of |, " Avgrees BMS are
feanible,

Two cunfigurations -=the multiple +baseline /paitt o140
recognition system (MB/PR) and the switched linsar array Doppler direction
finding aystem [SLAD)--that might be feanible for 1the shipborne hardwars
requiived to parform the azimuthal and Doppler messurserments are discunaed,

——— A —
1.4 (V) 487 concrusions

The results of the investigation indicate that the douhle
baseline spproach whersin a singiv et of messurements ia made for each
baseline is superivr 10 the single baneling appraach, The nezepanry
assumption requirad by the single bassline mathod intrnduces larpe errors
in practice and makes thla {ormulation of the method unacceptable. An
eitirration accuracy of | kum in range in achinvable for the jdeal double-
Baseling caan whara there 4v¢ no measuromeont errore, Inaccurats arimu-

I thal measurements resnlt in grostar errors in range estimates them da
Insccurate Doppler messurements, A preliminery arror analysie indicotes
tpat errornof + 2 in bearing mensurement =ssult in range arroreof 1 « 5 ken

From the foregoing rFeruliy it Is concluded that Yhe doulle
baseline approsch appears to be a feasible method for estimating the location
of low-{lying alrcraft using & polvstatic HF systemn. However, additional
anslysis is required in

FY; detailed errar analyals of the double bageline
(aingle measuremertl methad,

b # simulation and srror analysis of the deahle
baseling {multiple measurements method_

(el location estimation of high flying alrcrafi!f
missiles {the cane for which a flai earth and
two dimensional made] {2 no loager vakidl;,

{d) syutern design foar implementing the doubls
baseline (single mesrurement meithod, and

1) annlysis of other lormulations of the single
basellne approach

. _
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It is also concluded that the two posseible shipborne hardwarse
systems should be further loveatigatad to seles. the ane most approprists to the
spacliie applicaticn desired,

w— oemm——
r

1.5 Uy REPORT ORGANIZATION,

This report conaiats of four sactions, Tha first presents
intraductory background intormation concerning previous work Jdone on the
detection of low-flying threals te surfacs vassnle, It also introduces the
{sanibility atudy deacribed ia this report and gives » summary of the study and
the conclusions reached, Tha seccnd section describes ths models usad and
tha darivations of the various ischniques, based on the modela. for astimation
of spiesile/alreraft tralectaries. Section 3 discusaes the simulstion aad tenting

: that wan performed on two of tha models and points out souzees of erxar in
ssch, Erstimates of the effacis of ercors in the measured parameiers on the

'
i
-

i

. rasults ars also given, Finally, Esction 4 discuases ways of designing - nd
coastrucliag the shipborne hardware required to provide the aximuth 4 .+d Lop.
-3 ple? messuremend information necessary to the application of the darived
- techniquea,

iy LULESSIFEL
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DERIVATION FOR AIRCRAFT TRAJECTORY ESTIMATICN

Section 2

.1 O”)ﬂf GENERAL,

Ap described In Seellon 1, protection of tha Nest againet
low fiying alrcraft and/ar crulse missilas may be accompliahed using a
bistatle radar with & ahore-based transmitier for targst illumination combined
writh passive shipbosrd reception. in fact, over-the-horison warning may be
accamplinhed without active shipooard radiation {L.v., with eleciremagnetic
eantrol, EMCON. Tha tachnigues consldered in this study appear to eliminate |
two jundamental problams assosiated with CW.Doppier blatstie radar:

A. Target aignal amplitude given no indication of whether
the target ir nasr the transmiiter ar the rFeceiving |
ahlp baenune the bistatic radar range squation is
symmetric sboul the tranamitier-targel and receiver-
targel Tahged,

b. Single Dappler measurements alone cannot previds

unambiguous target location aince aingle Dappler
measurementa have & four-lfold location ambiguity
caused by 1the geametric symmetry betwaen the

transmiltler, receiver and farget,

Three sepatrate derivations will be given dewcribing 1echniques
which may be used to locale and track low flying targeis which may threalen s
aurfaze fleet. .

&2 Uy MODELS USED.

For the two-dimensional {1at earth, low Myln) situation
belng considered here, two geomeiries afe worth investigating: a two.
tranamiitar, one-receiver (double baseline) came and a ong«irancmitter, one-
recelver {alngle basellne) case. For the doctle baszeline cape, two models
weTe developed, One model requires that, for each baseline, arimuth and
Doppler massurements ba taken ot two different time polnts, The other 1 wde]
requilren only one azlmuth and Deppler mespurement (or each baseline. The
geometries for lhesa two models are 1llustrated in Flgures | and 2. The
aingle Baseline rmodel requires azimuth and Doppler melsurements at tws
different tims points: the peometry for this model is shown in Figure 1,

-5.
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Figure 1, {1
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Double-Baseline, Two-Mrasurements
Model. [U)
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Figure 2. (U]
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Doutle-Baseline, One-Mensurement
Model, (U}
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Figure 3, (U] Single Basszline Medel.
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z,2 Uy «=CONTINUED.

Of the three models, the slngle basaline cane in the most
desitable (yom an oparational point of view bacaves it zequires monitoring
only one tranamibier. ©f the doubls baaellne models, the one-messuremeont
Cadm {2 the simplest and the easlzst to implement. The following derivations
describe bow trajectary informalion may ba obtained using each of these
rnodals, All models aswume What the sircraft of intervat has constant velocity
and direction, Flat sarth geomatry in alsg assumed, a valid wimplification
for low flying targats,

2. 2.1 (G} Double-Baseline, Twa=Measursmenta Model,

Condider the single baseline, one time point sltuaiion shawn
in Figure &, whare & vebicle i» moving a1 an unknown velaeity ¢, the distance
batwasn the tranemitier and the receiver is assumed krown to be D, and tha
transmitiar iv broadcasting on a hoown wavelength 4. The azimuth angle
of the targat at the receiver, o, and the Doppler shift, Af, sre massured.

The recaived Dopplar shift for this geomuetery may be

wrltan s
e A A
af = -I["l'1 + rz'l

= -%I:n- El-l-:ul 8.}

b

Angles EII ahd E..: caft 2leo be written:

EI R 0 4 o4 &

Hz | 'Eﬂ-l-ﬂ*-ﬁ

Therefore,

Al = 1{- [sin (04 6 + sin (U-8})

UGRCLASSIFIED
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Varlablas for Doyble-Baweline, Two-
Messuremnants Modsl, (L1
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2. 2.1 [T} = ontinued,
Alro,
-1 (&
A = tan [bi
1. » -] r atar o

& * tan LDI:II'II.'I"-I.

D_-——r

U thereo are two transmitter geomatrisa, which shall be
distinguished velng subscripts, then the follawing three equations can b
written:

° a l.l tan |r.'|rI "]
-I'-'hl'l Tl ‘Ilh (= +b]]-l-im tan D !Inl:r -l. -t:‘]‘ in
'lll'.l.ll" )
ﬁf :-— nin (o +E| 1+ aln tl.n > tana - ﬁz (2}
and
ﬁz = l'l + (X

where ¢ is the angle between the two baselinas, ae shown in Figure 1, The
value of ¢ may be calculated bacause the casrdinates of tha two transmitiers
and the receivers ars nsaumed known,

. If additional aeirmuth and Doppler messuremenis are made
{for these same two geometries at some time A1 later, then four more

-equations can be written. This set of equations is distinguished by a super-
acrlpt prime,

v , . ll' tan nr]' )
ﬂfi x 2 BLTY l,'al +ﬁl'l 4 #in {tan T, thn o B - bl (4!
| l | 1
A 'tan o " )
i H A * "'I z 3
ﬁlz a % !tm I,'l:rz + ﬁ;'l + ain jtan Dz tam o2y’ ﬁ.‘: ‘ &L

HHCLASSIFIED
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2. 3- l {UI «-Continued.

-I-l' = .- v a4l cos & 16}

l

- 'u-bl- cCos ﬁz

2 F "

The last two equstions ars a result of the constant velocity
I and directian assumption, All seven equations can be combined into & sysiem
of four equations In four unknowns by eliminating &z from the eguations, The
resalts are:

' .ﬁ.l’l x Fll:u. ll. ﬁll
-ﬁ-fz K rz I‘I.'h l:l ﬁtl

ﬁl’l' - Filu' 2y ﬁl’l

bl’z' = F‘Iu. By Frl'l

whaere the F"l{ “ b are difflerent junctions of the argument parameters.,

The unknowns are v, & A, and 51. The measured quantities ars " nz*.

1’ Fd
'!'- .2. ﬂ-II. 'Hll' &Iz. and ﬁfz". The quantitise known a priori are
I‘.‘:l. Dz. l‘l . '.I.;, At, and ¢. Tha abave set of sinultansous equations may

be solved for the unknowns and the ground range from the receiver to the
- larget could be calculated by

- .
Pz

Although this procedure ylelds four independent equations
which may be solved [or the target position, » vlight refarmulation of the
problem can reduce the number of sguations by two aw described balow,

«12-
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2.2. 2 (U Double-Baseline, One-Measurement Madel,

The variables for the double-baseline, one«mespurement
model are defined in Figure 5, A3 in the previous case, the 1ransmitter-
receiver distances, DI and Dz, and the transmitter wavelengths, }I and
by are sssumed known 3 priori. The azimuthe, @y and @ and Dappler
shifts, "HI and .ﬂz. are the only quantities requiring measurement,

Frorm another form of the Doppler equation.

=1 . .
.l'."l.l'] * 1| lp-l-nlll

.-I - *
—_ ¥
1'-‘;!1 = ]1 Ip “2.]

where b = dp/dt and i‘ll t dn/fdt

From the law of conines,

lIPz+Dz 1/2

" 1

- 2pl, ewe o)

1 | }

[ L-]
_ lpp = i;DI cosu, + pD1 4':1 ainar,! .
“ =
: sz + Dlz - Epni COR "I'Ii /2

whera 1'11 = l:lnrl..r"dt

Stmilarly

. (pp - 'p['.lz con o, + pO, n'rl sin o, -
3 2 2 1/2

ip ¢+ D, =-2pD, cos 9,

Nete that i'r] x Irz = &, The gquantity & can be estimated using the previous
szifruth meksurements s [Sllown:
IEI-H‘I :-ﬂ'l fl:li“l] + [ﬂ'zrﬂ -1y “-d:'l“]
At
=13
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i

Now define b ql. 'I' and ., intlows:

h, = {po+ D" - 20D, con nll”z

q, = ﬂfl 11

rl = D comner

] |
. = Dl ir:innl

Tha quanatitles hz; ¢ Ty and ", Are simllarty definsd. Equations (B)

and (9} ¢nn then ba writien ap

eh-pr, + pe
A = — 1 -I.

I hl

o P‘P-brflﬂ;_
2

Lo éfl can be written

“,PIF-rIl + ps

X .
A, w = -4
1 L h,
Similarly
Pip-r,1+ pa
-F . 2 2
Af, = ™ |p* .
2 h, ;
Solving for b, ;
_ I'.qzhz+ ol -
L i.'-h + pax,l
2 2
w15a-
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2. 2,2 (11} ==Couniinued.
Alap,

- qlhl = bhl + b{p-rll + pll

aid so
"‘!ql hl + by {hl-ra’”

ll'l"p

p = (un

Egquations {10} and {(13) form & syetermn of two pquationp

ih two unknowns [p and ' that may be solved uring standard lterstive techniques.

Note also that, for this farmalation, the assumpilion of constant velocity and
direction are not nacanpary,

2.2.3 (Ul Single Baseline Model.

The final dearivation to be considerad is that invelving the
mods] uslng only one tranemitter. The variables for the single bassline model
are defined in Figure 6. A befora, the \ranamitter«receivey diitance, D,
and the tranamitter wavelength, ), are assumed kpawn, The atimuihe, o
and o', and Doppler shifte &I and &f', are measured quantities whare the
primes slpnlfy measuramant at sorme tims Ot After the flrat (unprimed
measurements. Tha velocity, u, of the vehicle I» not known,

From the Dappler equation,

[ = [h + i

'+ h")

»|= >

From the law of conines,

n = tpz + Dz - 2pD col nﬂ”z

. (pp-pDeonn+ pD& ninrl
" 2 2, 142
{p + D =« ZpDcon al

=l E=-
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2, 2.3 (U --Continued,

Slmilarly,

B = (' p' -p' Decosa'+ p Db sino’)

(22 ¢ D - 2p' D cas a1'?

In order to find & nolution using only one baseling, two
spproximations bave 1o be made

(a) P is constant; i.e., P’ = p and, forthermaore,
p » p'-pat
(&) & (s conmtant: i.e,, 0" =0

Ovar ahart tims intzrvals [small Gth these apsumptions are reamonable. The
angular velocity & can ba setimated na follows:

& o = {F

Y

Theve approximations are atrictly true if the target is llying vn a radial path,
toward or away {rom the ship,

Combining the equations and approximations abave glvens

-ﬂf[:-q=ipﬁ hiE-r!ll*El [
h .

whare
, g = Ofk
r = Dcos o
s = D&alne

h = lpz'l-nlalpbcmu'rl'z i
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(1 =-Conatinued,

Substituting p = p' = p &t, squaring to eliminate aquate roots and algebraic
manlpulation of the rasults yields the cubic vquation

where

2 . .
Ai:!I*Ei: ~-Cp+ D=0 ' {12

A = 24t (gl

B c Atz {qz_.?.‘ + At (dgr-4gp') 4+ 2aht [2p'-r) + D! - r"‘1=

&t l[ill:|':r-ll:|l2 p‘+2p'lzl * Ep'z {q-ut + Zp'r (a-24) + Iqu

D = :n"'.t {qz--zl + q2 {Dz-zp‘r}

g
"

This cubic equation can be solved for b and the correct root chosen. Also
note that P is stlll a function of the single unknown p'.

or

Where h'.

nw

or

In similar fashion,

q'. t' and &' are defined similarlyto h, g. r and n,
_ql k' - p "ﬂ-"l"l = F+ |b+ 2')

prox bR (hord (13
ps

Fouations {12} and (13} form & set of aimultancous equaliona in the two
unknowns p' and p which miay be solved for the target position.

Saftware simulalions have been wrlitten to estimate the

target location accuracy to be expacted by uring there techniques., The reaults
of these simulations are discussed in the next section.
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SIMULATION AND MODEL TESTING

3.1 (7 MDDEIS SIMULATED.

The reavita of simulations of realistic trajeciary entimation
gltustions are detailed belaw for the double=bapeline, one-measurement madel
and the single baseling model., The doubie-baasline, twa-messurement mode)
was Bot simulated.

N m—

3, 2 I DOUBLE-BASELTNE, ONE-MEASUREMENT MODFL,

An algarithm was developed {or solving aets of nonlinear
simultaneous equations such as equatiens (101 and (1§ in Sectien 2, The
algorithm s basned on a standatd iteTative pracedure for solving equations of
the lorm p = f{p) {s2e, for example, Introductory Computer Methods and
Numerical Analysis, by Ralph H, Peonington, The MacMillan Ca. ., 1965,
This procecure conaists of estimating a splution P, and viing this estimate

to got & new eatimate Py where LT I’[pﬁ'l. A naw estimate P; in sbiained

from P, * f[p‘l. and so on unti) |pn- Fn-l‘ v ¢, where ¢ is 2o0me small ..

ratmber. At this peint the process o judped to have converged with a solution
P = P In practice, each succossive P, i1 tranaformed slightly 20 as to

ﬂ'l..llflﬂl!‘! conveErFRERACE.,

Graphically, thin technigue amcunts to finding the inlersection
of the plots of ¥, °© fipl and ¥p = P The point of intersection e whepre the

Algorithrm converges. In aciual practice. there may be more than one inter-
section, Hawever, the correct root may be determincd by examining the aign
ef b and the trend of the previous values of p.

3,2, (Y The Sumulation. -

- o The situation stmulated is that of a ship in the Mediterrenean
sea at 3T N,, 25 E, and an aircraft ot & range of IR0 kilometers, due nerih, -
flying at 720 km/hour {about Mach 0. 4b). Two cases are :nnl-der-d as shown
in Flgure 7. [n the firet case the aircralt Iv metely flying at 2 yo” angle by the
ship, whercas in the second case it ia on an-attack course, heading straight for
the ship, In both casnes, the apeed and direction of the alrcraft are constant,
The transmitters are assumed to he lacated at Rhodes and Athens.

-20.
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AACRAFT

CASE 3 l
TRANCTONT

ATvtw] TASE § TAAMCTORY

— T

Flgure T, (Ul GCeometry of Situation Being Simulated. {1N
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Slmulation Results for Double Baseline Madetl.

EDL-M])380

The results of the two simulations are presenied in Tables

Il mnd 2, These tables give the actual and estimated range, p. and the actiual
and astimaied decivative of range, P. 4t intervals of &0 seconds for the (wo

- EEAEw. E—— L

URCLASSIFIED

CANEN.
TABLE I, fU) ACTUAL AND ESTIMATED QUaNTITIES FOR
CASE 1. I
- |
Time ’y Range. p| Estimated P Estimated
{seconds) | (degrees)|(degraes) {hml ik /feecl | {(km/aee)
| 100, 9 4.5 180, 0
&N %8.9 &2 & 169, 7 134, 2 -, 169 - 171
120 9h. 4 40,1} 159, ¢ 1602 a. 1695 v 166
[ 80 94,0 3T, 1 149, 9 150, 4 -, 160 -. [bl
240 9.t 34. 8 140,56 41,0 - 154 -. b6%
100 B7. 7 1.4 131.5% 132.1 - 146 - 14T
366 Bl1. 9 3T. 6 123. 0 1236 r. 136 -. 1B
420 79.5 23,2 11%,2 115.7 .. 125 .. 127
480 4. % 18,2 108, 1 Y08, 7 =, 111 -. 112
540 68, 9 12.6 161, 102,58 -, 004 -. 04
|. 600 £2.6 6.3 %%, 9 a7, 4 -. 074 -_ 083 i
6hO 5.8 0,5 3,1 I 2.6 ., f15] -, 025
220 48,4 -7.9 0, K [ D | -, 024 -, 156
T8O 40.8 -15.% of, n an, N +, 000 -, 0Ot
R40 3.2 -23,1 qQ, # ", & +, 027 +, D26
a0 25,9 310, 4 Ny, 2 2% 4,087 +, D52
60 19,0 -37.3% L G906, 0 +, 074 +, 075
1020 12. 8 -4 5 (02,40 1.7 +,. 094 +, (095
tDRD 7.2 -41,1 toia, 2 Ing, 7T .10 4.111
1140 2,2 =-6q.1 1S, 3 117. B +,125 +,125
1200 1 -2.2 -HB. 5 123. 2 121,46 +. 137 +, 136
12&0 -6, 0 -bd, 3 131.7 130, 2 +. 146 4+, 46
1320 =9, 3 0%, & 140, 7 139,3 +.154¢ +,1%7
1380 -12.2 -68,. 6 150, 1 144, 9 +, 160 +, 1 &R0
1440 -14. 9 -7h. 1 160, 0 158, 7 +, 165 +, 165
1551 «17.1 ~73. 4 170, D 169,0 +, 170 +.1489
=22~
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ACTUAL AND ESTIMATED QUANTITIES TAOR

CASE £, (1

il A . d

Time oy a3 Range, p |Estimated P E‘";““

laeconds) | {degrews) |{degreenl (e {krmni (km/eec) (xmimec)
| L L L . e e |

o 104G, 5 d4d. 6 180. O

oD 10D, % 44 b 168, 0 168, O =0, Z{W «U, 200

120 100, 9 44, 6 15&. 0 154, & -0, 200 § -0, 200

180 100,49 44. 6 144.0 144. 0 -0, 200 =0, 200

40 100.9 44. 6 1)32. 0 132.0 =0, Z0D 0, 200

300 100, 4 44. % 120, 0 120, D -0, 200 i =0, 200

M0 100. 9 44, b 108. 0 108.0 =0, 200 =0, 200

420 170, % 44, & 96,0 D&, D «0, 200 =0, 200

480 100. 9 44, 6 4.0 4.0 -0, 209 -0, 200

5440 140. 9 44. 6 72,0 T2.1 -0, 200 -0 200

| 600 100, 9 4.6 60,0 60,0 | .o.200| -0,20

e —— i L ol

110 100.% 44, b 48, 0 48,0 0, 200 -0, 201

T20 100.9 44, % 4.0 .0 -0. 200 -0, 201

180 100, 9 4+, 6 24. 0 24,0 -0, 200 «Q, 202

A40 100, % 44, & 2. n 2.0 -0, 240 0, 202

500 100.0 34, 6 0.0 0.0 -0, Z00 =0, 201

3.2.2 fth ~Continued,

attack case,

The most accurate regults were ohitzined for cage 2, the

arder of 0.9 to 1. 0 kiloameters.
discussed below.

.2.3

nn Ssurcea ef Errar,

For case 1, the fiy-by. errars in the range eatimaie are on the
The reasons for these diflleronces are

. The sources of errer include the lincar estimate of rate
af change of azimuth (1) and measurements of azimuth and Doppler frequency,

&. given in Section 2.

'p x

- Qf thess, the main source of error in determining the range is that due to

For example., in casec |1 at 400 aeconds the estimated
value of & in 1.27) 2 10-2 radians/second, while the actual valoe it

1.300 x 18”2 radians/eecond. Uslng the estimated value of @, a solution of

i1B. 28 krmn was obtained., Uaing the correct valus of o,

however, yielded

a solution p = 117,51 km, The actual solutionis p = 117,72 km,

all=
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3. 2.1 (V1 ~=Continued,

For some situations, & plat of v = fiP! shows that it ia
very &lecaw to the function y=*p for & wide range of p. o this ~ange. the amal)
errors in {ipl caused by the amall errors in estimating o produce drastic
diflerenced in where the twd curved intebsect, and hence produce «rrors In
the range cstlmate, Normally, however, the set of conditions that would
produce this problam occurs only for targety sutaide the detection ranpe and
would not affect 3 practicel trajectory deiermination scheme,

It is now apparant why the trajectory estimation for caae 2
was more accurate than for case 1; in case J the azimuih is constant, hence
& =0 and errore due to estimating o disappear. It fallows that it is during
the most critical situations that ihe gresiest 3ccuracy can be expected,

3, 2.4 iUl Sennitivity to Measurement Errﬂf.

During the slmulations discussed above, it was assurmed that
the azimuth and Doppler measurements were exact, During normal speration
i & shipboard envizonment great acgurfcy is not passible, To 1esl the
sennitivity af the model to measurement arrora, range ceatimates wers nhumrd
for varisus combinatlons of errore in meaduring azimuth angles fry 4 and .
and Dappler ahilte bl'l and ﬁfz. The measurement errors and the corre-
sponding range estimaie are tabulated in Table V. The entimates ware sade

At time = 400 geconds in caze |.

The srrore ih measuring .:'n.l'l and .u.rz have the lewsd

effect on the renne evtimate, The percentage error in the range estirnate is
about the same as the percentage error in thesr mesturementa, Howewver,
the errore In measuring azirnuth have much greater effect, Here the errors
in the range estimates are cansiderable. This ia mainly due to the azimuth
errars yialding very inazeurate &» estimatas, which has the afiect aated in
the previous section, The subject of messurement error and error sensitivity
needs further [avestigation,

. 2,5 (Ut Single Baseline Model,

Simulations of the two cases described in 1, 2.1 were alno
done waing the aingie baseline medel, The model failed to give good range
satirmates bn nearly every situatian, The probablie reason (or this is error
introducsed by the assumption of coastant B and & over the interval At,

At the present timne it iz not cleazr whether of not the single baseline modal
is practical. However, [urther simulations using thile technlque will be
investipated.

Y.
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TABLE 3. (I ESTIMATED RANoE WITH MEASUREMENRT ERRCR
[CASE 1} [
Er::}u: in Er:"nr in Er?frl in Erg::z in Actual p E-tir::ted
(depreend idegreent {Herted (Hertzh by fhenl
D, D 0,0 1 D, O 1172 11H, 1
0,0 0,0 0.0 g, 2 117, 2 122.2
0.0 .0 0.0 { .02 117.2 114. 7
n|u n',ﬂ -ﬂiz un II-T-;E ]3“.2
n.o O, 0 g, 2 0.0 117.2 11, &
0.0 0,0 =0, 2 0.z 1iv.2 124.1
a,0 .0 0,2 -0, 2 t1v.2 112, 8
2,0 $. 0 0.0 & 0 k1. 2 136.%
. 2.0 0.0 0.4 0.0 P17, 2 102.3
0,0 -2, 0 0.0 0,0 11T, 2 1046, 2
a0 z. 0 0.0 0.0 17T, 2 131.%
.0 -2, 0 Q.0 0.0 117. 2 122.6
- 0 z. 0 9.0 " 0.0 117.2 113.B
2.0 -2, 0 0.2 0,2 11%7. 2 12T %
~3. 0 2.0 D,2 -0.2 117.2 107, %
NOTE:
Fxactu, = 82 49°
Exact oy r 26, 1u®
Fxact Al &, 174 H2
Exact &fF, = 4. 63 H:
Time = 400 peconds
3. L. b ity  Summary and Conclusions,

(w = 0),

model should be tested further (o uncover any undetected difficulties,

In summary, the double-baseline, one-measdrement model
yielded reasonably accurate trajectory estimates for two diflferent sirmulatione.
The mode] was found td be mors accurate when the azimuth was not Changing

it iz much more sensitive to azimulh measurement error than it is
te Doppler-shiflt measurement error,

Since azirmuth measurerment is likely
to be a difficult lask in a practical implemantation of this technique, investinga-
1lon of ways to minimize the effect of arimuth errors should be initiated. This

.351
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}.2. 6 (U =-Contloued,

At the present tims the ningle badelina modal har not bean
shown to b feanible, The double~baseline, twormeassurement model has not

haar tasted.

-zﬁt
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e WISSEE)

DETECTION SYSTEM
U))

4.1 GENERAL SYSTEM CONSIDERATIONS,

| The analysis and simulation results discusaed in Sections Z and
) were developed with the implicit apsumption that the hardware 1o provide
the necessary acimuth and Doppler measurements could Le made available. -
In fact, an HF prototype systam {or tracking low-{lying targets at distances
beayond radar line of gight can be built with available hardware. The item af
1 graatest concern in implementing such a system is the difliculty of building
™ an accurste shipboard HF direction [inding system. The following sub-
sertions describe the techniques and hardwiara that could be uawd te bnple-

I snemt the sysiam.

42 (_':? )pf' DOPPLER MEASUR EMENT.

Precise target Duppler measurernents {within 0. § Hz} bave lung
becn made by both RLD and operational uver«the-horizon [OTH) radar sysicms
A bleck diagram of a typical single channel recesving and data processing
ayntem is illustrated in Figure B, Dagitally suned, synthesizer controlied
receivers are preflerred {or their frequency stability, Each receiver cutput
would be digitally specirum amalvzed with 0.1 Hr resvlution with approxi-
mately 2 50 H¢ bandwadth to cuver the maximwn expected target Doppler
shifi. The Doppler anift would be displayed on a hasd cupy {ax in.the stand-
ard time-=Irequency - intensity [ormat. The Doppler shilt ax mearared frum
Erhe direct path carrier could be scaled manually Ly the operator or scaled
digiially [or direct computer inpul usiAR 1 x=y digititing arm.

A AR '|.
4.5 iU} SHIPPORNE DF CONSIDERATIONS. |

- Direction [inding {DF) fromn a shipborne platform involves
many of the problems encovuntered by phore based DF systems cuch as
dence nignal environment, multimode elfects, and reradiation frum nearby
cbutacles. It is also conztrained by the practical size of HY DF antenna
arrays that can be employed. The signal eavirunment varies aceordang tu
radio frequency {RF} band uf operajion and pecgraphical location «f the
rlatlorm. For eperations 1n the muddle of the Allantic and Pacilic ccxans

|‘*‘
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ESRPLEN AwD AZIMUTH TNRYT PATA
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Flgure 8. {U) A Typical Single«Channel Recelving and
Preccaning Systemn. U}
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4. {U} == Cuntinued,

& denne signal environment may not exast. Huowever, fur DF wperation in
the Mediterrancan and near urban regivons this problem arca can become
severe. MNarrow bandwidthe (e, g.,. 100+3090 Hzl can be used on DF
receivers to minirnize thas problem. In sddition, azimulh and clevation
discriminatiun can be cmpluyed in the antenna systein dewign 16 extract the
DF inlormation from the signal vl interest 1o & densd envirgninent.

The multimode effect can become a problem when a shywave
as well an surface wave of appruximately equal amplitude mpingrs vn Lhe
IBF system. Decause of the phase shifl Sue Lo the differcence in path lengths,
reinforcement and cancellation ul signals uegur that will make DF measure-
ments dafficelt for any HF DF array, wecauose the signal roflecied [rom

the targe! in expected tu be principally a surlace wave, its greater amplitude

will help te minimize any multimode off~cts.

The must scvvere problem of shipworne DF systcms is that due
to the reradiation of an incoining wave (o the varwous supersiruciure
elements. Many solutions have been attvinptied Lot most weem 10 De unsakis -
factory because of the cunstrainls nnd requircments placed on a slupborne
DF sysiem. These consiraints are concerned with - -

{a} the pizr @f the antvnua array and

3] the location/space for 1MF syktem components

The aize of the RY 11F array in bimited Ly the dunensions of the ship.

Decause the principal dimensien (lengthl v on the order af 400 feet [(destruyer

class sh:P) and much of this lenpth 1 ot availabile {ur A DF system, 3 wide
aperture HF DF antenna array lgreater than Z00 fect) 18 nut gene ratly

feasible. The cunventianal wide -aperiure antenna avslem has the dual advan-

tage of achieving a8 nigh mgnal=to-noisr rativ {frem the gasn of the antenna
array} and high DF resolutavn {from the threctivity of the array). Such a
aystem has the additionsl advantage that o cortain amuunt of reradiation
rujection is puseible from the direetivity of the arrsy, The kiZe consctraint
of shipborne arrays prevents these advamages from being realized. Ome
allernative is 1¢ employ & narrow Aperture aystem. For this approach,
which is very susceplible to reradiation eflects, a location un the top of a
mast awiy from superstructure elements 1o required. However, the
promiwn (or mast and topside space make thie alternative infeasible in
MUKl CAECS.

-29.
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4,3 iy «-Continued,

The requirements that must be met lor shipborne HF DF systemp
vary atcording to application but menerally may be stated as shawn in Tabie 4.
Many of the existing and proposed systemes meoet the majorily of these require-
ments, The principal requirements that are difficull te completeiy natindy
are the DF accuracy and the azimuth and elevation Soveragxs, This is rfue to
the reradiation ¢ffectn that cause DF ¢rrore a¢ described above for both
armplitude and phase comparison aystems,

To date only two approaches appear promising fer svatisiying the
shiphorne DF reguirements, Theae are:

ia) the rmulliple-baseline/patiern-recognition (MB/ PR
syatem and

{bry the switched hincar array Doppler {(S1.AD: direclion
finding aystem,

The characteriatics of these twe aysiema and their applicability ta the carly
warning (EW) problem are described below, The references in footnotes L
and ? below contain more delaited deacriptions of the syatems,

4.5 1 {Ur  Multiple Baseline/Patlern l[iecopnition System,

The multiple haseline/pattern recagnilion {AMB/ PR syslem was
initially supgested by I, Marx at Naval Electronic labporatory Center (XELCH
and ermploys an array of antenna clemenis distributed around the nhip, The
phane differcnce batween pairs of elements iz measured eo form an input or
signal vector, This vector is compared againat a calibhration matrix to de-
termine the divrection of arrival of the incoming signal, Mode]l measuremeonts
wers made by NEI.C for an HF system consiating ol 15 antenna elementa,
These measurements have been analyred using the MB/PR approach, The
resualts indicate that, for low angle {853 5 fgum zenitht signals, root-mean-
square (RMS) accurneies of better than 5.1 are Ehtain:hle_ For akywave
signals unacceptable accuracics {greater than 107) resulied, For the surfsce-
wave mode, for which the polarization is ewaentially vertical, the AMS accu-
taczy lmproves to |, £7 (or leanl. For law-flyinpg tarpet detection applications

L .

I K.E, Spencer, 5 N. Watking, I, Greiswer, A Study of the Switched
l.incar Array Doppler Direction-Finding Sysiem, SES. WD ML352,
Novernber 1979, (UNCLASSIFIED publicationt,

2 ., Cornwell, Shinboard HF NF Final Report, SES-WD G.942,
January 1971, {UNCLASSIFIED publication),

A NELC Technical Docyment Wao, 72,
-30.
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Table 4. {U) GENERAL REQUIREMENTS FOR A SHIPBORNE

H¥ DF SYSTEM. (1N
Parameter Specification
Maximum dimension 130 feet
‘Systern location on deck

DF accuracy
E'FII'III'I'I. 1 enaitivity
Aximuth coverage
Elevation coverage

Dependencs an aignal
characteristics

4 degrees RMS or batlar
B-10 pVim

b0

10° {above horizon)

inds petident of modula -
tion and multiple aignals

-3 -
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4. 31 (] - Comtinued.

where the primary propagition mode is a surface wave the MB/PR appreach
appears to be promising in terms of satislying the DF accuracy requirement
acd overcoming the recadiation problem aboard ahips.

4. 3.2 (U) Switched Lineay Array Doppler (SLAD} Direction
Finding dystem,

The switched linear array Doppler (SLAD) dirsction finding
eystem is & methed of determining the dirwction of arrival of & signal by
proceseing the oulputs of twa simulated orthogonal moeving Lntennis and a
relerence antenna. The simulated mevement in each direction in accomplished
by rapid switching between elements of & linesr array. The azimuthat and
elevation angles of arrival can be determined from the Doppler frequencies
measured along Lbe two arihogonal axes. This approach provides & methos
of avercoming the reradiation problems aboard ships as well as providing
elevation anglesoi-arrival information. A worst-¢case anslysis of the DF
ACCUracCY Wwii de by Spencer, Watkins and Greiver? by considering the
reradiation dus .o & rescnant mast. The azimuthal angle grrors were deter-
mined to be 1&. 3 degress AMS at 4 MHz and 4. 3 degrees RMS5 at 8 MHz fur
2 CW signal.

To employ this approach for s target Doppler signal (i.e., »
rignal source whose frequency changss with time) the {requency of the target
mignal at the times the Doppler meassurements are made muit be separately
cbtained {e.g., from the reference antennal, These measurements then can
be processed in & manaer similar to that {or a CW source.

4.4 (Ul COMPARISON OF MB/PR AND SLAD SYSTEMS,

The MB/PR technigue has the potential to provide much better
DF accuracy than the SLAD approach for suriace wave4., However, the MB/
PR method does aot perform w:ll against shywave 8i.-als and does not pro-
vid# elevation angle -of-arrival information. The storage vequirements
of MB/PR procassing are mote severe than the SLAD technique because
of the sise of the calibration matrix, In contragl, the SLAD approach
provides the capability t0 use skywave information and doar determine ele~-.
vation angle of arrival. However, Bacause of its comparatively poor DF
accuracy it does not meet tha gensril DF reguirements,

L

4 Op. cit.
flz.
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4.4 N1 -- Continued,

Poth approaches should be inveatigaied in more detail befors
ane method ia selected over the other for & specific application. The MB/
PR technique is expecied to be tested using data from an experimental

shipborne DF antenns array. A demonstration of this techniquae in t:putul
12 occur soconer than one lor the SLAD technigus.

-33.
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