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INTRODUCTION (U)

v) |
(- A five-day monting was held on 1522 May 1970 5t the Raytheon Company Sperwer Laboratory,
Burtington, Mass., under the sponsorship of the Advanced Rexcarch Projects Ageacy and the US Navy.
My, A. Van Every of ARPA was chaitraan. The pupers sie published in four sectioos, divided into the

following subject areas:
Section 1. Exocutive Summary
Section 2. Sunmary of Fapers
Prograin Otyectives
Therwy snd Messurementy
* Fleet Air Defese
Buoy Tactical Earty Waming
Section 3. Pane Repons
- Soction 4, Task Abstracts

J

L}i‘/ These mectings are regularty heid to allow contracton snd government agencies sctive ir: surface
arave racar resenrch to exchange information and report their findings.
{U) A lis? of atiendecs is given £t the end of Section 1,

()  Copies of thew Proceadicp may be requested thiuugh the Office of Naval Research, Department
of the Kavy, Washington, D.C. 20360, Attn: Code 418.




Al AP et g § .

AR
(Ph pogs o —afiod] "
ST X

THIS PAGE INTENTIONALLY L"FT BLANK



UNCLACS.FIZD

> R
LT e
o -
o T i
% « %
T e ¢ — 1 =

SECTION |
EXBCUTIVE SUMMARY (1)

o

UNCLASOIFIED




EXECUTIVE SUMMARY (U)

1 PROJECT MAY BELL OYERVIEW (1)

Project MAY BELL is directed tcwards occan surveillance and tactical early warning and is in-
vestipating the feasibility of detecting and tracking sircraft, misciles, ships and submarines at oves-the-
Poruon Jistances using HF monostatic and bistatic radar,

(') Concepts using the bagic geomrettic configurations shown in Figure | sre being explored,
an S‘!; support of these concepts varicus theoreticsl predictions, propagation measurements, crom
section studies and foasibility detection demonstystions have been made.

The progrem emphasia during the past cighteen months has been spe-ifically directed towands
uetermirung the attenusbon and chutter propagation aspects thet apply to the concepls that use the sur
face wave. «rd investigating the bagc feasidility of detocting and wracking alrcrait using Mode JI1, Fleet
Defense (FAD), and Mode IV {a) and (b), Buoy Tactical Early Warning (B-TFW).

m
(L) The various efforts and thels relstion and importance (o the basic gromatric con are
shows in Figure 2.

A SUNMARY OF RESULTS (U)

A Theory snd Measarements (U)
| 1. Psth Lom (U)

Q)) Sﬂf Heararments o received signal strongth were madc over & 300-km pata extending from Gt
Cay in 1w buhamas to the receiving site at Cape Kennedy, Florida, Detriled meanirements extended
%om January through March, 1970, ' . :

' @) 48( The mean signd strength mcasurements agree well with predictad! received signa: strengths in ab-
- solute ievel. The spread of pints about the mean confarms 1o lom predictions verwus sea statc at $ and
and 10 XMz, insulficient data were svailable st 15 and 2C MKz to permit compasisons. Day-to<day
. correlation of measured signal level with ses state was not reliable because only crude hindeast date wae
_ wxilable oo w22 state. System drifts are concluded to be less than 3 ¢B. Effects of ducting on messared
signal strengtta are unknown. Fossible spoctral broadening of the direct signal by the m-wing 3cs during
hish 23 state sppeart | on 3ome records. '

b ; | E!m Hsite
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TASK ORGANIZATION OBJECTIVE
A.  Theory A Measurements
i, Attenvation & Chutter M Determine surface wave aftenuation and
Cakculations slutter ax a oo tion of sea state, frequency,
and range
2. Quiter measurerments ESSA Obtain simultaneous multifrequency back-
caticr ses cluticr measurements
3. Attenuation & Clutter Raytaeon/ | Obtain briatic cluttcr and path lom measure-
Measurements APL ments a3 2 {unction of distance and frequency
4. Attenustion Over ES8A Calcuiste the entrs path loss for surface
irregular Inhomogenous waves over irregular inhamogenous termain
Ternin
5. Crom Section Stwdies SR Compile and evaiusic known crosseciion
mioemstion Ja SLEM
6. Ship Modsl Mossare- s Caleulstion and moidl sessurement. of two
ments typical ship’s cross-section a5 a funrdon of
, 8pect, and (eequency and polarization
7. Ship Crom Section NKRL Measurerment of the actual ship crosseection
with the MADRE radar .
8 Wake Study ESSA Theoretical investigation of the HF radar
: crosysectinns of ship and submarine wakes
s 2 Tunction of frequency snd aspect
angle
3. Fleet Air Defenm
1.  Fessibility Demon ITT/NRLIAPL Yinitia! fessibility demonsirstion of fleet air
stration Test defense concept using skywave illumination
with 3 d'stant transmitter and bistatic ree
ception with close in recriver
2. Ship Detection NRL Investipation of detecting ships on & Doppler
basis using the MADRE maar,
3.  Ship Detection o Investigating the detection of shipson g
power basis using FM/CW high resclution
technique.

Q’) 4% Figwe 2. Participating Orpmizations, Tasks and Objctives (U)




TASK ORGANIZATION OBECTIVES . i
C.  Buoy Tactic:d Early .
Warning (BTEW) -
§.  BTEW Femsibility Raytheon/APL Investigating the Teasibility of detecting .
" Demotutration No.1 and trackang srcrsft ol short ranges
using a buoy-based tranumitter and land-
based receiver using surface wave mode
2. BTEW Femibility Sybranis investigsting the foas'bility of detecting
Demonstration No.2 snd tracking et long range uiing & buoy-
besed transmitter and o land-based
recriver using skywave
D. Manning and Cooedin- APL Technical assstance 10 ARPA in the
stion ovenall planning, and coordination of
program

@))’A"W 3. Participating Organizations, Tasks and Objectives {contt (U

0) 2. Ses Cutter (U}

kt. Sca-scattered energy was observed sl § and 10 MHz, with transmissions both from 3 buoy mooced
120 km from the shore and from Carter Cay. The obactvations were made both with CW signals and
phasccoded signals, the lstter with effective pulse Jengths of 25 and 200 ps. )

() 427 The transmissions from the buoy proved considerably more important because the scatter area
near the buoy is deep ocean waler, rather than land or shoals, as in the case of the Carter Cay trans
* missions. The signal spectrum showed that the sea scatter was confined 10 two bands, or “pedestals”™,
tenths of s herts widtuﬁ located symmetrically within ¥ hertz of the carrier; these obaervations egree
with theory and predictions relating the Doppler shifts to the velocities of the Bragy resonant ocean
waves responsible for scattes. The observed intensity for the sex clutter signal corresponds 10 an average
scatiering cross-section per unil arca, o, of betweoen « 24 and - 30 4B, this egrees with a predicted upper .

timis of - 23 aB.
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8 Fleet Alr Defense and Ship Detoction (V)
1. Flwet Als Defener (FAD) (W

) (‘_‘},))5/ Detecting of low-fly:ng threats to surface veasels 3¢ & range sufficient to give useful warmng time

-

¥

-

*

+

(8

*

(9) 4

()

and tracking in‘ormatdon b 8 peoblem which must be solve! if ‘he surface navy is to mvvive. Bocauw of
“the advantage of denying the enemy the dpportunily of using simp'e direction finling techniques 10
locate Neet unita, it is dosirable that the solution nJt require radistion from the Nect.

The feasidility of umng a hybiid (shy-wave/sutface wave) system 10 solve this probicm has been
demanstrated uriag FY 70 as part of the MAY BELL Program. In this concept, the target is illuminated
by sky-waves frem trmsmitters (either shiphome or land-base 3) located over-the-horizon st ranges of
perhaps 1000 2000 km. Surface waves which propagate from the tarpet to a roceiving system abcard a
ship permit d+tections (o be made even when the target Is below the line of sight radar horizon,

"An experiment was performed st Cape Kennedy, Florida, whete & shorc-basod receiving station
was used to smulale the shepboard environment, A Navy F3Viai:cnafl served s 2 taget by lying offs
shory in a senes of controllad Aight pim:, and ‘Uunination was provided by the MADRE and CHAPEL
BELL transmitters focated respectively in Maryland and Virginia. For most of thess flights the target
altitude was 200 feet, and detnctions were made at ranges 23 great sx 100 km. It was shown to be
possible (0 track the tarset in both range and azimuth with sccurscies of sbout 5 nmi snd one dagree
(depending on SNR1. These results were obtained using s receiving/processing cysiem which was
assembdled using existing euuipment, and this equipment was in many ways not well maiched to the
experimental requirements, therefore, these revults should not be taken as representing the capabilities

of *he limitations of a properly designed system,

/(f The dynamic range requirements imposed by the necessity of receiving small terget echoes in the
presence of the incident sky-wave and of clutter were found 10 be well within the capabllity of existing
technology. Cropotasized, bistatic target cross ssctions were alw found to b of sufficient magnitude
(g 10 100 m? 1o the FPIV) to per it detection. Clutter was fuiad to be composed primarily of the
resonant spociral lines which an: gencrally well understood in terma of existing theory.
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3 Ship Detuction (V)

Q));B( The following is a summary of the varions HF propagation techaigues considered for ship deteshon. .

(u)/m’ Monostatic Groundwave Radar has demanstrated # capability for the detection of murface vesach.
O the ovean (sway from fand), it is predicted that very modest systams (two clement antennas snd 3
tow hundred watts sverage power) can provide detactions bryoad 50 nmi. The limits of location

acursy, particulardly in azirsuth, have not been studied.

({)} (’!( Morostatic Skywave Radar has demonstrated # capability for detecting ships at one hop refraction
. ranpes out to more than 1000 ami. This has been done with coarse spatial resolution (60 nmi by
12-depree cell) and fine Doppler (0.1 He and smaller) resolution. If higher spectral resciution is employed.
its pitdic!td that good ocean traffic surveys can oe made on » daily besis. Optimum bslanc: between

the scveral forms of resolution has not been studiad,

(U) S Hybrid tests using skywave ilumination (o the target and groundwave propagation from tarpet
fo receiver have been conducted. Examination of reference targets on the surface snd cf returms from the
%3 permit some predictions. It appears that  hybrid bstatic system can (in sddition 0 its primary
function of detecting A/C, SSM, and ASM) provide & surface vessel detection capability. Thatis, s
“quict™ flect unit squipped with the bistatic system could have many of the sensing abiities ordinarily

provided by convertional active radar plus additional capabilities.

(0) (81 lis recommended that the propagation of monoutstic skywave ndar Tluminstion of the area
around & flect unit be further tested. In particular, determinations of the possibilities of ship unit obser-
vation of any sttacking missiles or minsile boat detections should be made. These texts should study
cortributions gained from the various forms of high reeolution techaiques and the tequirements for

real-time ionosphere assessmert for optimum dluminstion.

(D) ;51' The bistatic hybrd surface wave concept should be tested in the ship-mounted environment,
such tests could be concurrent with the monostatic tests. The potential of slow target detoction should

be confirmed and thoroughly descrided,

it
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€.  Beoy Tactical Emly Werning (PTEW) }81/(0) s dil
L L. BTEWI (V)
- Q?);s( The BTEW-| concept involves detec.don of fow flying sircreft 2t OTH distances by Duminating
. the tange t with 8 tanamiter located on an off-shore duoy and reception of the target acho signal ata

thor: besed receiver tite via & ground wave propagation mode. Featibility tests were conductod off the
Florida coest using & trawmitier located on Carter Cay (Just north of Grand Bahama isiand) and » re-
ceiving station at Cape Kenncdy, The path length was 300 km and the target was & Navy PV Alreraft,

@ ASY  The feasibillity tests were successful 374 demonstrated that standard radar calculation tachnigues,
with epplication of Barricks’ loss mode! could be used with reauorable confidence, to deacribe the
coversgs afTorded by the BTEW-1 corcept. The tests, then, established and vatidated & modes for csku-
Iating coverage,

@} ;51/ Scversd variations of the original concept were examined, using the model, in » fint atiempt to

asess potential capabilities in spplication to the defense of the CONUS, of special strategic areas, and
of the flcet. The remiits of these snalyses inticate that surveillance can be maintained cut to ranges of

- 300 to 400 km from a shore station with systems of practical dimensions. For exampis, the enss coast
d&zﬂ.&fm%&oﬁﬂ&ﬂw&ﬁﬁﬂ%wﬂdhwﬂwﬁmﬁ 10 e slationm and
8 fere of 30 buoys.

@}J&t” Although the primary objestive of the Florida tests »a to detect low flying aircraft there was
also the opportunity to observs the launch of s Postidon missile from sea. Excellent detection rewults were
obtsined. No anslysia has been sttempted to describe the early warning potestial of this kind of system
gaingt SLBW'S; however, it soems spparent that significant coverage of this threat can be schieved with
a very small number of tevminals.

-

(é) €7 The program has reschad the poin: where basic feasibility has been demonstrated. Some refine-
ment to the understanding o1 fundaniental limitations is required but more emphasis now shou!d be
placed upon th: definition of perform.ance and interface requiremoents, of detailed concept definition,
and upon examination of sonie of the more obvives enginecring problems.

Z FYEW2 (U)

@)}63/ The BTEW-2 concept involves target detection :t long OTH ranges by illumirating the target with
" . 8 buocy mounted transmitter ard reception of the target signal at 3 femote receiver mie via sky-wave,
Tests of this concept were s:ccemful but indicatod that coverape would be very limited for any presently
- practical level of buoy trarsmitter power.

b
. {’{z ,-\ J
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il RECOMMENDATIONS (U)

A, Addtonal Nesnremasts (V)

C Wmmmmmmm smﬁdiﬁowmuuhuamtsamﬁtcémm
priod. mwiuwyWofmbmmmﬁmtdhtoobWuMdhfmﬁthm
mthmnxmﬁammuwammw refeactivity. Data presently evailable are insufficient
1o study these effects or esteblish trends and couclutions. In addition, the water along the previous path
is not typica® of the oecp ocean. An ideal path, for exampic, would be the 300 - 400 km over-water
stretch from Cape Cod to Northern Maine. Daily sigial strength messurements should be made on §,
10, 18, and 20 MKz and with phase-cnded signals 20 as 10 elir inate sky-wave contamination.

8.  Reduction of Existing Data {U)

C ;i/ kmwhumuedmmwthlmmmemms 15, a8 20 MHz thould be
procemed by Raytheon. Mvuﬁmaﬁmﬂemh&d&ewtﬁlmdlumwb
computed. NRL penonnel should compicte the reduction of serial profilometer wave. dght dats

_ taken on wveral deys during the radio messurements. These should provide some positive basis for
comparison and correlstion with ses state. Where pomsitie, briel analyses should be undertaken to
permnit cough estimates of the effects of stmospheric ducting on the received signal.

C Fleet Ale Defeee (FAD) (U)

@) t8( Now that the fessibility of the hybrid {sky-wave 'wu iict wive) tystem concept for Fleet Air
Deferse has been demonstnated beyond any ressonable doubt, it is recommended tha: dusing the coming
year (FY 71) the following efforts should be carriexd out as the next step toward the goal of developing
an overstional system:

* Provide & receiving/processing system which is mobile and suitshle Tor installation
aboard » ship such a3 & destroyer, which can eventually be integrsied into & fully auto-
mated system.,

» investigate the shipboard sntenns problem, siec! elements best suited %o the FAD
mmmmmmmmmfwwm

» Tast the perfarmance of this recelving/processing and antenne system in o land-besed
experiment using svailable Bluminators (MADRE and CHAPEL BELL).

& Repest these tests in 8 shipboard experiment.




. -~ - - —— [ B -

Q})J’(’ ¢ Purwie Floet Air Meferae System studies to further define the performarce requirements,
the interaction vith other systems, =« ikr operational utility.

@ Make model messurements of the crom section of representative sircraft and missile
- targots for various frequencies, polarizstions, and bistatic grometries.
D.  Buoy Tactical Emly Warning (RTEW)
(:))/tﬁi/ It is recomumended that systerns snalysis be continued with eraphesis in the followiag areas:

* To provide s more complete description of coversge capabilities for various deployment
conceplis.

# To establish the mission and provide & definition of performance and interface
reguirenents.

» To perform a pretiminary cost trade-off axalysis of the various deployment concepte.
» To inveriigate the antenne gain and land-sea mierface problems.

. Tommwfmwmﬁmsadmw
ttommwwdwmwmummwmm&am

* o Tu obtain bistrtic crom-section information on representative aircraft xad misile
targets,

REFERENCE
1. D.E. Barrick, “Theory of Ground-Wave Propagation Across a2 Rough Sea at Dekameter
Wavclengths (U), “Research Report, Bastelle Memorial Institute. Cotumbus, Ohio,
January 1970, UNCLASSIFIED
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b DETAILED PROGRAM OBJECTIVES AND KEY ISSUES (L)

De. ). W. Follin, Jr.

The Johme Hopkine University
" Applied Phiyscs Laberatory
8821 Georgns Avtaue
Sitver Spang, Md. 2910

H

I INTRODUCTION (U I '
L) )A/ T «wa BELL program is simed 2t sbtaining solvtiors 1o *he s surveillance problem both fotf
tactical ear warng of mussiles and aircraft aitacking the cominental United States and for iicet wir

i defense: that = ~er-tvw-horizon surve'lance of attacking inissiles, sircraft and <hips. (See Figures 1
and 23 Adarze  _mber of systers configurstions can be used to solve parts of these problems, A« this
.- workshop we wic™ 10 determine the best combinations of systems to do the job and to estimate the |

effectiveness of . “w cortunanons, i

fauars of a ship-bused surface wave radar. Various bistatic systems involve buoys providing line-of -sight ]
or sur{ace wave target iflumination with cither surface wave, or skywave, transniission to 3 land-based “
receiver. One mtcmﬁrg postibility would be tansmission in the opposite direction since much higher j
power can be achieved, leading to 8 40 dB improvement in system petformance. In some geometries
i# appears that 2 buoytu-buoy bistatic system would be effective Finally, the use of an siccrift to ! |
generste & synthetic roceiving aperiure in conjunstion with a skywase luminator may piovide the -
surveillance desired. l |

\
Lﬁ) }8{ Cor the Neet air defense sysiem, choices are limited if it is desired to mai. in radar suience li:o&rd
ship. A mowmnc tand-based akyvm: radar can monitor the ocean sround the flcet and transmit- lhc

&?)/ For tactical carly warning it is possible to use land-based monostatic skywave of surface wave [

S mimmm through appropriste eommuniutxm links, Bistatic systerus include the sky wave target
- luminstion and surface wave pm;apm to the dup oy tine-of-sight or auface wave target illumi |
. mmMmﬁmmpmmtom.MMQnManmnnm ’;
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TACTICAL EARLY WARNING
TARGETS

SLOM
SLOM

AXC
SYSTEMS
MONOSTATIC
SURFACE WAVE RADAR
SKYWAVE RADAR
BISTATIC

B8UOY LOS TARGET SURFACE WAVE TO LAND OR REVERSE
BEUOY LOS TARGET SKYWAVE TO LAND OR REVERSE

BUOY-BLOY
SKYWAVE ILLUMINATE - A/C SYNTHETIC APERTURE RECEIVE

FLEET AIR DEFENSE
TARGETS
SLCM
AJC
SHIPS
SYSTEMS
MONOSTATIC
LAND-BASED SKYWAVE RADAR

BISTATIC
LAND-BASED SKYWAVE ILLUMINATE SURFACE WAVE TO SHIP

RUQY LOS ILLUMINATE — SURFACE WAVE TO SHIP
SKYWAVE ILLUMINATE ~ AJC SYNTHETIC APERTURE RECEIVE

(V) 551 Figure 1. MAY BELL Program Objectives, Sea Survillance ar (V)
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SURFACE WAVES

CLUTTER
PROPAGATION
CROSS SECTIONS

SKYWAVES
COHERENCE OF PROPAGATIOM IN
NEARBY FATHS
FADING
DOPPLER SHIFT
FARADAY ROTATION

MULTIPATH

ANTENNAS
RF1 (LOCAL)

ANTENNA
PFOWER
SECURITY

SYSTEMS

ECM
NUCLEAR ENVIRONMENT

GIVE AWAY OF INFORMATION
TO ENEMY

Q}>u( Figure 2. Koy Problems (U)
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Q)) )ﬂi/ Before the effectiveness of these systems can be determined, the following key 1echaical probiems
that must be wmswered: for surface waves, the efTects of sea state on clutler and propagation; for sky-
waves, the coberence of the ionusphere on ncarby paths. For ships une problem is effective antennma
aperture and beam steering in the presence of resonant superstructure, and second, the probiem of RFI
from miermodulation products from other transmitters sboard ship. For buoy platforns, the probiems
are adoquate anlennas, powet and socurity and to some extent survivability of the buoy, Key system
problemy in sddition to sccuracy, coverage, snd effectiveness, are ECM » ruclear environment, and
finafly possibie give-awny of information to the enemy as & resuit of our trassmisions,

F'g"}l ! ™ ™~ am,’.B

(Ut Thewe key problems are the basis of the questions prepaced for the discussion gooups and it is
boped that most of them can be smwered at this workshop,

Il RFQUIREMENTS FOR EARLY WARNING (L)

(V)

457 The usefuiness of an OTH carly warning system depends on the probability of detection, the
probability of fulse detections, and the accurscy of location and identification. These parcmeters are
it errelated and g2pend on the amount of additional warning time achieved,

(U) )8{ For Fleet Air Defense {see
Y

minimum ol five minutes (until the threaf comes mer-tlse—hozizccji: required 1o get the ship to general
quarters, and fifteen minutes if fighters have 10 be scrambled. The required sccuracy is 257 since the
tarpet must be designated within the 15 - 20° acquisition sector scan of the fire control rdsn. It ks
especially important to note that attempts to defeat 3 ¢ ‘s missile by ECM or chafT re much morr
effective before a missile locks on 8 ship,

(O) ((,5( For buoy tactical early warning aiccraft detections should allow intercepions lo be scrambled
for intercept cutside ASM range. Typically this requires ranges of 200 - 300 nmi and an sccurscy
of § nmi.
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THEORY OF ATTENUATION AND CLUTTER (Uj

Donald E. Darrick

Battelle Memorial Institute
505 King Aveoue
Columbug, Otio 431201

I INTRODUCTION (L)

Ui Ower the past vear snd 2 half, work has been underway on the problem of the intersction of sp HF
radio wave with the rough sea. Two man phenomena were of concerr. in Jhe study: | attenustion
witered by 2 ground wave progagating scross 1he ocean under virsing o state condibom: ang 33 the
soatter tor cluttert scrurned 1o the recciver from the ocoan and it relatiouship 10 ses state. Both pherom-
ena vauld conceivably be imiting factors in raaar performance, and a knowledpe of their magitude is of
mportasce in ihw dedxn and development of such 2 sysiem,

U1 On the question of increased atienuation versus sea state, no measurements rade belore the MAY
BELL Prpram were complete enough to either confirm or deny any dependence on sex state. No - was
any theoretical prediction svailable as to the xpected magnitude of such an efTect. With regard (o clutter
or sca soatter, measurciaents have been availabls for nearly 15 years which huve satisfactorily explained
the nature and mechanisen of the infersction, From observed Doppler shiflts it was surmised that ocean
wyves satter sccording 10 the Brage mechanism, in the same manner a3 3 simple diffraction grating.
Measurements of the magnitude of the sea scatier echo and it relationship (o sea state 3t HF have been
cunsiderably less complete; anly recently Fave more thorough me isurements along these fines been vnder-
taken by Crombie of ESSA, Headrick and 2thers af NRL, and Barnum of Stanford, 23 wel a5 the work oa
data reduction prosently underway at Raytheon, Thes- efforts, all reported under the MAY BELL
Program, should provide valuable data on observed se» clutfer strength. As to the theory, i was only in
reent years that Wetzel and Barrick selated the strength of the received signal spectrum dircctly 'o the
ocean waveheight spectrum evaluated at the Bragg spatial wavenuinbers. This enables s quantitative
connection between echo rength and wea state which dhouid complement the measured Jata.

[ ]
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Il SUMMARY OF ATTENUATION PREDICTIONS ()

it The prublem of atienuation of & surface wave propagation above & rough sea has bren stthed in
the foliowing manner. First, an eflective surfave impedance is derived which accounts for the rouzhnes
ax well as the finite conductivity of sea weicr. Then this effective surface impedance i used in an FSSA
swnpetcr progrant o prodict the basic trammission koss between (e points over (he sea vorsas wa state®

sl The calculation of the effective surfuce impedance of the e at HF i Tacilitated becaue 1, the
avvan wavwheight is small cumparad to wavekength, 2, the surface slopes are smali, and 3, the wa water is
tughdy cunducring 3t HF, Consquently, the boundary perturbation approach of Rice was used along with
tw Looatowch boundary condition for the surface. The results show that the ofTective inpedance
tacseenting for roughness) vonsists of bwo terms, one which is merely the impedance ©f ses water alony
amd Ut uther which contmns the efiect of roughness. The latter invodves an integral over 1he tcvan wavwes
boight spectrum,  n evaluating the latter musncrically, the Phillips wind-wave spoctrins for the occan sus
face was sciccied 18 2 “typical” modur. The prosence of swell s negiected in this model, as wedl 33 any
actual directionatity. One thus oblains results for the efTective impedance which are funciions of wind
spovd.

(U} When thewe efTective impodances are employed in the ESSA groundwave progran, numbers for
fasic trammission loss 3re obtained. To show clearly the eifect of sea state, loss difference (in decibels)
xctworn a perfectly smooth swa and vanious conditions of roughness were plotted. Figure 1 shows such

an exampk Tor 10 MHz, vorsus range and wind speed. The conductivity of acean water was trken as

4 mhoim and 3 4/3 carth refractivity factor was used in the program, Transmitter and receiver are assumed
fovated on the surface in Figure 1. In Figure 2, the actual basic Lansmission losses (rather than the
dilfercncus) are shown from  surface-based soun 1o sn clevaled receiver. The finst number is the loss
for 3 porfectly saooth sex and the second is for sea state 5 (e, 25-kpot wind).

(U3 The eesults show that sca state eifects become more pronouncedat greater manges. For example,
at 10 MHz and 100 nmi range, the signal variation due 10 sca state is of the order of § dB for one-way
propagation.

S A report showing the details and resuits of this work & available as “Theory of Ground Wave
Propagation scrost s Rough Sea at Dekametor Wavelengths™ by D. E. Famick, Battelle Memorial Institute,

January 1970,

UNCLASSIFIED
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i1l SUMMARY OF CLUTTER CALCULATIONS (W)

UV The analysis of scatier from the rough ocean sciface is approached with the same technigue as
used for the atlenustion calculations: namely, the Rice perturbation analysis slong with the Leontovich
boundary conditon.® The results of this study show that the increnental received power spectral density
and atnarlute power saltered from the patch of sea, ds, can be expressed in the usual radar range equation
form m

4P, G, G, M ;32
e R A L L
" Ry Ry (v R} R]

Teansmttod power is Py. antenna gzins are Gy, G, . dis*ances fron: transanitter to the patch ds and from
the patch ds to teceiver are Ry, Ry . and wavciength is X, The quontitics Fy and Fy, #re the Norton
sttenuation functions from target patch 10 the transmitter and reveiver, respectively. (They spproach
uaity for shor! ranges.) They can be expressed in terms of the basic transmission loss, L, (in dB). for
example, as

)
F,» 2.!15!’. 0 L0

(U)  The sea scatter crom section o* and related spectral density for vertical polarization obtained from
the analysis arg

oiwr= wk! (l-con wP Wk, feosg-1), X sine w-w,] ,

o® = vk} (1-corgy Wik (cong- 1),k sing |

where k, * 222, = w_ /2 is the carrier requency ¢ is the bisuatic ang'c from the forwand scaiter
direction, Wip, q, ) is the spatiakiemporal waveheight spectrum for the sen and W {p, q) is the spatiat
waveheight spectrum only. The normalization between power and powerspectrai density is

rau!:umm.

U)  Ascen in the above equations for ¢ () end ¢* |, the spatial wavenumbers sppearing in the wave
height spectra for p and q are preciscly those required for Brugg scatier, This confirms the interpretation
deduced from measurcraents,

*A report giving derivations of sea scatter snd the signal spectrum is in preparation. Most of the derivations
are abso found in a paper “The Intersction of HF /VHF Radio Waves with the Sea Surfuce and Its Implice-
tions™, by D.E. Barrick, presented at AGARD “Electromagnetics of the Ses™ Meeting, June 1970.
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(Us Figure 3. Received Clutier Signal Spectrum at § MHz for Bictatic Radar with 100km Baseline,
Effective Pulwe Length 12.3 us. and for Time Delay One Pulse Length Behind Direct
Pulee, Phillips Jotropic, Fully Aroused Ocesn-Wave Spectrum is Assumed (Solid Line),
Dashed Lin Repeesents Likely Measurements from Nonisotropic Sen. (1)
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{U) Figure 4. Received Clutter Signal Spectrum at 10 MHz for Bistatic Radar with 100 km Baseline,
Effective Pulse Length 12.8 us, and for Time Delay One Puise Length Behind Direct
Pulse. Phillips Isotropic, Fully Arcused Ocean-¥'sve Spectrum is Assumed (Solid Line),
Dashed Line Represents Likely Measurements for Nonisotropic Ses. (U}
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(U} Toostimate the level and shape of ses clutier signais, the Phillips nciropic wind-wave spectrum
B again ewaployed: 0°, obinined i this monner for kistatic scatter, is -13 dB. This value is moee hikely
o uppr Emit bevause the s in practice is neithey hotropic nor fully deveioped, »s implied in the model.

Wy The Millipe isctropic wind-wave model is again used to cafoulate the clulter spectrum for s dintatic
sutfave-surface rmdar, The sea is assomed Sully developed. The anfcanas ate yuarter-wave vertical mono-
poles, fouated over sea water, sepatated by 100 km. The signal permits an ¢ffeclive lime {of range)
resolution of 12,5 ases. The eliptival range coll selected comosponds to one pubie length aftsr receipt o
the direct sipnal, Figures Y and § show the expected spectes st § and 10 Miz, normalized to the incident
power. The frequency, [, = w g 129 is the cutofT on the outer sidues ol the clutter pedestals, ie. 0.224
and 0 122 Hz sespectively. The height observed for the “ean™ depends apon the provesior resolutions;
the b the resolution, the shoeter the sam,

Uy Theinterpretation of these bistatic vlutier spectra is again in confomance with the Brage catter
mechanism. The higher froquencies in the pedestals come from the ends of the elliptical rescdution cell
near the hackscatter directions. The lower frequencies in the pedestals come from the sides of the ollipse,
nearer the forwsrd scatter regron. For larger ellipu s cormesponding to longer delays, the pedestais collapw
v an impulwe fanction eentered on T, the backscatier Doppier.

UY  The total clutter power received in this range cell is about 13 dB below the diruel signal. Again,
observed cluiter signals are likely 1o be lower because the a3 is rarely fully developed and isotropic for
these radar frequencies. Therefon:, 2 difference betv een ciutler and direct signal of 30 dB would be
cupevied 10 be tygical,
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BOMEX SEA SCATTER CBSERVATIONS (U)

D. D. Crombie

Imtitute for Telecommunication Sciences
ESSA Wewencch Labs, Boulder, Colorndo 86302

t INTRODUCTION

1 Obsevvations were made during the BOMEX project of the coheren? backscatter of HF ground
wives from 1he sea. slong the eust coxst of Barbados tsland. The data were taken using 3 multifreguency
vohverent HF rodzr system oporating in the fange of 1.7 to 12.37 MUz, Successive pulse D3irs were Trans
mitled in cach of cight presciccted frequencies in the above range. The demodulated signals were sampled

" ai four ranges {22.5 + 100 km>. passed through an AJD converter, and recorded digitally ¢ 10 bits; with an
incremental tape recorder,

{UY  Short vertical broadband moaopoies were used for tranymission and reception. Two of these were
spacad 100 It. apart and switched aliernately ta the recever between cach pair of tramamitter pulses on
the same frequescy. Thus, 64 seoarate sets of dats were recorded,

{U  The basic repetition rate of the transmifter was 60 pubsesisecond and the pulse length was 40 as.
Thus, cach set of data (one ntenma, one range and one frequency) was sampled 3% times per second,

(U} The radiated power and receiver/antenna sensitivity wers Jetermined using 2 field strength meter,
and 3 small target transmitter located several hundred feet from the antennas. Calibrations were made at
each operating frequency. Radisted powers ranged from 26 watts st 1.7 MHz to sbout | XW at the higher
frequencies. ’

(U} The transmitting and receiving aniennas were situated about 150 f1, from the edge of & cliff wiich
was about 30 13, above, and 200 ft. away from the water's eige.
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N DATA ANALYSIS (U,

1 Purty-minute sampies of data were taken ano sublected (o it Founer transformation in the
somputer at Boulder. The program was wrilten (o identily the speciral Jonsitwes and the bandwidths a,
the -3, <40 and 20 3B kevels a3 well us the frequencies of the spevizal peaks. From these data the RMS
sl level al each peak couhl be oblamed. Knowing the receiver sensitivily and the radialed power, i
sattenng cruss section, ¢, of the sz vould be calculated from the follow.n~ formuls,

4 g2
o= ad—-—F-—:-—-v-m » m’
sXxip?
whene
J distance of the watteret in km,
E, received field strength in pV/im, and
P radiated power in kW

Uy This definition of o, which is particularly appropriate 1o ground wave radar, results in values which
are smalier by 1 Tactor - 1 threy than free space formula. The factor three atises because i it assamed that
the scatterer behaves as a short vertical monopole contriduting 3 factor of 1.5 that re-radiates into the
hemisphene 3bove the sea contributing 3 factor of 2. The effects of ground wave attenuation are not
trwluded in this formula,

HI OBSERVED SCATTERING CROS. SECTIONS ()

0 Some of the values of 0 obaerved at a range of 225 km, where ground wave aticnuation can be
ignored, are shown in Figure 1. The right-hand scale shows the value of reiative cattering sross section

o® {i.c., cross section per unit ifluminated ares). The values shown are Tor approaching waves resuiting
from partially or fully developed scas ot wind speeds of from 10 1o 20 kis, The receding components have
<Toms sections sbout 20 dB smatller. The valucs shown are sveraged over the whole |80P sector dluminated
try the transmitter.

1¥ SPECTRAL DENSITY OF THE SEA SURFACE (1)

Wi Knowing the scatieting cross section and the bandwidith of the scattered signal, it is possible to
defermine the non-direchional spectral density, S(D. of the sea surface {or the wavclengths obeerved.
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The reguired relationship is
Sy e & l—i.'fm_.. . m? fwee
2 !
v dd, g

where o o the scatiering cross section in m? al a sea wavelengih L meten or 3 wave frequency of E herte,
d s e sange dm), d, the cadial leagth (m) of Lhe dluminated area, and g is the acceleration of gravity.

i Some examples of nondinvtional Treguency spectras obtained in this way are shown in Figure 3.
Ihe lower vurve shows an obwerved spectrum foe comparison with Miskowit2's 20kt synoptic specirum.
The nest vurve shows the tesults for 3 wind helieved to be lighter than {or the tower curve. The two
upper vunas shuw spectra obtained at the same tiswe as the NASA wave-measuring aircraft was flying over
the arca tin the downwind direction) where the radar data were obisined. Signilicant wave hoights dee
rived from the NASA data ane aiso shown for companison with those derived from the spectra shown,
The agreement is good and slthouph the wave heights are small, the comparison shows that wave heights
and spwecira can be obtained from hackscatier data. However. to be uselul under rougher conditions, the
radar wavelengths need 1o be incrvand,

¥ BANDWIDTH OF THE BACKSCATTERED SIGNALS ()

() Sume representative bandwidths of backscattered signals are shown in Figure 3. The plotied valwn

are the bandwidth 10 dB below the spectral pcak. Plots of the spoctra show 2 strong tendency towandsa |

Gaussian shape rather than the sin a/x form expected from simple theory. The points in Figure 3 show
that the Doppler bandwidth increases with frequency but that the mate of increase depends on sea siate,
The points for |1 July represent relatively rough conditions, while those for the 14 and 16 July represent
rsthor quivier oras.

VY1 SHIP SCATTERING CROSS SECTION (U)

Q}) $8F  Duning the BOMEX obscrvations some dala was oblained about the vross section of the USOGS
g M1 Mitchell. The revised estimated cross section was - 400 m? using the definition of o gives in
vquation I, The frequency used was 1.9 MHz. Observations at other froquencics were unsuccessful b
vause of the high noise and interference levels present during the nightlime obhscrvations,
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WAVE SPECTRA
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(Uj Figure 3. Observed Bandwidths of Backscattered Signals (1))
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The Mt Mitchel? b an overall kength of 23 feet, beam of 42 (ect and a duplacement of 1627

tons. Thye funncd lop s approvimately 40 fect above the water line, the ‘op of the tallest mast js 70 feet

abtowe the watet li e, The masts are spproximately 100 feet apert.

) @ }h‘/ When the crons section is increased by a factor of 3 1o bring 1t in accordance with conventionad
trov spae delinitions of o the vatue bevomes 1200 m?. Theoretival oatimaios of the cross section of 3
dipeke 140 foct Jong in ftoe space, 4t 2.9 MEZ gives - 1000 m?. The agreement appesrs good, but the
thoeswctical extimate n strongly deprméont on the effective leagth of the mast,

(©)

VI CONCLLNIONS (W
The main conclusions frou this work asing a monostatic hackwatter radar are the following.

& The sveruge scattering cross »-ction of thi sez can b estimated if the non-directional
spevtram of the ez is Anown.

® The intrinsic handwidth of the hack scattered signats is vory smull but increases with
frequency and sos state.

s It appuats that there is ceasonabic agreement between theoreticat estimates of ship
cross sections bawd on mast height, and a measurement {sce Scotion V1),
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MEASUREMEI.TS OF PATH LOSt (U)

. Hooplin

Raytheon Company
Equipment Division
OHD Advanced Oeveingment Department
Spencee Lat.ostory
Burlingt e, Mamsch.ae @

I ORJECTIVT (U)

(U The prisnary interent of MAY BELL ground wave signal amotitude cxperiments was (0 measure
path loss on severd ‘requencics. 1o cortelate the signdd Ructuations with sea state, and to ten the validity
of the mugh ocean wattering model Jevelopd ty D. Barrick >0 BML.

1 APPROACH (U)

(U Surface wave signal levels were measured on & propagstion path between the traaamitter site on
Carter Cay in the Baham~3 and the receiving site of Cape Kennedy, There were two tranumitters on
Carter, ndiating sbout | kW over monopole antennas. During the first three months of 1970 cperation
was on four frequencies, nva: §, 10, 15, and 20 MHz.

{1 Signals were received on the ITT [$-slement array on all frequencier during the entive ~rogram
and with reference monupole antennas on 5, 10 and 13 MHz over a shoter period  All tranemitting
and receiving antennas were in close proximity to the shoreline so that the propagation psth was sub-
stantially over an open stretch of ocean for x distance of 300 km between path terminals  However,
approximately 80 km of this distance lay inside 8 shosl line defining a region of low water with depths
rangiog from | to § fathoma.

{U}  The index for sea state used in making comparisors was taken to be hindeast wave height (s>e
Figure 1), The reference smooth sea datum was Norton's prediction for ocean water with conductivity
of 5 mhos/m. In this analysis, computed signal levely were derived from Norton's formulstion for a
radiating clementary monopole. Estimates for the availrble power from a receiving monopole were then
computced rom the free space aperture, using the free space grin of 2 dB for the mwopale,
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Ul RESULTS )

(U Path foss dats on 5 MHz with monopole reception (see Figure 2) was available for 13 days in
March. Signal level Nuctuations over a range of 5 4B were messured. The fowest value of signal level wn
obsctved around the 9th of March where hindcast dats showed 3 suaximum wave height of 13 feet.

() On 10 MHz, loss data from the monopole system (sce Figure 3) showed little convincing
day-to-day correlation with hindcast duta with the exception of the period 10 March - 15 Murrh, during
which rough sea» were reported. During this time, the signal level dropped by approximately 1048
below the estimate for a smooth sea. The overall spread in power measurements, 0 dB to 10 dB below
relerence, agrees closely with the Barrick predictions for a distribution of sca states ranging from 0 (o S._

(W) There were 11 days when the 15-MHz rignal was received on the BSA, The BSA was calibrated
apeirat the 15-MH2 monopole and BSA mussurements were adjusted accordingly. Although the data
base was mote restricted, the 15-MHz data displayed trends similur o the 10-MHz data; litte or no
correlation with hindcast except for the March 10 - March 1S period, end a data spread ranging from
2d8 above to 10 dB below the smooth =z estimate. This comperes to Barrick's estimate of about +1
to-14 4B for seastatea . 1o 5.

() The data base for 30 MHz {see Figur: 4) was 6 days. Data was collected on the BSA buta
reference monopole was not svailable for calitration. Comequently, the BSA gain was sssumed to ine
clude the full 1 2B theorstical array factor. On this basis, the values of received power display s range
to 1% dB below the smooth sea estimate. There was inmuiTicient dats to search for low signal values in
the Muarch 10 - March 1§ period.

(U A comparison was made of hindcast data (soe Figure 1) with wirkd speeds recorded over the szine
period at GBI and Cape Kennedy, Only s fair correlation was noted, In the hindcast duta, the occurence
of northerly winds appeared to coincide with the highest values of wave height. This would imply ocran
weyes travelling in a direction more or less transverse to the propagation path, where the efTect on path
loss is minimal, and consequently would be expected to produce a docovrelsting efTect between ws state
and signal fevel on & point-to-point basis,

(U)  Skywave contamination proved (o be 2 setious problem on all frequencies. On analysis, & sub-
stantial portion {(about 40 per cent) of the data was reiected on the basis of suspected bissing by skywave
signals. The elimination was accomplished primarily by examining the peaks of the sighal specinal
density for stability over a relatively long period,
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IV SIGNIFICANCE (U)

i ) s concluded that the messurements showed bittle day-to-day comreiation vith hindcast dats o
fot the ses except for one high ses state period in March., Trested as 2 whole, howeves, the body of data s
N did exhibit sn unquestioned frequency behaviour substantially in conformity with the referenced pre- ;
dictions {oc the sca states enwountered, T, Yoig o i N i
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1. M. Headrich

Naval Rewarch Laboratosy
Wahinglon, ).

(u) * s sy Bon deterannations Bave been made with the MADRE racat uang ground w.ave
propagation A guariors s monopole wated on the Chesapeake Bay has been the pan stamdard usad
tor antenng cablibration. The water csnductnaty has been measured for cach test and 3 path-loss determenae
teomn made 1ter the program of L, Berry of #88A,

(93’ Fagure | shows 3 MAY BFLL buoy that was fitted with a modulated {10-Hz s antenns by FPLITT.
{ wure 2w oan ovampie of the characvterstios of this type target. The left column contains, from top to
ot the echo amplitude of ong sidehand versas time, the Dopplers (9.5 Hz and 108 Hzl versus tunc,
avud the ampbihides setsys frodoenyy . A onc-hall Hz offset from 2ero was wwed 10 obtain the above. In the
asstumieg on the Bght a2 wmsba wt of potares tin different orderd are shown but with 2 true tero froguenyy
todh B Nolice that the two sdeamds do interfere hoth comtrucinely and destructively depending

vy thye fiow

(u\ WP Fapure Y vhows the radar retuen from the fingd veraon of the buay antenna targel. The tarper
appvats ot T S and B8 He the oeed reference at 105 Bz, The radar area detormined Tor one sufchand wa

t9dH w7 . The relation uwd wae y
CARET A
P, G A7

- whwre b o the groend-wase low $actor pes £ Borry of ESSA,

U1 1 gure € gves normalized vpnal fevels made using the ahove techagues on HMS Arcthusa, 3
Hnteh tapate The didforence hetween the curve delmed by these ponts and the plotted Toss curve g
the radar arva. The droop in the wpnal levels ot the fonger ranges due 1o shielding by Cove Point nwen

an §apure

h b grure & g prcture ol thye PS8 Thomas, and Figuee 7 ?};‘s the tadar Jdres detersunatun,

08 Fopure X on g putute of the USS Furen, and Frgate 9 gives the radar area determination.
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D. 1. Crundie

Institute for Telecommunwation Sciemes .
EESA Revearch Laba, Boulder, (‘ulﬂta‘dn L1 g
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1 INTRODUCTION W)

Ur A P6X the wirter soggested ot @ Delense Sorence Board (DSB1 meching that the highly perodi
struciure of 2 ship’s wake mught have 2 farge resonant scattening crosssection. 1t was aha sapgested that
41 wung sapects, st feast the Dappler shuft of siguals resonantly scattered frum the wake would be dilfer-
ol Fron that of the signaly resomgetly w ttend Trom the sea. As aresult Br B Kuorss has investipated
how the Doppler duit Trome g wahe Gopemds on the stup™s velovity, on the dieection of madenge, snd how
s value al reRInCE cOmpanes with the Doppler shift of the wa clutter. He has also investrated how the
watlenng wross section depends on the same factors. This note wall summarese bis reswlts,

.
*

11 DOPPLER SHIFT (L)

Q}) )3’( The Dappler st of the signal ba;kwamrcd from the sea is piven by

t

(RUAN "t"" 3 famg veosi@t 00 [

whule the Depeder shuft of the sigrmad wattored from the wake at resonance is given by

3
.-

(A, = (3" MUY A (os 0/ o 1828 )] )
Thus the ratio s pven by

1310 S % - acon @ fun (0: 8]

whereas 3“.‘2"’ * 0.9300, 8 is the angle beiween the direction of the tranvmitier, a3 seen from the ship,
and the direction of the ship's motion, and v is the ship velovity while g is the aceeleration of gravity,
The angle 8, 18 the inchinatton of the casp lines of the wake 1o Whe direction of travel, and has a valuy

0 = 192N,

. | _ li- _ 3

.7 T
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(i’)ﬂl/ bopaien I 0 plotted m by 1. an) shows that ¢
e pau Dopples Suit Hhes difhoteme douhd snatid 2 aake v

thoete i & wEmibi ant ditteronee
2 prrepetly dewgied munsadalt

wa viulive

s By wpatated fhn the i vy b

i1 SUATTERING CROSS SECTION (LB

waltuTing crens it of the wake A appnae

Q’) ?ﬂ/ 1% Kot has sl Jevehoprd lormulae g thw
NATW

piate sersnen, whin b e That the waith ol the wusp hine v X/

at o IKAF NE¥'Han

whore 1l vt * 2 amd

Kb baasntiy,

.

N is the number of crests along the sfume

unp the cusp line.
ence and 1 ves by

levatiun uf the ath et a
£i0 ¢ vontans the angular Jepend

where the ¢
cunp ine. The faiat

nated purtion of the

sn g8
gy g &
1o \mw :8‘1\
i Figure 1. The vanation of fid} with @ isshown In Figure 2. It pvident |

whete 8.t and 8¢ are shivwn o
dependenoe o 8.

cro when 8 = 8, bt otherwise shows na rapad
uspidal components of the :

npth {A ) Jem. W the
= | 37 W ihe

=014

hat the dhws wtion is 2
ency (fr) of resonande with ¢

Q}) ,ﬁ( At 3 shp veloaty of 30 Anots. the Trequ

L Jlang the direction of the shap’s veloaty. i « 2 OMUz the wake wavele
W 0.7 5m 117100 of the wavelength) ane waselength hehind the ship. Kk
« 10km, N = 10,000/75 * 133 and N43=700, From Figure 1, ff
compuneat of the wake is * 33.500m?, at resonanee.

wahe ampliude
dluminated leagth
Thus the waticnng cross

of the wake
wotion for ua

of 3 submagine 10 ft. in dhametet, 3587 1. tong, At 2

v wake
0.2 metenn at § warelengths

Q}) vim and Tolin induwate that the surfa
1 have an amplitude of

depth of K2 1L, and having @ velocity of 20 knoks wi

tchsnd the submafine. Thus,

Kik = 1LA4S 15102 272 10
f one arm of the wake js=9E0IM’ at fevonance.
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IV NOTES ON DETLCTION OF SUBMARINE AND SHIP WAKES (W)

kv) y(( Curtent vab ulatusmn ndnate that the sadar srosee son of 2 wake van be very large t = M7y

FIR ot FL NN

(U The Freguencs of the Ladet depends quite crtically € « 1775 on the dup’s sehis iy snd heading.
Fhus the radar must step wath sery smalt Jhanges, in Trequency. '
Q}) ?1’ Phe Doppler dnft of 1he wabe (il fers ugraficantly from e Doppler sift of the wa, ever guite »

wade fange o aremuth angles. Howeser, the dullferences are such that Dopgber resolution of 17100 Hr o
weare pequsred. This imphies obwerestion tunes of 3 few minutes. The uve of 2 bistatic radar i sho

sonttrimdwated,

-

(u)/ur( Submannes prosduce susface wakes of spnificant amphitede of they are shatlow erough and fast
enough, Current calvulations suggest that the wahes might be detested tor depths of up to 200 1t and fir

apvesds groater than 20 kts tlowet speeds require smaller depths),

(;} A Atsuch apeeds radar froguencics as low as | MHz are requirted. At Miese frequencies the obaine
AN tadar tange is quite larpe compared with those obtainable af higher frecuencies because of the small
gouml wave attcauation,

- v }i’f’ Prowided the wake Doppler can be separaied from the clutter Doppler, 2 radas for detecting wakes
L will be noise hmited, Thus the minimum wake amplitude which is observable will depend only on

»

ambent noise levels and transmitier power,

(.u) )63/ T visualize that & radar for detevtion of wakes would consist of a pulsed monostatic system with
1nl dlumination. Pulse rates should be as high as possible consistent with avoidance of skywave clutter,
: Yach pube will de transmitted 31 3 Jifferent thy < 171 frequency from the previcus one. The complete
" frequenyy wan wall de completed within half the period of the Doppler shifts expected, Successive

sspnals at the same frequency will be added cohierently,

JJ B After ugnals from ane of both “arms™ of the wake are detected their bearing can be determined
© By vanovs methods, 11 i presumed that the received signals will be processed as indivated above in

wveral range gates
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FLILT AIR DEFENSE REQUIREMINTS ¢l

Paul T, Stine

Radas Division, Naval Resesrch Laboratory
Wankington. D07, 20390

1 INTRODUCTION iUy

fiect umits must operate in 2 hostile environment under constant surveillance by trawlers, cubmannes,
“mentral” shippang sesals, aircrall, certain types of lind-based wasors, and posuidy safellites, each
making use of wasing fechmquey avaolabde as a2 eesult of 2 ranudly adsancing technology. In order (o
wpetate ctlevinely. our fleet umts novd improved sunaillance dota providing detsvtion, wdentification,
anst Low ation o track of g theeat while sufficient time remains for defenuve teaction. This suneiflane
vapatulity needs to e aoatlahle under o1 weather conditions, ¢ffovtive ondet FMOON operating
semdituins, highly relusble, and capable of prosading Jata of sulficent acufacy and timebhines as to be
s ful to dupboard Jetonave systems. In addition, the sunaflance watem must oot obwiate an

( U) ,W( Char Sy s probiom o terms of fleet g detense iF AL requetementy 8 posed by the fact that

appropnate olicen e Jofensng balanee witizen fleet units.

1 DOCUMENTED REQUIREMENTS ¢Uy

(_(}) }mf Offirally . the Navy's requirements for fleet sir deferne are covercd by General Operational
Requarement (GORE 1! tited “Surface AnteAg Warfare™ shih essentially say« that all ships must be -
abic to defond themaetees against short-range misales, and large tactical units must be shle to counter
threats from all sour es imduding space sehicles, Advanced Development Obpevin s (A 17-23X,
“Shiphoard Sarface Wave Radar® desls moee specifivally with the prohable threat and posutle reguire
ments tor shipboard warfae-wave sadar a1 s means of overthe-honszon 1OTHI detechion of the threat,

Ht NATURE OF THE THRLAT (U}

(U }8( Fhe theeat as delined by ARG 1T-23X, summuasized i §igures | and 2, ma low-flying
GO 1t ahvtudes tarpet capatie of at least 100 nmi cange and having & radst rons s ion tROS) of one
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ADC 17-23X: SHIPBOARD SURFACE WAVE RADAR
BRIEF

i 8 accomplink the devrlopment work seceuary 1o prove the military uselulrns, technical
feasibilivy. and finsncial acceplabitity of s Shipboard Surface Wave Radar.™

ULTIMATE CBIECTIVES

2. “To provide exrly detection of low-flying air targets a1 2 range of
100 miles or more.”

b.  *To yrovide azrimuth angle and time that the theeatening sie target will
enter the noemal defemive radar envesope.”™

¢.  “When the sbjective is achieved. a deciion whether or not to continoe
into Engincering Development will be made by ONO."
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ADO 17-23X: SHIPBOARD SURFACE WAVE RADAR

AMPLIFYING DATA SUMMARY

a,  Pecformance Desired

Desection of low-flying 1-m® tacget st 100-ami range

Range resolution of * ¥ ami
Asrtmuth accusscy of = §°

Yelocity resolution of = 10 knots
Five frequency bands within HF band
Rapid shifting between frequency bands

5. Comtriinty

»

Lightweight and compact

Suitable for imviallation in 3 DY) or Larger ship
Compstible with current shipboard powet limitation
No harmful interfevence 1o HF communications systems

No physical harm to personnet in exposed locations

C&’ ) 381 Figure 2. ADO 7-23X. Summary of Amphifsing Data Uy
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HIGH PERFORMANCE  INTERMEDIATE NI I " BISTAYIC
CHARACTERISTIC MONOSTATIC SYSTEM  MONOSTATIC SYSTEM  MONOSTATIC SYSTEM  SYSTEM
Ship Sire Req'd. Mod Light Carvier Frigate Destrayey Destroyer
Pyobable Shipbowd Large Dipole Areay Rotatable Leg Rotatable Log €roued Spaced
Antenns Periodic Array . Periodic Array Lonp
Avg. Tramsmittor 100 kw 3O xw 10w 290 AW (Remoter
Fower
Primary Power 300-300 kW 120200 kW 60-100 AW 10- 04w
Reg'd )
“Below Deck™ 15 Tons 10 Tom 7.5 Tom $ Tom
Weight
“Below Deck”™ 1000 fe.? 00§t $50 te? ssen?
Space Req'd }

. ' v
Rarge Capability 100 nmi 80 nmi ‘50 nmi o0 nend
(On 1-M! Low .
Flying Targen { -
Aange Atcursy 1 nmi %1 nmi 21 ami Depends on
Geometry

Azimath Accurscy EY o %0 i85 43

. (U) ﬁ Figure 7. Estimated Characteristics of Shipboard Surface Wave Radar Systems (LN
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FROPOSED METHOD OF OTH TRREAT DETECTION

L Use & resaotely focated OTH shywave eador fo detect and locate s theest and porvibly
to vermmunicate this “ealy warning™ 1o the «hip or task force under atiack.

2 Equip one or more ships in & task force with 3 bistatic surface wave radar capabslity
such that they can make use of the illumination of the threat by the sSywave radar.

3. Equip one or mote ships in » Ixk force with » monostatic surface wave rad:w

capability to provide improved dats on OTH targets which have bren identified
as thrests.

J
L ,l{ Figure 11.  Hylwid System for OTH Surveillance (U)
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FLEET AIR DEFENSE REQUIREMENTS ;
FOR EARLY WARNING ')

Richard 1. dumt

The Johns Hophin Unisenity
Applied Pliysics Laborsfory
#6211 Georgis Avenue
Silver Spring. Maryland 20910

i INTRUDUCTION Wy

T paper dis usws grens requitements for detection and aleriing of 3 Naval Task Forve upainst
the prmary anteshap s tuise miwide threat. A system which idmuairiy moc s thin threat will almost
certanly satnfy requirements of Tewer thivats, As evample of 2 conrdingte,d missile attack which might
e enpevted agast 3 Task Foror in the open ocean is discuwed 1o héghiigh!:,ﬂw salient features of the
vanious tspes of weapons available to the enemy. To provide adequate AAW defense agains! such an
attack, the AAW force commander requines warning of an impoending attack with encugh time so that

he may uwe his Jelensve AAW woapors in the best way, The actions that need to be taken to prepare
the defenw, tugether with Tavton affecting docisions. are outlined. Gross requirementsdor threat
revepnition, time and bearing ate gaen. Because of the need to compunicate early waming information,
4 functional description of an intership communivation system basod on NTUS ix provided (Figure 11

1 The ensuing diswusuon follows vach of the vharts in the prescntation.

it CODROINATED MISSILE ATTACK (FIGURE 21 ()

1) The Sovict Navy has beon growing considerably during the last 10 years with the introduction
of many new types of ships, missiles and aisvraft, The anti-<hip missile threat Bas now reached a leved
of quahity, diveraty, force size and geogrophaal deployment thal ectablishes it ax 3 major consirant an
U ¥ ficet operations. The threat, althuugh developing in detail, is established in general pattem and
vannot he cxpevied to change radically any more than the U S vould casily divrrw; fig;;t the atfack
Camer Tash Foree voncept, !

A A well coordinated missile attack in open seas might be exg octed as shown in Figure 2.
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( )/¥ s group s aapable of laucchaing 4% 10 $5 missles at the USN Torve wathun 2 persad of about

®

r *

I
b

..(( . »
P b

St Hhounutes. Aboud $0 10 45 maatey wall be sucoestully lying obects and wall enier the it spacs
Aot the 1SN toree Approvsmately 23-38 vhould be operable weking misstes, 18 sbosid be noted thet
M) 1 48 mnades are engepradie tarpets wnce the defonses cannot know which sceber are opersble. The
detvnves are thus Taced with shout 3 ta 1] targets per minute of the attack s well conedingted, These
Latpvis sids be approsching the delense over sbout as large o 1207 angular seotos,

Nd 1 abowild dw noted thet roughly hatf the missilos came from submannes, mesning the surflaoed
sanes b plattonns ae vawenhially undetectable umii 3 1o X minotes defore laonch,

Q}) }‘/ e enemy can be expouted to support such an alteck with lugh lovels of sand-off barrage

Qb

Q

@ :

)

wititang In sddition, ait traflic donity will be high and can be expected as 2 normal part of the en-
vronesent, Teaffic dematy will be vanable depending primarily on distance to shore, Typaally, o the
ordor of $0-100 Inendly ait travks ¢.n be cspevied for operatiom o i (o vhore and 2050 fnendly
tra b Lo open ovcan stuations,

If FUNCTION OF EARLY WARNING (FIGURE 3 (U)

Ihe primary purpose of carly warmning is 1o provide limely information 1o the AAW foree
commander «o as 10 emare that the actions necessary for preparing weapon systems to best cope with an
ek have been tahen, The actions that are taken will depend on the information svailabic to the com.
mander and the kevel of confidence he has in the vatidity of the information,

)P‘l/ The most onitical factor in 3 good difensive posture is bringing system manning levels to GQ,
Commanders are reluctant 1o 1ake this action uniess timely and positive threat recopnition van be pro-
sndod. Rovent Oeel esercises have dvmonstrated that detection of tarpets with modificd vondition 3
» 2t hee s the wngle most limiting factor in defonsive capability against simulated high densify raids.

_Qy( *re'm fass the many normal sequential steps in the processing of tarpets, SAM and EW sytoms
are heing budl today Hsoms elementary systems have already been inctatfed with vocalled
‘Threat Respopaive Modey” of operation, Pasically, this systesn concept depends o adeduate revogiilion
ot sdentifivation of the threat, Some thoughts on providing positive thrvat recogrition are shown on the
nent chart. If the flect has chosen to use EMOON as 3 deveptive measute and positive theeat recopnition
van b obtained, dovtrine should be establnhed to romove radiation silence

} Some of the actions which will enhance detection and target processing ate to employ Hmisted
asimuth warch by the operators of radar consales, 1o use {ire control radars in automatic scotor search and
1o bring the force PIM 1o 3 direction which will unmask radaie and haunchers, These actions depend on an
adequate knowledge of attack bearing, '
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« PROVIDE INFORMATION WHICH WILL ASSIST THE AAW FORCE COMMANDER
IN BRINGING SHIFS EQUIPMENTS & SYSTEMS TO BEAR IN THE BEST WAY

FACTORS AFFECTING DECISIONS ACTION ITEMS
’ POSITIVE THREAT RECOGMITION GQ MANNING LEVELS
& TIME AVAILABLE
R [
POSITIVE THREAT RECOGNITION - EMPLOY THREAT RESPONSIVE MODES
REMOVE EMCON STATUS
ATTACK BEARING COMCENTRATED AZIMUTH SEARCH
USE OF FCR SECTOR SEARCH PATTERNS
UNMASKING EQUIPMENT
ATTACK BEARING & TIME AVAILABLE INTERCEPTOR & ASW AIRCRAFT DEPLOWMENT
DISPOSITION OF SURFACE ELEMENTS
A :.
s g - fj /({ Figure 3. Fonction of Early Warning 1U) :
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o SOME CHARAITERISTICS OF THREAT

. SEPARATION OF ATTACKING MISSILE FROM LAUNCH CRAFT
AIRPLANE (DISCERNIBLE BY% ~ 50 KNQL, DOPPLER RESOLUTION
# WITH A SO NM RANGE RESOLUTION.

‘ SURFACED SUBMARINE
SURFACE VESSELS

- TARGEY PROFILE
SPEED ,
ALTITUDE :
VELOCITY VECTOR (<10°)

o CAPITALIZE ON ABOVE CRITERIA TO KEEFP PROBABILITY OF FALSE
L ALARM LOW

(‘»}e( Figpure 4. Threat Recognition (U}




SAM GUN £ EW SYSTEMS
AT s - .

[ I S,

TIME ~%.10 MIN WITH GDOD SHIP DISPUSITION
T THRANSIT
~1.2 HR WwiTH POOR SHIP DISPOLITION

-1-% MIN  WITH GOOD SHIP DISPOSITION

ON-STATION
~F 2 MR WITH POOR SHIP DISPOSITION

_BEARING

i FOR SEARCH RADAR - §0”
FOR FCR WITHIN REASONABLE FCR SECTOR SEARCM -15'- 20°
INTERCEPTOR SYSTEMS
TIME CAP -.3 MIN FROM 100 NM CAP STATION
oL} ~135 MIN
BEARING NITHIN Al RADAR LCAN ~20"

v .
( ) y’( Figure 5. Gaoss Requitements to Alert Force to mmnent Atk (U
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o IF HIGH CONFIDENCE OF THREAT DISCLOSURE, THEN USE
NORMAL, COMMUNICATIONS

o IF ROUTINE DETECTIONS WITH NO POSITIVE THREAT INDICATIONS THEN
- FORR FORCE NOT IN EMCON USE NORMAL COMMUNICATIONS

- FOR FORCE IN EMCON NO INTERSHIP COMMUNICATIONS BUT
CONTROL SHIP SHOULD HAVE COMPUTER CAPACITY &
APPROPRIATE ALGORITHMS FOR COMPUTATION OF
INFERERCZE ON HOSTILITY

U
( ) )ﬁ Figure 6. Fosidle Communization Contral «U's
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FAD HISTORY ()

J. M. Headrxck

Naval Resenrch Laboratory
Washington 0. C,

( U) ;ﬁ( The mivule threat to shupt was the inspiration for comidenng bistatic HF -adar. The mothod
o2 1o e temote shy-wave tHununation of Jow-altitudes targeh acar 3 shap and o detect the taspct-
saoattcred enerpy By 3 ground-wave path 1o a ship-mounted recevang radar wation . Some sample
aliutations were made in 1957 that sugpested fessibility. Figure | gives expe. 12d monostatic iky-ware
radar pertormance f+ £ 3 set of assumed radar and target parameters, The ione spheng model wis per
TESAL. Fipute 2 pves expecied monmiatic ground-wave radar performance for ilrey operating fre-
queniies sptead over 3 greater frequency range than the set required i Figur: 1, In Frnure 3 bistati
perfurmnie i gven for the required froquency extremes. These computations indwoate the baedat
method has posahahitiey; the anatysiv s treated in more deisl in an appendix of the MSDS Group Sey st
Repott “MosiieThreat Ship Defense St dy T 1l of 8 May 1964,

(\3) }ff A series of expennental losts nave been made vung FSSA tranamissions for dlummation and the
MADRE tacihit on Cheaape.dne Hay tor recephion. Migure 4 is a0 carly examnale that shows revonant wave
euh s receneed by ground wase  Fogere S Later esample witls higher power  In addifion, some 2ads
have been condacted uang the PSS Saeceved signal 2, 3 reton ace,

1y The ARPA FAD expeniments wore planned to onmpletely demonsteate the hauc teasibility of how.
sttude ditate, Jotelt and to enp s - both ik, capatslities and requarcd system deagn features

(U) M B e e the AR T tvhave denne aaratad the basie histatiy feaahility of detectan ot
the som flyer Gl oo et Heet Culsach a detection capabulity may have seseraf applications Howe.

ower, the dhvway: Mmangt e 0 e ped s o monostatic radae, snd 1t can compiement the
Bl atie syvbome g preater s oy Sote e aned el Masd arunuths, B sonse caves 1t mas he desirabie toe

fuase the tivet wrmt opet e gt aoave 1 osn-etate Hive the Lt mindde dotecinim,
b oo i
R !" :
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(Sm) SIGNAL TO NOISE, 0B

[Fo]& | ,
6oF . (5/0)= P+Gr + Ga+ T-N-10l0g (*ZL)"-L- 1010g (7 )’
60 WHERE - - N=148+12 6in(ImH2)
40f o = 40log (ImHz)
o L = GROUND WAVE LOSS FOR ANTENNA
HEIGHT 0.3m, o HEIGHT 610m
20
204
o}
o -
-20} |
20} . \\
,40', 20 mHz‘\* ngngz \\\f: mHz2
40— 3 S 7%

50 400
1 | R, k | L —
25 S0 100 200

1t Fagure 2. Mumemtatic Surface Wase Radar 114
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(19 )

4/15/69 BISTAT
ESSA - TX 25kW 22.5 prf
250 ps 2338 mHz

237 A~ MONO

Uy Frguse § Beotatec ESSA.T v 25 AW, 22,5 pef. 250 pn, 23 18 MHz. 3374 Muno. & 15 6% oL
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NRE DATA ANALYSIS o)

1 M Hudnsl

Naval Rewarch Laborstory
% pdungion, 1 {

i e planngd ot SRE DY idlumnate for part of the §loet Ay Botense tF A teate Jrdoselop
sastpidat programs for ugaal analsas uvng 1 and Q plus monopulw channciy isciuding oa inds of dis
Plas . amd L attor thedact examine and anah e the data uang hoth the MADRE wgnal proceswur st o
wre ekt phe the doveloped programy Thy vntnbution would be g capaalits o hine-feejuvnoy and

kanpatactape-tics analy v plus 2 sanety of doplays

sLi Fosavvomplish tadk 1 3 SRE resprred that the Gata be recordod v "tk tepe in an THV
compatinhe bormat Do Lo o bong serws o gaenis, mot ore foel of 10 meching the fogusfements eats
Flies ooty Fasks T and 2 have been Jone plus conuderable uncepected wozk i tnng to avoese Tak d
Sonce the B AD vt oF 4 chutter sersus trevuency descZiption was o be MR some fragments of dats

ol b o here that do poe peflinent champles

s Leures  through 6 are the esamples, In generdd the sipnal culitbted teo o three 2 aphfud,
Proab s 3 B ton o Beguen v, 3 hoped thiat weathor and swa-ddte conditions can be ¢ ympared wth

e vneeey dasinPulem

«th ir Faeaie £, doppler (Hry time delay spscudo rangey i shown ad 18 50 SO on 1 HePruan 1™
The anateon Bandwadth n 2 14 Hy,

(‘}) /M/ In brure )3 doppler time hndory s gaven Tor a0 0.0 % ms tanpe gale Marting oo the ime dolay of
the wrcond vathiosd strobe of Trgure 1A ahett aitctatt Bk ivossdent The bardwidih n 4 14 Tl

U Bapure VA was made wath an 0 3%-m tange gate stathing at the casismst sitabe of Fypure | B g one
H ow o atartod on thy second seobs,

iU Lopare 34 and B dow amplitude yerws Dﬂs‘sﬂgr dispdays maade tor the Last Two sirabes of
fpare 1, The sevlution bandwudth o £ 281,
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FAD RADAR SYSTEM STUDY (U

wu&_“N. Mollard

T "Jﬂ'!ﬂhﬁi;;iﬂ Lahaeatorion, li.
' 3355 $2nd Avenue
Ha attwville, Mo land JO7XI

t INTRODUCTION U

v) ‘

< + fir g paper ttfed FAD Eapenment of February, 1970007 prosented ab s workshop
Thomas 1S ot gave some results of the Fleet Air Defense (FAD) expenments which were «armed st
i Lanpaty and February of th yogr, Those resulty cicatly domensirated the Teasbidity of the lnprnd.

shywany suthive wae radar vanvept.

(‘Q)KE/ Follawing ths demomtration of Tenibility, ARPA has directed this comtrga bor 1o anderfabe 2
rrcbmunany sy stem study ditevtod toward o potential tactival ssstem emplosing s h 2 by bndanody
tasdar foF floct o defense. 1 owas s dour 4t the outset that sich 3 radar satem would provade the flect
with the onitical fungion of mumianing an carly warming sunailanoe capabidity whide T presenmy
semipicty ches Iromagne e -radsaion sdonee. This pomnt capabality wouald protes e Qeet spasest 4 it !
o attach, aad af the same time deny an onerny the use of festgonctated fadiabon (of the putjoscs

ol theet b ation or weapons puidanee.

(1)) c"“/ Toe onerall nbpectnes of this tuds e (o mivestipate the apphsation of the i bnd mode rad o ]
tes the prodiem of Heet ar dotonsw, and 1o detcmmine Thye futere oo bons sesowaly (o poermgd the j
dveviopment of an operationad swatem.  The fing step in reachmg these objectnes s fo mtesaviate i :
matare o e potential threats with the characterstics of the sich*m:\‘\‘ shatems g adabe to the fleetan ;
<stadet t0 awartan fhe performane cntenia whi b must be met by the iy hrd-moade radar. From thesw .
wrformanve cntera, 51 1 thes powahle 10 generate mrarpng(zzl gngincetmng speaificitions fae uech 3 :5
tadat The atene analows will thes Dok 2o sdenfv Those areas whih stilfl poporre tewarch development
tead, and ovatuation CRDTE) etloris, inda atng the arcas whnh combtuie the state-ol the sttt

i

wis b tesquary further study, and, esavonalty, the principal arcas of ok, .

-
1

({) 3 9/ Fhies wurread sfudy deaws upon past stody effggis to the greatest exdent ponble. In partnular,
i
- elsadetable wwe s beang made of cortan of the fosaits from g provous ITT-LPL stady of a CONUS OHR

dnver- The-Honran Bakscatiert sydagm conducted for the USAF, The CONUS wtuds i espev iy usetal f '
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3 Tl BTl

(0}){ Proare Uauvms ppeacial outho of the 1 A wabom stids e il v bame carndd s tia HETEIS
Pro Mosw st an Bageare 2 allustirates mate choatis the mice 100 shodiges shootg N vater s jabls o

chonds carbvat Dhe napst vloments staking up 1he 1w higrd afe supsmat, o d s 1 folbewn ¢ 0 aaere
¥

H KLY STULY AREAS (L

LY Threat Convderations (U
G) ;ﬁ/ The s atsowas threat modeis whintr are ol postulatod to Bean enaam mentties m b,

170 198 era ate bong iestigated  The threaf musdols include bath speodn weapo s chara on e
and attanh wenatum The indivdusd weapons extend Trom S, 2af0 tta ke with shot oy wes
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HIGH RESOLUTION SEA BACKSUATTEIR L

i. R Barnum

Radu.~owence Laborstory
Sunlotd, Cahforna 9420%

- I INTROBUCT'ON ity
. i
e 4 *
)m/ Stancord L noversity » part an Proaoct MAY BELL has been fo studs the leaubahity of detecling
ships O FH By mearis of sworptregqmenay W radar while reccnamg on 3 ve wade aperture anfennd
A0y, 1 Bas Recome Bevessars oo hnow the HE fadat orosectons of (vypial shaps o wea, ard
for mydsulc ihe preperhics of wea LU uavng shs-was e protagation A partiailysontrolld oy *nmm{g
wany v Fun g wihich ot detestnon of 3 STt . arge shap o was attempded. The purec e hoere s te f

i

aaamnatice e [opics, and te spasily what uniher sortk s oevevan.

11 SHIP CROSS SFCTIONS AT HF (&

((J) ),Sp/ Under 4 subsontract from Shintord, Teohinastopy for Communicathons Internghonal (TCHL ;
measured he huchs atter feam - ap modeis 3 tne Naval Bloctrones Labs oNE L

Q)))ﬁ( A total of 99 radar crocssection £ 1 patteens tor 3 DE- N0 destnover and 3 Foreatdd Carnet
wore nhtaned 3t froquencies between 3 and 22 MHZ, tor clevation anpgios hetweot 38 and 20 degroes.
Bretatic amad surlace wave mesurcmcals were abvo perfonned at 3and © M 11 data weie obtaned
using | 48-waie models at 48 times the HF value. The vorrespendence 1o the noabistic +utlwze) e

at 1 sbould Be dhing,
]

@) /HI/ Tor vertaal polatization, the stosssectinns aic, 10% to 10" m° for the destroyer. and 10° !e“
10" m° bor 1he camner. Honrontaily-palarzed crow sections are down X 10 19 dB for the destroyer
td-pending on shijs onentation). and O JdB for the camier. at 4 “O-degrey ciesation angle. The ’
“suthae wave " grorvsections are of the same magnitude as the above, ard when the radar becomes
tsdatae, the watter wonly O ta § dB lower :n amplitude. T .
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«th The munbet of nulis in 4l the patictn inrease with frequency, but at 8 fester tate bor the

sty Bistate patiorns vuntyan fower aulls

U 1 dacuray ioicasurement of mas 0 s usually 3 Jd8 For 20 10 30 peruent of the
eaticrm o slight o moderate emor w pattern null stns ture onvurs, iowever, encugh data was taken

s that futther aeaurements of this type are unseyemary.

HI SKY WAVE PROPAGATED SEA CLUTTER (U

¢ by e radar armacw on ol 2 sea pateh was measured 30 the Cudl of Mevico uang 3 portabie
topvalef agwistod on board o catpo shup,  Uung hugh atimuthsl tewlution Crdegree deamwidth) and
anall oqum alent pubes (3:10 5 3) the wa crosvsection was reduced to 107 m2. The sea’s crowsechinn
et umt ares was then cahulated 1o e beiween 107 and 10,

1 ¥ Poned fregquens sy caperinenis hive been pertormed 1o awertamn the offect of controdled trans
mster polanzation on backwatter amplitude a2 3 function of range in the Pacific Ocesn. The resulis
sticwr that (b 1t posuble to reduce the Clutter by about at least 10 dB by switching the transmitter
otween sortnally and honcontally polanzed antennas, whiie recemng on the 2.5%km Los Banos
array. The effect 13 not observed when uung 3 d-degree beamwidth antenna, which was explaned
unng swept anmuth dats and computer-rayitacing backscatter synthesis o show that polarization
Potafnn i very senulive 1o azmuth chanpes. :

’) )!( It ix now concluded that such a control over sea lutter magnitude should aid in ship deicchion,
T aca reflov s the charactenstw (ordinaty and extraordimaryt waves o the receiver such that tisne
dolay of all reconed modes e constrained to be caual. By contrast, 3 ship reprasents 2 discrete tarpet
a d reflects thew modes while keepung the ground range vconstant.  Becaose of this difference. one
would wmultancousiy null out the sea clotter while maviminng the ship's return. [t is therefore clear
that some cnntrod over the radar’s polarization will help detect ships af sea, ie.. when the sounder's
anteand i Lirpe cnough, and when the ionosphere pormats the polarization phonomena fo woour,

IV OTH SHIF DETECTION (5)

,}ﬂ y%’; On the bass of the resulls desoribed in Parts | and H {abovel, it is probable that 2 ship vould
ke detected on a total power baus using the ARPAONR Wide-Apertare Rescarch Facility (WARF)
This follows from the measurement of 8 10 m total ses cross section, which it less than o ’s for
broadwde ship=. The contenl of the sounder’s polanization may facilitate this detection.
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Qj}&i/ Wt tusonenivd evpenments have shown that ol platfopns (or groups of them ) wepe
w1 the Lol of Menien When o 10° mS 1 roaesechion tepeatel was opotated on ¢ $00 final
A shie belnevn Now Urleans and Houson, the repester™s o ho was yinile %0 pescent of the
tne, butunes frovn the shup's posttion tother Than the delased oo de1 eohui weie abwo wen
deaawmmatic . but thewe inay Rave heen trons platlomms,

(O\ (v‘( 1he expenmental reully comomitnate that feto Vrdeptee azimuthal, and $10 10-§s time
delay tewolutions die oblamable using the WARF system. a3 prednted, Targots with crow bun
cexnpatabic to those for broudwde shipw have bees deiccied on 4 1ot power Kasis uung the system.
It e mot s el boon proned, howewer, that a ship was detested. . .

. .V FUTURE WORK (I

0) , . ‘
L e o Mossure more sea cutter magnitudes and polansation dependence st HF
. . .
* *  Siudy ways 1o use polanzation control in OTH ship detection
| "

o Run several welloontrolicd wnip detection experiments

s Inveshgate wse of repealers as permancatiystationed reference tarpets
4l e

- *

*  Deveiop Dapplerfiitoning for sea backswatier data procosiing on the
SFOCW waveiom .
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BTEW CONCEPTS (U)

Allen M. Peterwon

Stanford Rewmch Inatitute
Menlo Park., California

v %

( > X Sutface-warve beyond-the-horzon radar dates Pack (o work underiaken before 1950 is the
United Kinpdom.! Shortly thereafter a program was startee by Raytheon? and continued by
MIT Lum‘otn’ubomon; until 1957, The final report by Lincoln Laborstory cleardy d:r.-.omi:med the

feavitdity of beyond-the-honzon detection even in the 19501960 time frame. |

( ) 451 Arenewed interest in Suslace-wave radars was initisted in the 1968 IDA JASON Summer Study®
Junng a review of OHD radar techniques. This study occurred in La Joila, California and ih;f possibility
of using anchored. buoy-mounted transmittery of relatively low power levels { = 10C watts) arose in
discussions with personnel from Scripps Institution of Ocesnography. Low power appuared possble
unye buoys conld be distnbuted along & “fencedine™ of in an arnay so that the distance fmm] the trame
mittet to the farget {svraft or missie} could be kept small and the large surface vave losses could be
himited to the paih from targe? to a2 land-based receiving instaflation. !

(‘?) A7 Following the 1968 JASON Study ARPA initiated a rescarch program 1o investigate ‘lhr
posu bdties of the surfsce wave systems including 1he buoy-based transmitters. A number of “catamaran™
buoys were procured (rom Scnpps and mstrumented by APL. Detection experiments were implemented -
by Rastheon for the BTEW 1echnigque, ‘

(f’) ASY Inaddiion, surface wave propagation measurements were implemented tn study the relationship
of losses 0 “sea state™ conditions. This sppeared essential basec on theorctical studies camed out by
Barnck® who found that, under rough sea conditions, 10 dB or more sipral Josses would o-cur wn the
desireable frequency range near 10 MHe, Losses of this amount, whau h sppear to have been confirmed.
certunly make the system appication move difficult,

H

(J) )8( Sca clutter caused by resonant or “Bragg” scaltering from sea waver was also mmﬂi M & s0urCe
of voncernan sysiem applications. Studies now appear 1o show that the Brage-w sticred umais are
sudlk ently confined in frequency satent that they will not senously limit system perfomumt fou

arcrafl or missde deteg tion because of the larger Doppler hifts associated with these tatyels.




v)
( }"ﬂ/ Une paotentially deaicable Teature of swrface wave tecknigques o thew immunily (o duclear
FrOpagabion Bl bt I8 e sulfioeatly wedoarsead nus et Blahout vould ssuw s reduction in back:
gosund nuise level and 1ono phenally provagated interference.

Ls)) yr( it appesn p?;'ihﬁh!t that enough has been fearned dunng the BTEW eapennmental program 1o
perrat meanenglul system studies 1n the aser future. Certmnly it should be possible 10 define rrquired
vature exprnatents based on the rescarch which is being reviewed today.

RHERENCES

S, D. E. Barnck, “Theory of Ground-Weve Propagation Across A Rough Sez at
Dok ameter Wavelengths” {UN, Research Report, Batielfe Memonal Institute,
Columbus, Oho, January 1970, UNCLASSIFIED
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ATEW.| FEASIBILITY TESTS U

Bruce B. Whitehwad

T Ravtbeon Company - :‘ S
Equipment Dr ndon - .
OHD Adeanced Development Depmm!

v Spencer Laboraton
Burlington, Masachuseits
5“:‘ 5 ‘.L, ‘J.
o ol 1 INTRODUCTION (L
-y,

. ( J) )8( The BTEW.1 Feasibility tests were carried out during the pesiod Iamm'y March 1970 in the

(D) s

()

wicimty of the Raytheon transmitter site on Carfer Cay in the Bahamas. A total of eight Might tests ucre
mady. one was chosen for detasled analysis, Thas paper describes that analysis snd draws sonclunons tha!
may be used iy & system design uung the BTEW-| conoept.

il NOMINAL SYSTEM AND TEST PARAMETERS (L)

) Fot the selected test the system parameters ars summanzed in Figure | The sircraft flight plan w
shown i Figurs 2. The sircrafl made successive passes from (T to G3 and vtumed at altitudes ranging
from 257 feet 10 14,000 feet. All passes were made at spevds of approximately 250 xncty

11 OBSERVED AND PREDICTED DOPPLER ()

)8( Figure J shows the observed snd predicted Doppler for the CCG I Nlight 21 6000 feet. This and all
the Dopplit predictions were based on the measured true ground speed of the mircraft. All computed
Dopplers are (o1 3 ground wave propagation path from the transmitter to the target. Two posnible
propagation paths have beex taken into account for the target 1o receiver path. These two refurn paths
result in two predicted dopplers. In Figure 3 only the ground wave prediction i thown and it can be seen .
that the obw rved Doppler ciearly corresponds to this mode. In Figure 4, a compoute predicted Doppler s
slustrated. The Doppler track with the largest frequency excurmion is the ground wave mode wheneas the
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NOMINAL SYSTEM AND TEST PARAME TERS

RECEIVER SITE - - CAPEKENNEDY
TRANSMITTERSITE - - CARTER CAY
AIRCRAFT -~ NAYY P3Y (LOCKHEED PROP-JET ELLCTRA}
ANTENNAS — = RXANT 16 ELEMENT BSA
TX ANT /4 MONOPOLE
GpG, » 164b
ALTITUDES -= 20" = 14.000°
LINE OF SIGHT ~~ 17,000°
FREQUENCY - - 10.167T MHZ
TRANSMITTED POWER - - 2.25 KW

/
@) }4@3 1. Nomina! System and Test Parameters (U)
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et Doy ooy fraa s bas Peen cal wlated waing & singic bop b layer 300 hmi retutn mode 11 an be seen

ot e Logoed odened Doppive sk o ddearhy due to the ground were nuade How-ect g wnall 154k

&4 o= - -

st apeerndentg cxdctiy 1o the shy mave reiurn s abae clearly yiable

(5)) })‘ Faeute ¢ dlustrates the wmaltaneous detection of  vontrobied oircraflt on 10 MHy and 15 M2
Ihec duivotion way made when there were low uther arcestt in the ates and hence the atwence of vthy
shoppict teahy %ath the addibon of 3 rangng wspainlty sombor resully could be achioved for the previous

dlustiglnem

(o) ‘y’t/ O 1arthrs saterest i the prosence of shy wave on he 10 Mz track whereas §5 MHz show nusky

vy Jotes ion ad il

lg) )Kf The odwennad prosence of hoth meodes reafthirms the fact that 3 purely ground wave mode of

ol tion s Beang restized . ki

1V OBSERVED AND PREDICTED TARGET SCATTERED RECEIVED POWER (L)

Q}) ) Prodectesd target scattered reveivesd power was computed wsing the fo'lowing parametery:

Y Path toss attcnuation & pven by Dr. D, Barrick for 8ca Stare 0,
b, System parzmeters as shown in Figyre 1.
X A reference target crosssechion of 200 squrre meters,

Q’) b Figure & <how the predicted and observed received power for the pass from OCG3 st 6000 Teet
(1he seale on the Teft has heen referenced 10 the input of 3 cabhrated receiver and hence does not reflect
the actuat recened power at the antennal. [t van be observed that there is an approxemate 10 4B div
crepancy between the predicted received power for & J00m° target and the obscrved s'igml power (o1 the
PNV sucralt.
' ’/

Q}) }M Semae 3t i oxpevted that the crow-wotion of an aircraft changes with its aspegt, it is imsfructive in
chiminate this vanable by plotting 1t against the observed difierence in rrceived power from 3 predichion
Lung § consfant cross-section (e g 200-m* ),

89 Thin b heen Jone in Fagures 7 and 8. The abscissa shows the difference in the observed 1econed
paowet below that which would b predacted for 3 200-m? target. The ordinate is the angle of luminatson @
in d-vreey helow an azimuthal plans paralici 1o the surface of the earth,
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{ Theme pluts van be looked at a3 comrelopame. Assuming all uther parameters 10 be comtant, all
~aerved pouais at 3 tsen sngle should yield the same tooeived power, As can b Jeardy seen, o Jeast
judares fit of 3 aberved points would yield & ine #bout which the deviation would be only shout

-2 ¢B. Thos o well within experimental error.
ie.J ) Frgure ¥ shows the keast square plot for each of Figures 7 and B, The abwissa has been changed 10

Aot shserend crosesey tion s square meters. Two additional points have bees shown on 1his graph.
hey 4re monontatn crou-wectivng obtained from a faboratory model study by 1TT-LPL. They are shown

were b sllusteate the compatibdity of the two indepeadent obervatsons

RO

¥ CONCLUSIONS Uy

V)
Ai/ t2 tuas been shown the the BTEW] concent i phenomenclopeally feaubie, The rewlis of the
flight tests wdicate 3 strong correlation between observed ana prodicted valucs of revened power and

thappler evcursiion. This imphies then that a sy «em desgn us.ag tic above techniyues should yerld

results commensurate with predictions,
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SLBMORSERVATIONS (U

Herey M. Baker

Raytheon Company
Equipment Division
OHD Advanced Development Department
Spencer Laborsiory
Burlington, Mmasachusetts

v .

C }ﬁ‘\/ In addition to the detection of xircraft, as discussed i other MAY BELL workshop papen, the
BYEW syatem can be used fo. the detection of submarine-dsunched balhstic and cruise missiles
(SLBM SLUWD. During the data take in Flonda, the opporcunity to collect dats duning one SLBM launch
oveured. Thus event, ETR Test 1989, was o Poseidon mussile, 1 was launched from the USS Obvervation
lsland on 24 March 1970 &t & range of 35 kum frem the receiver site. During this launch, two OW
frequencies were being transmitted (5,152, 10,167 MH?2) from Carter Cay. BWI, The frequencies were
montored 3t the Cape Kennedy recriving site using the vertically polarized quiter-wave-longth monepole
antennas

(d) The faceimile display of the spectral content of the 5,152 MHz signal is
shown in Figure |, There are three distingt portions of the missilecinduced
signature, These are the hard echo {T+ 40 to T+}00 sec), wide-band norae-like
burst {110<170 sec) and an ionospheric echo effect {1 80.480 sec}. The hard echo
is the skin track of the missile; the wide-band noise-like burst is & staging echo;
and the ionospheric pervurbation is standard.

Lu‘} }S‘r The : IS Hz sidebands observed in the data were (-resent during mrany days oi the dats
recording. They oxcured on each frequency being obuerved and 21 first were thought to I asswiated
with the ITT pasuve modulat- .t buoys. ITT penonnel indicated, however, that thel equipment was not
producing the side-bands 3¢ these frequencies A complele 1est was made on the Raytheon equipment
and the resulls indicated the sidebands were not produced in the receiving equipment. Therefore. the
wource of these sidehands remains an unknown.,

l}) ;8( A predicted Doppler frequency shift for this test was obtained using the missile post flight data.
As can be seen in Figure 1, the observed skin trsck did agree closely with these predictions.

(0 ) 4577 Figure ] shows that the same type of dats was observed on the 10.167 MH2 frequency, Again
three portion: of the signature are present, with 8 more pronounced hard echo. The predicted doppler
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shult agun shows good correiation with the receved hard evho, Figure 4. Notice that the received
carnet masks the wutial 40 sevonds of the preduted signsture,

(\J>}B( The geometry asanidted with the event » shown tn Figure §. The tick marks on tre trajectory
show the alttude of the vehicle and the tme of Night. Note the region 40 to 100 sevonds where the
hard e o was obscreable, At the signature onset (T + 40 sevonds) the misside had travciled » honrontal
dustance of ondy 5.5 km., By the time of signature drop-out at 100 seconds., a total fange of 87 km had
been travencd,

Q)) }8( The dtiude and velovly plots versus time for the vehicle ate shown in Figure 6. Tick marks

o0 thewe sutves indicate the onset and the portion of the hard echo seen in the data,

(g}lwf The lower plot of Figure 7 shows the comparnison of & computed and the observed signature
reveived power on the two frequenvies. The computed received power is based on » im? target
crose-se tion and wis notmalized 10 the existing system parameters. The § MHz computed and the actual
power reveived curves sgree closely. This indicates that the observed cmss«sr‘cticm on the -MHz fre
qQueray was on the order of Im?, The upper plot of Figure 7 shows the measured crozs sevtion on the
E0-MH: frequency versus ime. At signature onset, the cross-section was 57m? and a1 the missile’s
altitude incteased the cross section decreased. i is assumed that this decrease in crosssection is due to
the mumatch beiween the polariration of the vertical tranunitting cnd receiving aniennas and the
missile orientation which becormes more hotizontal s the vehicle moves downrangs. This polarization
mismatch was also observed by SRI and has been reported.!

CONCLUSIONS (U

(J) ;81’ A BTEW system is capable of detecting S1.BM missiles ot 8 very low altitude,

o} }8( Because the carrier masks the very low doppler frequencies, the altitude of sarliest detection 1
dependent on the prometry involved. A means of reducing the carrier spread without i Joss of sytiem
senulivity or 3 means of cancelling the cumier would aliow a Doppler ugnature of less than = 2 Hz to
be obseved and permit the missile to be detected at & lower altitude.

J) }Sf The three obscrvable portions of the missile related signature are ¢reated by independent cffects.
therefore, the probability of at Jeast one of the three portions of the signature being Jetected it very
Righ and if more than one portion of the signature is observed & missile Taunch warning can be sued
with » very high conlidence,

=0
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2(3'1, With s deployed multi-slation BTEW system where the hard echo is observed on three of more
independent paths, missile trajectory in{armation can be derived in reui-tine from analysis of the
Doppier recocds for the observing paths.
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PROIECT AQUARILS (BTLW-2) (U

K. D Snuw

Svhania Electronic Syslems - Weat
Mounisin View, Caiifoenia 94040

v

b INTRODUCTION (U

@)}b( Propet Aquanus is £ pant of the ARPA-sponsoted ovean sunaillince program under Progest
MAY BILL. The primary goals of the projedt as shown in Figure | 3re 10 expenmentally demunstrate
i

the fravmhty of detevting suhmanine Gunched batlnlic méssdes and Jow iy ing sircrall, and to compare
the expenmentally obwred detection targes. The results of the expenmentil work completed !6 dats
inficate that target sarvrafy can be detected at the theotetally prodicted runge and that *he :.orm pl

i feavbie providing there s sutfivient radiated power from the transmilter

I EXPERIMENTAL NETWORK il f

b
nfa

K\}))f The capenimental setup conuists of usng a bistatyy HF continuous wave radar vonseting
low power ovran based bouy transmitter anef hgh wopsitimty receivers located on the cont A dcifusnn

i made by obering thesdoppler-shilled signal that is watiered from a moving tarpet such as an/airplane
or a1 SLBM The target » dluminated by lineof-sight of proundwave caergy (rom a tranumitter. The
w attered doppler-shifted return is received by ionosphenic skywave as diustrated wm Frgure

i

/031' The expenmenial system geometry is shown 1n Figure 3 with the bouy trassmitier ¥o~...!cd

v)
( approumately 120 kdometers ofl the Cape Kennedy caast. A high power st of trunumstien u lewated

at Carter Cay in the Bahaman blands and the tugh senstivity receiving wystem at Viat Hil: Farms Station
in Virpma, , 4’

R
.

Wtk




PROJECT AQUARIUS
GOALS

¢ PARTICIPATE IN MAYBELL PROGRAM -- BTEW-2
® DETERMINE BTEW-2 FEASIBILITY

‘® DETECT LOW FLYING AIRCRAFT USING BOUY-GROUND
WAVE-SKYWAVE CONCEPT

® DESIGN A DETAILED BTEW-2 EXPERIMENT
RESULTS |

® DETECTED TEST AIRCRAFT AT PREDICTED RANGE

@ BTEW-2 FEASIBLE WITH SUFFICIENT TRANSMITTER
POWER OR ANTENNA GAIN

(d)%ﬁgaw 1. Project Aguarios Goak and Resains (U)
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i RECEIVING SITE W)

s The Blonk Juzgrams of the twad feveving systems ate showen in Fgurecd and $. Figure § shuw
4 | 2 hanned recenang system, mciuding a DF set vonnevted to an LIJAA steerable antenns. The tecive
analog receming channels uswe R-IVOA reveivens and drive a rea-tume analog opectra! daplay and s -
Tweis= hanined andlog tape recorger. The other seceiving system s a van-mounicd high dynamuy range
dupital provesang vwtem contaning sy ntheszer controlled receivens, digital spectrum analysis and both
a0 snglog sml duplal POM reconding t‘ﬂf*éhl?l}}t

IV AIRCRAFT TESTS Uy

(U ) }ﬂ“/ Figure & liats the operations of im’rat’l Nights and bearabilidy tests through 10 Februany 1970
On 37 January dunng the vaatrolled tosls, the PIB controlied aircralt was detected ot two diiferent
times on two diffvtent Trequencivs, The flight path and the detection regions for this 17 fanuary flight
ate shown i Fyguee 7 The daty collected o real-time 33 shown in Fipure 8. The data at the top of the
figure shows the dotevted doppdes signature lasting for a penod of approumately 30 seconds for the
10.167 MHz frequency. The detection is at 2 range of approaimatcly 9 kilometers from Carter Cay
and custy during the tine when the plane banls folinwing 2 1orn over checkpoint TS, The lower half
of the fmurci shows the woond detection on the 15,595 MH: freguency, agan fasting for approumatcely
¥o lometens from Carter Cay. The same characteristic signature ¢xists and is also present at the t'me
when the plane 1s banking duning 3 turn over checkpoint M4, Botrh of these sipnatures scem (o be at
fimr - when there i spevular reflecuoe from the transmanier at Carter {‘ay‘to the receiver ot Vint full
Fartas Stition Frgure 7 5 an expanded view of the Tlight path and includes the detection regions lot
thew two detsvhions, By asuming turns are completed by first flying over the checkpoint and then
making 3 masimum tutn rate for the pext checkpoint. the doppler shifts predicted from thes ty pe of
fuight plan match very Jlosely to the actual observed data 31 shown in Figure 8.

¥ SUMMARY (U)

Q")} )6{ To summanze, the goals of the proisct have essentially been niet; that of demonstrating the
teas:Mlity of the bouy tzclics) carly wamning system. However, to make this system uscful Jor deteclicns
at any tanme beyond a {ew kilometers, the elfective radiated power l’mm' the teansmitier will have t¢
exveet the 2000 watts used for the Carter Cay detections of the controtled ‘\in‘raft Mlights.
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s MEASUREMENT OR e
- FREQUENCIES  DETECTION TiMES 3
2 DATE TYPE (MHz) (GMT; 5.
e 18 DEC 69  AC 5.8 1750- 1755 c
T3 2000-2005 Z
0 AC 9.259 ND 0
£ AC 10. 167 ND 5
0 21JANT0 AC 15,595 165 7
(0 21JANT0 AC 10. 167 R 0
M SFEB70 HB 20,250 1500 T
m HB 10. 167 1500 m
0 HB 10. 167 2190 0

~ HB 20.250 2100

10FEB70 HB 9.259 1430

HB 5.8 1430

AC = AIRCRAFT ND = NOT DETECTED HB = HEARABILITY

(U Figure 6. Sumemary e Operations (U
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e teceng antennd beam s posnted direstly at the aireectt, For as unple sonbaentation, the overall
fme © O n 2OV SR atuathy T computed voras forge for 1he aircsalt spprosching on tw o vourwes, J0°
from the bawline and on the haseline. The recciving antenng m pounted of the tatged m both cgas

Ld) }/ Toocumpute the seceved cludter signal. the wame proceduse soappied to g Larget whh in inn
v 18 Patch of sed af drea Ry AR 3 avshownan bagure 0 Here, the ses havan avetage divtan
sattenng croas section per unit arca, 0% of  UIB, this number s womewhat lower than its Jully
doveloped salue of -V, o as sot te be overdy pesamintic, A sumencad integration must be petlmmed,
sunirieg the powers reveived Trom afl patches Fuare 2 vhows how the oversdl transmisaon hiss oo«
puted for g parficelar patch, the o, pth patch. The receser beam g pomted 257 ot the baswchine
Fapute Sabows the werals of 2l sk patches o thesr contnbutions o the 1ot roeened dlutter The
fotal foms for 31l of the Jlutter, vomputed by summing the abwtule powet fevened tromeachpatih o
ALY G Thincdutter caboulatioan s alss poetormed for the resener beam poanted glong 1the bawline as

woll i which case the overall cluster bons 3o, 25 6 JB.

(—U’) 1% Finally, the power in the ditect signal Fom the tramaniticr to the tecenet i computed, The fatter
podomny by begm posationy 200 and 0? frum the haseline. The foss corresponding 1o these tna wases 1
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ctoh g bR osale when 1ne gt afL passes ditetly arsel The Pucre it whc hcave the tatpet upngh

Fao ongana iy fatpe Henoy the agnal ey luften eatea Jrogm at this pesat

Q))% Fapntes & and ™ stuve the targetnigna ta daect-ugnal ratues Lof the same tso apprisch vt
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HI (UM LILSION, 1)

L‘Q ?“’ SeoveTal st dunerms o ar be diawn 10 these curves For oo Himp the tatvet o be e 1o
the Puos fonee belore the tmo ratus drop below shuut 60 B This Latter my vher mught be Lib s o g

state ot the st By ngmine range for g radat recener and procesor, slikough by no means the witimate .
penabhie
@) % Anothet voncdusien i that the word apptoach path s the oo slong the hasehine There, the

siteny darvck spnal would tend Lo swamp the weak airveait siwngs, cxoept posably when the afcs N
passcs ovet Hhe tramumatter Ener mond of the path, the Lirpet votn wall e & dit o mare bebow the
Jitvotugnal OFf vourse, the Better rstio for the 20° path v only posable hete bocge o the beam of 1he
rooorang aatenng o pranted akas trom the buoy amd Benoe e Jigect spnasf soweaber A non dawetemgd

fowvivoy anienne wouhd rosalt in 2 had ratio for both Bircrat coutses

(&)}’l"/ e sbawe st become belter for the Baoy benor < Jimer $o the share and shus Tof the girctg
tasgod ot a tipher alistude  Siadies seralar B that dhone bere are 1o b umsdettahen Lor feroes af difdusent
bocations and alws fot mote reabinti amienng patterne and Lirpet vrow wnfions Phpves odded ugnahy
who i potast eagduson of saprahs from o] exaept the dested ranee ool will cottainiy otler smproseme nd

vect o EW s om gnd are 1o beoong huded in Turther studwes
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- Frequency = 7TMH2
Gy * 2.15 dB(half-wave dipoie)
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THE BUOY TACTICAL FARLY WARNING SYSTEM CONUEPT. BTEW-L «8) .

L. Edwards

Raytheon Company
Equipmeni Disision
OHD Advanced Development Department
' Spencer Laborstory
Burlington, Mamachuseits

) ‘

Q) /4 The BTEW concept onganaily cvobved from the thoupht that GTH surveiilance might be sohicsed.
even Junng tumes of suciear Mackout, by uting & system hased upur ground wase aropagation Swha
wyviem wouhd on (a0l empoy increased range and sensitivity at ime of nuclesr Macloul because oy
“atnounty of noe would teach the teceiver via wonosphene paths.

L‘)} )Bf Monostatic Groand Wave Radar systems had been contidered in the past however, sl was well
knowmn that such systems achieve iong range coversge only 3t the cost of very hygh powzr, To overcome
thee disadrvantape i was supgesied that 2 duoy lerminal 1in 3 bistabic mode mught permat long range detece
tewn while powet and system gan factors were kept 10 Jevels more 2Hractne [1om 4, on view pomt

(:?) ,ﬂ’ Lacking a specifically defined performance requirement it was o nded B Lahe the appreach of
attempting to define the capabilities, or potential capabilitics, of the L orL ept as 3 Tuns or of sy stem pain s

L

] )s‘ }S‘f In general 1t 15 desired 10 dotermine the practi.al usefuiness vt the vonoept as apphed (o the entire |-
cm;ip% defense problem, as well a3 to the defense of specifie sratege arcas such o the Flonda strats nr ;

the Northeast industnal compies,

(‘))J&( The propagation aad feastbibty tests that woc condudied off the Fronds .. st demomitated
that standard radar calculation techarques, coupied wit Barrich s foas model veuld " used (o dewnite
sonetape arcas. Actually to calvulate soverage sreav 11 x proesad® (o dutine the o cum ment von, opt
teing tt.-tmmed. the vanous system parameters and the threat or expecied tarper 1 out didfereat dephon.
mr!i‘t concepls were ¢ramined.

¢ The monortatic radar case
¢ A shore transmutter and huoy receser

* A huoy tranumutter and shore reociver
¢ Buoy-1o-buoy pairs

e



ARAEELES F AT oRl TN

E o I FES J
L ’
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e ted ThECal ey oy fatge b b the 316 M vy to Larpet boanbets arnd STHM Y A1, ! ,&.} F
Fetoned wman, o cnghing Teguenn s of TU ML the cthoma e T of the e Bargeds Tangre o gin ut * 7_ j' .
Cv the STUM. ahout (0 mY foe the 1ttacs hombers, and sbout 1018 m* fur 4n SUBM when '
st howmer wosphiete Pha sy stom paramictors chosen Jur cachof the dephss mest comaeps ox SO
T (R A I S Lo wfjéf 3
The [ serage B i monostate, saotern i shown o Faguie 00 The map ated shown covens the :, -
wasand e Boaton and the Mavachustis Cape arcg down Lo the Wadsngson-Baltunose- i
ool T e s show B ed e the lower end of Long ivdand. The mner conuentin g
SOt b Lty ot de DY S where detec T corh! by asduesed by sipls polwe modulsting e ’
.u:.; Wotenamtter wilh g Db s pobse. Pl ssudotr ~ootor !z‘c!{*v.‘llh the og the! vonb! Be cosered ‘4
o 0 g bmsdlongd pubwe wath 3 10§ pulse compeesion wande that ddiow ed rangr tevoluhion f: : :
sal TE&m Mok s depree shimuthal resofution provadod By the antennas L would allow tareed . :
son fowrthan about 3 1S ban square a1 g range of about o0 km. . » :
Faic wddstoonal converase that woukl be aticrded by adding 4 buoy recerst 1o the complex is
tated 2 Frgure 3 This satution prossdes coserage out to 100-350 km from the shore station, "* ¥
b o
The conerape prssded by the Bistatic 1 Bues Tranoe o - Shore Recener system i desnibed in f“ .
ol andshomnan Fyore & Tluce shote tecener station < an' waen huoys proside a radar fence at “
oo hm ranmpy trom thy Mavacusetts Uape area down the coast o the Wonlungton Area, ;.
The Mistatic ] buov.air concept provides lintited aircraft coverage., The ‘, &
¥8 ¢a-. twe spaced xt -Hout [0 exm intervals; bt - using either ground wave or :f
eldite - jeetry mudes back tr ~tare, thew oo i rovide warning at greater I
alare Jdrstances plus vifering o o ogreater » ovesllance of SLBM's, A nossible RN

#ocoast Loy fenee svatem g th L cTrated n ire 5,

freure § 0% been propared Lo dinsdrate 1 oo ade oF g sskem doseagd 1o provide suneiliance
the entiee b astern oo b She Lestod States. Jo- TR R ~pefating both monostatically and
sty with shout 10 o1fabore hues eevens et would -Goaad, T coverape from Nosa Scota
-0 aroemnd the hip of Flondas outto s, of abnat 380 km.

Tha bas Teawbahty of the BTEW-T Loncept o b o wewes<dully denmronsteated. A svstem of

ol api . and therelore presumghiy o Rl St Gl wdn T of !t shere detecTion coverage out 1o

gos ot 100 ts 400 Ama SLBM coverar v be oblae - tompatulantly greater ranges.
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AONOSTATIC HISTATICH f
SYSTEM PARVMIE LIRS BLUOY RECTIVER - SHORL TRANSMITTER
Gy v 2R Gy » 2% ?
g » 2148 Gp = 1dwilob- 14w i
b= 10MH/ Foo=  10MH,
3 » i m* o - 10w
o P AW (DLW P Py "T " JODLW
31 4B elfiwmncy s Jdbelfcmncy e
o w104 B2 band Nowr s 133 dBW/1.Ha band
Pa *  Noce ¢ 94« 148 dliw Pg = Noines 9dB e 145 JBW
SHASTATE ) SEA STATE 3
RISTATIC D . WISTATICHN .
BLOYY TRAMSMITIER - SHORL RICHIVER BUOY TRANSMITTER - BUDY RECEIVER
H
Gy » 140 Gy = 1dB '
Gy » 2148 Gy = 148 :
b~ 10MH, F o= 10uM, ‘
¢ o+ 100m? o = 100mt ¢
1 dH sviswency bow Nure s 184 dABW Hs band . Y -
Nove = 15448 (Hs band Pa *= Sowcel4dB T B
P = Sow - 9dR SEASTATE ) : S
o,

SIASIATY 3 SR s

)
’ },/!l Fapure 1. Svstem Parameter Tabadation U4
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¢
( )A A zvlative compyornon of dfferent sysiem confligurstions can be made without Jetailed target and
ambucnt now condittons by companison of ilumenatmg power 21 the turpet for overal geometnes, For |
enample, Pyrure 1 oshows the power delivered to 3 bugy from 2 shore radar with an aperture of | kilomeser

COMPARISON OF SEVERAL B1EW SYSTEM CONFIGURATIONS (U1

1. W_Foltin, Jbr.

Apphied Physics Laburatory
The Johns Hophina Univerity
K621 Georgia Avenue
Siteer Spring. Maryland 20910

and 40 v oeape power of | megawant 3s a function of range to the target. Alvo shown are the powen
delivered 89 2 target from 4 ooy radating one hilowstt notropsaally, By companng these caws for

which the power on target is slentical, it is possible to determine the huoy spacing for which the wgaak

foenorwe 4t the land-hased recoiver s the swme © bhoth systems. Bomust be real zed that the tarpet
apect. and henoe 115 radar crom section, may differ: and the Doprier shaft expecied, especially for SLBMS,

will sivy difier.

(\J) ;f’f The weond sl of curves in Figure 2 shows 2 companson in which the system is run backward,

transmitung from land and recemang on the buoy. This system has an advantage of JO B v average power

while ail of the antenna gaimy are comparable. In addition, of s probabic that the ambient noiw i the
wicimity of the buoy s bews than that in the vicamty of the land-based radar, pethaps ﬁy 10dB. This
showa that, For wyatem ranges of 500 kidometens from shore, 3 huoy spacing of 100 kilomerers gives
compatable performance directly between adomang buoys, and ‘mproved performance closer to the

mdadual buoy locations,

L‘)) }l/ For the shywave case we overimphificd the ionosphene path 1o the hineol=ight minus 10 dB,

amd the dlumination denity, as shown in Fipure 3. Frpure 4 shows the companison of monostatic 'mws
butetac. It wapparent that tather high buoy denaties are required (o compete with the monostatic radar

k¥ wave caw.
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" o Vlufter tlrum the Buuy and Usrter Cayy (L

- .
£

hr Compatieim ot et invasatemonts with wase howghts and dites bons are mesmingiul pamandy
tia the Busy micasurements, foo muh of the sreg i the sarpmas range gates around Catter Cay cont i
sials of farid ahogls o shadbow water, ospeoally the sgritn ent Dakwaticr regon behand the trans .

woettvr Hesee cortelations are 1o I hased primanhy un huoy data X o

A Hony scasutements wers rosttn (ol (o anly the $ My Jdata for shout 10 days o Manch S;"-%u

ety eaads for eadminiag slubter s tra 3t 1O M2 Trom the Deoomber measusoments

! i
il CL010r apwa 10 perial dotaded anaisos onby i the Vablenty mosde, 1o sptead sul w thy
the roannant Brage soatter s an waves whow Dupplens he within one Hertz of the sufves can be SRR

ubnersd : ':;“3 |

1) O the haws of existing measusements, the predicted meshanism v, well confirmed ttom the
Tiluttef esoupanyy ©oof the spectrum. The “pedestals” praducted for butatic geometnes a1¢ prewent,
snd e wadth and poution vanes exacthy 2 predicted throughout the difforent range gatny, phm}
vende rates, and [requemsics, &

ity Coerchation of S MUz spectea with expecied spectra based upon oocan wave boght and direce
P Linda ast data for several davs shows eveellent agteement and again s onfirms 1hic preduicd

nie, Kanssm

) Totad watter vross section. 7%, as deduced from moeasurcments on soveral days with moderate

wan, srtves reawmdbly well with predations and with measurements of Crombie, Headnok and others
i

There remain differeaces of definition of # 2, but theswe will be resabied w0 that more of these inde-

i

PR LoMmpaTivone can e made directly.

a7t Lattle can be deduced from the measwrements 2borit the fepon befween the Carricr and the
wlutier pededdais dunng highot sea slates . Whide some tecords for highet wa states thow TR repon
well fllesd on compared to simidar tevords for calm seas, oo fow such companvons are avadable

o present inborder theory offers estimates for thas regrn other,

o Sfeswurements at 8 MHz show highet Jutter levels than wowtd have been deduced from the
T ol the wand wave pandels. Often the battcr modceh on the days in guestion would have f

prsda g v o sthet because o the abwnce of tosomant ovvan waves. Thus the neaurements show

that 19 staondatd wasiwave models are nod teliable sn the lower regions because of the presewwe of

vttt bomgor ok can waves, of yecll
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ann
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i Lta.‘f 3 ' J

‘ﬂrv

Q))X( Agreement deterern Lheoty, the Hastheon mrautements, snd the measutements of olhen i
wi gl that the fheorcin el modeh can he used teliably Lo system dougn perpones 5t HEE Thae i
evpvaally Lrue an o ratt oF SUEM D sone whete hugh Doppler shulb are expectvad  Use of the mandids
Goor bowmovehaosty Largat spstetnn taun b oy shap detechiond must be lempered somewhat by umoeriainties

in sdutter bevel sround the tintotdet speuttd podestaly of the model
t ses-Mate Ulmervations (L0

oy Fhere ware thiree sipnatiant repom of sea involved an the Carter Cay  Cape hennedy

proravalvnn path b Ghaliow water near the Florada voast 1abonst 1 kb, 29 the moonang vuttertis
vt Ui Gl Stream_and 31, the shodd walers ncar the Bahamas taboul 8 Am) [hahimctly defforent
amvan v conditions sere vomntenthy obwnved rom the aumveying st rall i thiowe thiee fegon,

" W speed and ditvohon has been plotted on a daly Baws 2t both Cape Rearedy gmd Ginand
Raharas Jdand. Wave hindeast dats showing waseheight and dizection for the general repon of the
Atlints, hav abo been plotied on @ daily baus

19 The possbie sounces of information about the state of the ses menbioned above correlated
poworky on 3 day -toeday haws

W Acnd photographs of the wea wave wwre made Tor 18 days. The poal of these flghts was the
direct cobstrucion of sotrope water-wave spestea waing the Stilwell colietent optis techmique Due
1 the use of the wrong type of Alm, woh spectrs wannot be vompuied from any of the photographs

Ut The atene photography can and wiil be uned 1o deduve rough mformation about ovesn ware

dires tronahity

(Ut Lawr profilometer measurernents were also resoided alang the propagation path Junng the 18
hghts.  Bos suse of umcttanties swobang anvraft motion contaminating the heght data, ro uable

™nran wave spentid have yet been avalabic.

1L Asturalt motions were recorded Junng the eightcen Thghte as an doelerormeter outfut. SRL
merornel have sated thet Lhay sccelerometer output will be gnalyzed and the knowledge of the
resufing anturaflt mobon spectrum will by uwd 1o obtain Lhe true ovearrwave pectirum They have
promewd that thewe spevirg will e provoocd within one month.

(U0 Hindoast datz show that over the three-moenth measurement penod. the seas sere relatnely
walm with 2 Sex State & heing teported oniy onve.  Average vonditions appea.ed 1o be Sea Stale 1 1o
Sea Ntate ),

U Ascelerometer and anclinometer dats tel 'metered {rom the buoy it of inwufficien] quantsty and
tehiabelify to allow the inferencr of swa state vondiions.
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Lape Uin) and notthicrmn Mane, noat the ey of i-undy.nct‘ W peivent of this
path 1% oner waler meke than S0C toet deep Repusied seadf on his stes 3te quite
g amad sstlen mthacaoed by Northeasterly sturns bhoweing neatly paraliel W the
Propagstinm path.

. Phasessnded, highly steble sgnais ot §. 10, 1% and JU MH2 should be empluyed.

Ahe phasccande m tvaessary ) ofaufe spatalion i the ground - wase from Uy
shawary

* Uy Patkdonn megvirenunts disald be made tane dahy tmver 3 petaal of Mive
et Toe mcasement pviod Jeren dould segchede both summer and sinter
wyatiee

&1 §aeldstrenpth probvs stumld b oswed daily to calibeste thw i nn transaut and
tovene datennas, The fichd structure from she mamn anteans out along the beah
4ntd into the water shoold also Do probed, 3t leadt once dunng the penod

*

$ U1 The mam antennas should be kept simple, ie., vertial guarter-wave munsopoles.
"8

. /({‘ Path-dons sigstals Tor the groumd-wave should be measured in Range Gate 0.
1.e.. Bi¢ range pate corraponding to the armval ime of the direct signal. Spectral
proscsang should be asvalable «o 39 to sllow better than 0.05-Hertz rewalution.
Thas will porpat 8 study of dint signal brosdening due (0 wa wave motion and
bl b atmospherwe turbulence,

s (U Hange Gates 1L 2, 30 4 ot shoudd aba be spectrally oxamined 1ovcasionally)
1o permit stiudy of wa clutter and shy-wave signals,

. }?( Oue wave spar should be used to measure and telemeter the motropic ocean
w3 spovium somewhere near 1he path midpont.

e U Pulawd wa aabwstior measurements should be made near the feveiver e,
i the mannet ceported by Crombie in by papers presenicd in these proccedings,
These measurements appeat to 2llow Gy socurate and inespoenuve calcutation
of the notropic ovean wascheight spectium.

* 1% thindoast wind and wave dats should be vollected.  Alws, quantitative
meterolopeal datd vemus altitude and posibon should be gathercd where possibie
to netmit czloulabion and study of Hie refractbity,

# 40" Sipnat strength versus range drould be measared at least an e dunng the
eapenment. This could be dune sath 3 transmaticr on 2 wnall boat of from
vanous ftlier shorg pomnts,

¢ (U Hoswentad polanzation near the recemang antenny should he measuged s eral
tmes, especisity dunng high scas This will indicate the presence of any de
polanization from steeply sloping occan wines.
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L th prage on el dd

. 3 Additwnal Procensing of Existing Dats tU)

L
s NEL shoald e ashed 1o complzie snalyws of wave ¢uls lrom ther profilometer rroords for
the (8 ights. This ouean-wave data should be plotied bewde the path biss mes urements fur the
wime Javs,

U Rastheun should, wiere posable, proues and plot more points of path lsvon 5, 15 and .
RORTIITS

W Dhe to1! number of relabie path-doss points on cack frequency should be calvulated.

L]
(Ut The mean and varance of the path loss ugnals on sach frequency should be valculated.

U Moan and vanance of espevied for predicted) path loss should be caloulated for rach Trequeny
dasel on the hindeast waveheight data on the days of observation,
4

th Av;nm of several clutter spectral records in the 1YeHrtz mode should be made, especially
for days such as March 23 and March 26 when clutier is clearly in evidence. These averages should
be made over 3 duratton for severad independent samples (an independent sample in the 1%-Hertz
mode 13§62 sevonas Jongs
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TASK ABSTRACTS (U}

THEORETICAL STULIES: CALCULATIONS SURFACE WAVE (U}

m:!ien U

(U Butteile Memonal Institute

Spevific Objective (U} Y
4

) Determination of witface wave attenuation and clutteshs a function of se3 state, range,

treuwenyy and aspect angle.

]

System Concept-Relation and Imporiance )

(U1 Important to all concepts where surface wave propagation is involved in predicting the cluttet

amplitude and doppler of the sca and the range performance.
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THEORETICAL STUDY-ATTENUATION OVER IRREGULAR INHOMOGENOLUS TERRAIN iLh
-~

Organuation (1)
L F58A
Specific Objective (L)

(U Desclopment and apphivation of theoretical techniques for determmmng the surface wave
Atlenuateon over surfaces having different dielectric constants and condudlivities,

System Concept-Relation and Importance (U}

«Ln Applicable in predicting tystem performance where surface wave is used and land ses inter
faues ocour. Typical examples involve an antenna located on Jand and using surface wave for trans
misuion or reception; of where energy used in surface wave mode must traverse an island, This is
important in determining system losses that reduce range or cause shadow zones {¢.g., islands).
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BISTATIC SEA ATTENUATION AND CLUTTER MEASUREM:NTS (U)

Orpanization (U}

' Raytheon '

Spevific Objectives (L))
£y Substantiated the theoretiwsl calculations of aizenuaz}cn and viutier of surflscs wave propape

uon as 3 function of sea state, frequency. distance, and aspect angle.

System Concepi-Relation snd Importance (U} ‘

iﬂ( Applicable in predicting the performance of sll systems whe;v ocean surfsce wave i used
in propagating to and/or from target.
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MONOSTATIC SEA CLUTTER MEASUREMENTS (L)

ganization (U}

y  ESSA

, wcific Ohyective (U1

f’ ) Determine 3nd correlate with sea state the monostatic clutter spectium a3 2 function of range
150 am and frequemy.

rtemn Concept-Relstion and Importance (1)

"}3)’ Important in ptedicting range performance snd clutter rejection requirements of 2 land
rsed ot ship Based monostalic rader,
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SLBM CROSS-SECTION (U

Ovganization (L)

Wy Stantotd Kesear B Inshilute

Spevilic Otyectree (L) ) . :

J 91’ { o guie and wimmanse the avalable Jdata on the thru?rtt:uzl valiulation and measutements
of SLBM \ rows ses hions,

System Concepi-Relation and Importance (U}

('\} ) 487 Required for the devgn and performance prediction of HF radas systems aguinst suu}
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SHIP CROSS-SECTION MODEL MEASURLMENTS (L)

Organuatwn 1)

' Stntord Unoeruty

Obectene 1113

‘})f'{!/ Cahoulate theoreln iy amy mneas e espenmentally cresv e tions of teo reprewentaine sl
monded stups as & function of freguency. sspect angle and polansation at HF,

Systemn Concrpt-Relstion and importance (U)

(\Q) €T Required to determine ship detevtion system performance calculations.

> .
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SHIP CROSS-SFCTION MEASUREMENTS (L

Oeganization (L)

'y Navd Peveanch Lahorstory

Obpecine (L)
({})t . Measure ctinaaeviions of s tual sh.ps 81 ;ph:lfl( sspect angles and {requencies with the

MADEEY radar,

Svatem Concept-Relation and Impottance (U}

(g ) SO Demonstrates that ships can be detected using pulse Doppler Radar. Provides check points
at spefic frequency and aspects to correlate wity model messurenents.  Frovides input for rystem
petformance talculations

m
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WAKE STUDY ()

Organustion (I

1y ES8A

Specific Objeciive (V)
Q}) ),81’ Intermune theorehicdly the ure, spect, frequency, and spectral characteriatics of ship snd
arbmanne wakes spplcadle 1o HF radar,

Svstem Concept-Refation and [Importance (U)

(&3} )8( Ship wakes may be of suificient size and spectral charactetistics 50 a8 to enhance the nominal
s crosssection and incroase the capability 1o detect and toack ships

(_Xj) }8‘( Under certain high speeds snd shafiow depihs of travel submarines may produce wakes that
are detecto e wath HE radar.
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- FLEET AIR DEFENSE (FAD) TEST NO. 1A {U)

» Ovganization (U}
(Ut ITT-Flecte Ph,sics Labotatory /Naval Research Laboratory

Obyective (U} ~

ﬁy To condunt an imhial demonstration of the leassbiity of detecting and tracking sircraft with :
the Fleet Aw Defense (FAD) concept aung distant sky-wave dllumination from 3 ground-based
transmaties and recensing the target reflected encrgy vis 3 surface wave 10 » land-bawed recerver,

Compare the concept uung two different sgnal lormats

System Concept-Relsticn and Emportance (U}

LJ) S8 An important initial demanstration to easure theic are 5o maiof problems in the basic con-

1. cept prior to proceeding with a shipborne receiver installation.  Ensures that dynamic range, farpet
crow-polanzation crowesection and ¢lutier can be handled by known technology. The concept s

. important in providing & uient fleet surveilance capabihty,
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MONOSTATIC DOPPLER SEA CLUTTER MEASUREMENTS(U}

Ocganization (U}

11y Naeal Research Lat sratory

Specific Obpertive (A
(U) )m/ Mtermeey ihe Doppler characi-nistics of ses clutter using the MADRE rsdar, \3

Svvtem Concept-Relston snd Impeartance (V)

Q)) M Provides typical Doppler ses clutter records for the desien of pulse Doppler occenn surface
sirveiflance redars. Meawrements are limited in froquency range (10-26 MH2) and st & spectfic
fired frequuncy at any one time. '
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- MONOSTATIC HIGH RESOLUTION SEA CLUTTER MEASUREMENTS L)

* Ovganization (L)

' Sunford Univeruty

Spevific Objective (U}

( v ) )8( Determine the smplitude and polarization charscteristics of sea mstter in azimuth and
FMVOW high resolution technnjues

System Concept-Relation and Importance (U)

Q} )8{ It may be possibie 1o detect ships on the surface of the ocearn on 3 power bass. That is if
&_ resolution cell size is reduced in range and azimuth until its cross section due to sea clutter is fess
*

than that of the ship.
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SHIP AHOY NO. 1A 1)

Organization )

Ly Stinford Univermty

Obective (U)

i g} /vs{ Imvestigate the feambulity of detecting ships using an FM/CW technique on 3 poseronly
\ aeas By reducing the sze of the range arimuth geil.

System Concept-Reistion and Importance it

'y }Sf The Doppler mdar technique will not detect ships with fow radial velocities of that are
stationary. This concept will permit detection of ships under such circumstances.
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T BUOY TACTICAL EARLY WARNING (BTEW) TEST NO. 1 (51 i

T

Organuration (\))

('t  Raythron

 Objective (U} I

(0} ,rsi/ Conduct an initial demonstration of detecting aircraft and missiles using the BTEW concept,
transmmiiter on & buoy with a fand-based receiver in real-time st short ranges waing surface ware i
rropegation.

System Concept-Relstion and Importance (V) ]

('.)) ;ST The use of the BTEW concept can provide coverage beyond microwave radar coverage and in 3

the skip z.ane of OHD backscaiter skywave radar coverage for CONUS defense and spcial tactical

e applications. The technique is not dependent on the ionosphere and can operate after & nuclear '
detonation. In fact sfter & nuclear detonation, galactic and other user noise will decrease and

coverage of this concept will be increased. i

i
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BUOY TACTICAL EARLY WARNING (BTEW) TEST NO. 2 (5

»
»

Organizstion (U)
Uy Syhana
Otyective (U} . ‘
v - + ‘0
N *
;8/ Conduct an initl demonstration of the detection of aircraft using the BTEW concept.
(rsramitter on 3 bucy with a land-based recaver in real-time at long ranges using surfece wave

i segation from transmittct to airerafe and sky-wave from aircraft to receiver. . '
b /
System Concept-Relation and Impottance Ww 7
L_d ) )8{ “The use of the BTEW long range concept should extend the ranpe of SLBM and sircnalt
sovereg beyond the range of OHD sky-wave backscatter radar.
Lo #\
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NOTICE

" We are pleased to supply this document in response to your request.

The acquisition of technical reports, notes, memorandums, etc., is an active,
ongoing program at the Defense Technical Information Center (DTIC) that
depends, in part, on the efforts and interests of users and contributors,

Therefore, if you know of the existence of any significant ceports, etc., that
are not in the DTIC collection, we would appreciate receiving copies or infor-
mation related to their sources and availability.

The appropriate regulations are Department of Defense Directive 3200.12,
DoD Scientific and Technical Information Program; Depariment of Defense
Directive 5200.20, Distribution Statements on Technical Documents
(amended by Secretary of Defense Memorandum, 18 Oct 1983, subject:

“Control of Unclassified Technology with Military Application); Military

Standard (MIL-STD) 847-B, Format Requirements for Scientific and
Technical Reports Prepared by or for the Department of Defense; Depart-
ment of Defense 5200.1R, Information Security Program Regulation.

Our Acquisition Section, DTIC-DDAB, will assist in resolving any questions
you may have. Telephone sumbers of that office are: (202)274-6847,
2746874 or Autovon 284-6847, 284-6874.
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The ¢lassified or l_ted sty s ot this report applies
to each page, unless Ythefwise marked.
Separate page prlntout UST be marked 2ccordingly.
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TH1S DOCUMENT CONTAINE JTHPORMATION AF‘{Cf“nﬁ THE NATIONAL DLFENSE OF

THE UNITED STATES WUAHIN THE BLANING OF THR ESPIONAGE LAWS, TITLE 14,

U.5.C., SELTIONS 7 AND 794, THE I%AﬂSHES* ON OR THE RIVILATION OF

175 COKTENTS IKN A MALKLR TO AN UﬁAdT?GRlZ{F‘ ERSQQ IS PROHIBITLDL BY
LAW, - X

A

.
v

¥
10TICE:  Wykn government or other drawings, specific®gions or cther
wata are yfied for any purpose other than in connpetiofy ith a defi.
nitely rgflated government procurement operation, the gy . Government
thereby fincurs no responsibility, nor any obligation wh tgoever, and
the 1agh that the Government may have formulated, furnishwBR, or in any
w2y sybplied the said drawings, specifications, or other d3Qa i5 not
to bgf regarded by implicatibn ar otherwise as in any manncr Ncensing
the gholder or any other person or torporation, or ccnseying i rights
orfhevmicsion to manufacture, use or sell any petented inventigg that
maf in any wey be related thereto, X




e

A S R~ £
- L

rﬂ.i g‘&_.i.ﬂ;é{&.(.;.1..!&?.41'.;_.%
. o M e . i
.m. ..

- * -~
“ ) v [ -

- “ N » . . - ’ -
. . . . PR .
» PR N \ ) - *
> - .
r;# M " oc . * .
: 4 " v +
» - " = i : - Ve -
. - - -y 4t ' ] »
. - K R, ~
w oy e T, e . L e r o Lo . ..
v ERRE . N - - ’ - #* - .
' N .. * .. [ = e . .
i - . . LIRS .
. > i . - - . . Au B -
FE " . " - - S
R “ . L, .
e U P < v - '
d . N - N . -
* o B - »
P W ey . .
K - k] p 4.
ate T . » ) ' . e
- PR - - . co-
Eal L h - . . .on
W s AT Yo, L N PN
5] W [ » . .
P "
. - N . . o "
B . . LR b
A s | 2L

.

PORT (U}

.
.
. L
.-
.
.
. -
e
.
.
EEA
0‘;
! L3
‘i
r«‘!
T
-
L 3
.
.
.

NNUAL RE

« . L . .
. . .
L. - . .
3 . RPN .
d " . P L V¥
3 - S 3 v - n - N
R R S . H
. % PR i o . B
. <. o, T E

‘ "By
- R KRULEE .
A SNOW
;z

: A ‘e T ‘ .
. Wt Lt N . +
. . s i e . S N .
PR a. [ - ’ : AR - L
N - g . M aho ‘ . L] [N I T LT . .
5 “ - . P SN L A ’ *
R AR L ) P + L . ¢ .
B . L - ~ ., o * . ' - . . . .
- . R " .-..« - AP . *
s . Je + p ot L.k P . .
. PO ' . . -
e - e ,.{. . R — . P ] .
Nl oy . e et - R ‘
. T B s : . B -
R - oo e . .- e - L AR
. s B e P s.. hd . i . Rl
+ , .w-. e . - o . . 3 - . .
. . ..4 - . .. 3 P . - . R .
r . A N e ' .. Yo . PO P P
. L .
- Av..
‘ *
. T
Fen i
- . « B
O 4 > Vo ‘o L . . . v - .
i > o . . - g B 4 . . - P -
P v N . .w . . .o, . * L T Co- T
. X . N . £ -5 .- i . ,
© GOOE BS80S #0440 04 MG S OGBS VS S SRS H M 00 PLM SLE S D00 SEGE S
L ) H - . g L., .
g A - : ¥ 3}
. - . i
as ; N N * -,
- M » ‘e - X
B “ T + i
f .
biad 3 8 AT RS
bt Soric o IO
ROULSS SRR 1
Ko SRR PN !
. * * i [
- J. -~




UNCLASSIFIED

Sylvanie Elvctrenic SystempeWestern Division "
Elcctronic Defense Laboratorics
Masntain View, California

1 3
ELL-G915
Projest AQUARIUS Annual Report (U}
Principal Investigater K., Krulee 4157906-29019
Projecy Engineer K. Snow  4I5/966-3184
ARPA Order No. 1459
%

Effcctive Date of Comtract: 2 June 1969
Contract Expiration Dater 30 June 1370

Amount of Contract: S114, 80

Tain vreseatch was suppurted by the Advanved Rescarch
Projeocts Ageney of the Department of Delense gnd was menitored
Ly the Office of Naval Resvarch under Contract No, NOOM J-09«C-0140

UNCLASSIFIED e

- -

~y



Section

5.
6.
7.
B.

Tuable

UNCLASSIFIED

{U} TABLE OF CONTENTS (U}

Title

INTRODUCTION
SYSTEM CONSIDERATIONS
STATEMENT OF PROBLEM AREAS

Effective Radiated Power
Surface Wave Losses

Suriace Waves Region ]

Muedium Height Antenna Region 11
High Antenna Region 1l

Effcctive Target Area

Sky Wave Propagation

Noisce at Receiver

Recriving Antenna

EXPERIMENT DESICGN
ANALYSIS

SUMMARY
RECOMMENDATIONS
REFERENCES

{U) TABLES (U)

Title

Monostatic HF Backscatter Radio Cross
Sections
Reflected Power from Tarpet

Incident Skywave Signal Pawer {dbm)

UNCLASSIFIED

EDL-G-8915%

Page

14

25
28



UNCLASSIFIED EDL-G-915

lllugirations
Arias of Coverage fur Buoy-Mounted Transmitier
Rziic Tranamission Lose for Ground Wave Along
the Ocean. Propagation in Upwind-Downwind
Direction,
The ¥Yariation of Ficld Intensity with Numerical
Antenna Intensity with Numerical Antenna
Height for Low Antennas,
Typizal Diurnal Variation of Critical Frequency
for January at latitude 40 Degrees, {From

Typical Values of Midday lonoupheric Absorption,
{From Rel, 2}

Typical Average Noise Level in a 6=Kc Band,
{ilel, 2}

Sketch of Basic Propagation Medel,

UNCLASSIFIED

. Page

i1l

16

&0

22

25

il



Ll

UibLaoolritl o
Section 1.

., (9),5{ INTRODUCTION (V).

d

For the faat year several companies have joined in Project MAY
BELL under ARPA sponsorship to investigale the feasibility of dotecting low-
{lying aircraft and Submarine Launched Dallistic Mivsiles by use of high
frequency clectremagnetic waves, Ln particular, a number of tests have been
made Ly Raytheon using a shore-mounied tranamitter for generating a surface
wave mode while Sylvania has conducted a smaller number of 12588 using a
buoy~-mounted transmitier with reception being accomplished via sky-wave
#t 3 remute site in Virginia, The transmitiere and surface wave receiving
sites a5 well as the controlled aircralt flight patterns have all been on or

near the Eagt coast of Florida,

The results of the initial tests of this target detection techrigue
were presented in an carlier report written during this project. In that
report it was shown that an aircraft {lying approximately 20 Jun from a
2030 watt Jow power HEF tranomitier could be detected, While sufflicient
detections of aircraft were accomplished to demonstrate the feasibility of
such & sysiem, insufflicient data has been pathered to dute to perninit
development of a proper aystem congept to provide 3 complete coasta) defensive
system. 'n =articular, there are many parameters that intererelate the
ground—wa\;e-lky wave mode that have not been examined or tested in detail
Theae include variations in {requency, path loss with time of day, season, eic,
A firm understancing of how a system can be developed to provide the .

necoasary operational capability does not yet exist,

In this report, the basic parameters that can lead to a system
definition for the surface wavessky wave mode arc considered by first

egvaluating known theory and experimental data, A set of experiments is then

IR -1
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1.

proposed that can provide the additional detaits necessary 1o complete the

definition phas~ of the program. This will involve measurements of the

variation in tctal path loss with respect to -%
1) Tirne
2) Seagon
k3| Frequency
4} Target Aspect Angle
5) Sca State
3] Distance
7} Propagation Mode

The resuliant data, when coupled with suitable analvsis will provide the

necessary avaluaticn of the {ollowing basic sysicm requirements:

i) Probability of detection
2] False Alarm Rate

1) Time Availability

4} Volume of Coverage

5) Number of Sites

b) Powgr Requirements

[CLASSIFED



aloRbd

ey EDL-G-915
0y 2 S!g‘*:—l} _
LSS
ke
Section 2,
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2. (5( EVSTEM LONSIDERATIONS (U, r

*

Since the purpose of this portivs ol the progrens i 40 deteet low
flying aircraft and missiles at low altitude in order to provide early warning
along the sca ¢oasts, where the basic method involves both a surface wave
over sea water plus a sky wave 1o the receiver, il is apparent that a single
transmitter will provide essentially a circle of coverage; and heuce, many such
overlapping circles are nceded {or reliable detection as shown in Figure 1.

It in apparent that more than one receiver site will be required since skip

zones are known 1o exiat for sky wave propagation,

More importantly, from a system standpoint, it is noecesnary to
provide a good probability of detection for a significant portion of time while,
at the same time, maintaining a reasonable false-ai3xrm rate, Thus, the
parameters of the system must be determined in terms of the system
requiremnents with varjous trade-offs being poasible 1o muximize the cost-

si{fectivensss,

In erder to determine the system paramcteras it 18 necessary 1o
combine available dats with experimentution in such a way that new data is
penerated with sufficient statistical accuracy to place Lounds on the

parameters. This process consists of the following steps:

. i State the problem,
2 Formulate the hypothesces, ' .
i} Devise experimental techniques.
4) Examine porsible cutcomes with reference back te

the reascen for the problem 1o assure the experiment

provides adegquate information,

SERE— 3.
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<. 18( ~a Continued, ¥ H jLU .
LH Consider the possible results as well ae the atatistical

methods 1o be applied, to assure that the condisions

necessary for the methods to be valid are satisfied.

6} 1o the experiment, -t
k3| Apply the statitical miethods 10 the coliveied daida.
B) Draw conclusions, with measures of reliability and

conflidence limits incluaed, and with due care as to the
validity of the conclusions as they apply to the problem

and resulls,

While the above sequence appears to lead in & straizhteforward
inanner 1o the required results {in this case, th: system specifications and
parameters), a scrious preblem arises due o the timewvarying statistics of
the various paths. For example, the propagation of radio wives over water
has been studied in the past by many peopie {7, 8, 11} however, variationa
in the path ioss occur because of sea state, wind, etc, and the slatistics of
thuse varistions do not obey any simple law, The samse problem of statistical
viriation will alss occur in the radiation patterns {rom the transmitter

antenna, the sky-wave mode and the scattering coefficient of the tarpet,

1t should alse be noted that the available data on these probiem
areas does not, in penecral, represent average values, but usually applies only
te the best conditione with 3 non-2cro mean associatled with the variatisns.
It should also be noted that mosrt of the data concerning propagation over a
é&kynw&ve mode 15 time dependent with very large chanpes occurring both
for time of day and season 2f the year., [t has also been found that the values

are dependent upon geomyetry and geopraplical location,
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N switiiuasy v, e ;’-ur;;;sr: of this »ct of experiments is to
evaluste the statistical variations of the sysiem 50 that auitable parameters
can be selected 1o provide a good probability of detection {or an acceptable
percentage of time with a reasonable false alarm rate. The desired para-
meters will thus have to be seivcted to accommeodate essentially "worst=case"

conditions, and thesc are ubvicusly not changed by laking more data.
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Smuon 3,

Q:

j/ STATEMENT OF PRONMLEM AREAS, (L)

Consider a suodel which conteins & buey=mounied transmitter
with & vertical anienna, a rxfleciing target flying over the ocean and a
receiving site with & highepain antenna locsted sulficiently far from the warget

sc that propagation occurs via sky-wave,

The basic probiem is to speciiy the paramictera ra that a frm
determined signal to noise ratio will be exceeded with high confidence as

the receiving site, The following six arexs should be invoatigated:

1} Effective radiated power and antenna coupling.
2} Surface-wave losses 10 tarpet.
3} Scattering or refloction cocflicient of ta rpel,
4} Skyewave losses 1O rocciver,
5) Effective noise at receiver,
G Receiver anlenna gain,

3. (V) __ Effective Radiated Power,

The first problem, that of effective radiated power includes the
variations of received power due 1o motion of the ocean,  Thus, if the
transmitter power, fecdline and antenna efficiencics are known, the far {ield
car be measured and compared with nume rous ficld intensity charts such
as those of reference 2. Variations will vocur since the sea 2t these

frequencics acts as o reflector which unfortunately is moviuyg with time,
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3.2 {L) Surface Wave Losses,

t.
While the surface wave atienuation must be valuated, it may to

some cxtent be inceparezhles from the above antenna cain problem unless a
calri o3 and a utable platform are used, A number of theories exist for
ground wave propapation and they also include the effects of an elevated
target or receiver. It should be noted, that the purpose of this experiment
is not to develop a new theory but rather to determine the variations in path

loss s0 that reliable detections can be achieved,

Norton {*! has studied propagation over a spherical earth and has
shown that therd is significant variation in field strength of a surface wave

as a function of height; he considers three regions

ho= 0
h s 120004273 feer
h o> (200071273} feer

where { is in megabertz,

3.2, 1 iU} Repion 1 - Surface Wave,

When both transmitting and receiving anienna {or target) are near
the otcan surface the direct and reflected waves cancel and only the surface
wave exists, The important component is the one for vertical polarization
Lecause of the high conductivity of sea water which attenuates the horizontal
component, Thus, the surfare wave attenvation approaches the values given
by theory f(or & pesfectly condurting sphere, Barrick (11} has also included
the effects due to roughness and has published detailed data for various seca
states and frequuncies &s shown in Figure 2. It should be noted that the basic

loss is for a sphere and not agperiect}.y conducting plane.

[T
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Figure 2. (U] Basic Transmission Loss for Ground Wave Along the
Occan, Propagation in Upwind-Downwing Direction, (U}
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3.z2.2 (U} Regcion ] - Medium Antenna Heights,

7 r
In this regirn Norton M has determined a height-gain function and

it is only necessary to rmultliple the surface wave {icld by the functions
ﬁr.;ll. quzl defined by Norton for the transmitting and receiving antenna

heightg as shown in Figure 3,

3.2.3 {U} Regpion 1l - High Antenna.

When the transmitting and/or recciving antenna are high, the
eatth's curvature affects the ficld sirength both within and beyond line-of«
gight points. The basic ground.wave field strength must be multiplied by
a factor depending upon whether the path is line-of-gight or not, At
sulficiently high altit: 4es the ficld intensity has been found to decay

exponertially with increasing height,

At pointa within line-of-sight the carth's curvature must be
considered since the plane wave reflection eoefiicient is different for a curved -
suriace than for a plane. Alse thr curved surface reflection causes the
energy to diverge more than is indicated by the inverse sguare law, and
hence a divergence loss factoer must be included. Il is apparent that these
{factors affect not only the transmitter Lo target path but alse the target
to receiver path since the target acts &5 a radiator after reflection Barrick“ H
has also modelled a surface wave and calculated the path loss variations
with sea slate and height {for the HF band, His results are very similar

1o Norton,
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3.3 ngf Effective Target Arca.

EDL-G-915%

The evaluation of a meaningful target cross-section Iorrm aircrafy
is difficult, since a complex target cuch as an aircraft may be ean:idel;ed as
madeup of 2 large number of independent objects which scatter energy in
all dircctions, Skolnik!%) has shown that the cross-section fluctuation from
a "simple" scattercr can vary over a ratio of 4 to 1 which would introduce

scintillation in the signal and hence doppler spreading.

Target aspect angle {TAA) can have considerable impact upon the
reflected or scattered RF energy impinging #:; the target, Some of the
information available at £DL on the HF radar cross-sections of aircralt
and missiles is ¢contained in references 4 and 5, howewver, it should be
emphasized that these measurements were made for backutéatzgred energy
and may not be correct for Jurward or sideward scattering, The difficulty
is that the target arca not only affects the amount of required transmitter
power, but also because the sizes of typical aircraft and missilon are on
the order of a wavelengih at these {requencies that the choice of aperating
{requency may be influenced., Thur, appropriate targets musi be evaluased

in termp of the goals of this program. Some of their conclusions are!

L. The fine structure (nosoe cone, tail fins, cte) with
dimensions considerably samaller than a wavelength has
negligible effect on the cross-scction al any aspect,
except in the direction of deep nulls where the depih of

the null is somewhat aflected,

2. The HF broadeide cross-sections of rochets and large

aircraft are of the order of peveral hundred square meters.
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~» Continucd.

4.

The particular cylinders studied showed a deep null end-on
il the length of the ¢ylinder is loss than one wavtle{gih.
If the length is preater than one wavelength, another null

develops at 20° from broadside.

The depths of the above nulls can excered 30 db below

the broadside rosponse,

The-eylinder aspect ratios studicd had Iength to diameter
ralios L/D s 10 to 14, A rotation of the tylinder about
an axis normal to its Jonpitudinal axis and parailel to the
Poyrting veuior resulted in & slowly varying response

{polarization sensitivity) with nulls not exceeding & db,

Table ! is taken from Referernce § and shows nulls, null depths,

and crosa-sections as a function of {requency, Great variations in null

depths are shown - as well as large variations between peaks and nulls.

For example, the peak-to-aull variation of the KC+~135 shows 27.3 + {15} db

or a total variation of 42.3 éb. It ie ohviocus from these results that both

aircraft and miesiles preaent scintillating targets with wide signal variations.

It is interesting to note tha. only two cut=of«piane measurements

were made - thegse on the KC=135, They showed =15 1t0 «19 db nulls at the same

frcguency,

The apparent crosg=section did not change significantly, however,

Since the impinging RF encrgy {rom the buoy antenna will not always be

exactly in-plane for an aircraft target, an »ven more comples null structure

can be expected as the out~ol-plane angle varies.
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TABLE 118 -- Continued. !f-,i i
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i

Seviel

BISON E Pularization 15 1200 {max}
18 db (min)
H Polarization 15 164 {max}
=i2 db {min)
BEAR E Polarization 15 1800 (max)
H Polarization i5 1010 {imax)
TU-104 E Polarization 13 215 {max}
«}2 10 «15 db {min}
TuU~-14 H Polarization 762 {miax)

«}2 &b {min}

w)ba
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TABLE I ;,m/.,- Continucd,

'l

MIG 19 E Polarization 15 450 {max} "
‘ .5
H Folarizavion 15 50. 5 {(max)

min at -17 db

MIG 21 E Folurization & 3Bl {max)
=22 db nulls at 290°

1 Polarization 8. %6 #8166 (max)
«25db nulls at =90*

scveral nulls at
900

MIO 21 E Polarization 15 2o% {max)
-18 &b nulis}
4 Polarization 15 12,4 gnax}
min of -9 db

no nulls
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3.4 {U}  Sky-Wave Propas zution,

The {requency chosen {or this experiment must be examined
carefully so that the disadvantages of HF propagotion are minimized. Some

of the disadvantages of using HF are; N

it The variability of propagation conditions which could

require chanpes in operating freguency.

2) The large number of pussible propapation paths with
resulting time dispersion of the sipgnal due to prultiple

moedes of propagation,
k} The large and rapid phase {luctuations,

4} The possibility of hish imterference rates due to multiple

modes of propagation,

For example, Figure 4 siwows the typical diurnal variation of
the eritical Irequency @t one specific lotitude and season for high and loew sunspot

numbers,

A low frequency is nevded to get below the nighttinie mexiewum
tscable frequency (MUF}, and o lugher frequency is needed in the daytime
that is Loth below the MUF yet above the rogion of high abaorpiton.  bmpiich
in this discussion of Hrat-order faciors i8 the Jact that a lower urcanle
Ireguescy {LUF) oxisty and is & function of absorption, incrdent {ield strensths,

receiver soise levels, and receiving site noise environmnent,

Al medium ircqguencics, it is possible tnat the grounusave and
sxywave ranges overlap with the result that severee fading car ofeur » .en the
two signals are of comparable amplitede,  The path Tength is thus a conawderation

as well as the irequency chosen for the experinient,
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3.4 (v ~» Cominued,

Where Figure 4 showed diurnal variations of critical &::;ucnc? al
ors: jatitude for enc neacon of the year, Fipure b shows lypic-al values of
absorption at midday. 7This is a maximuin and depends upon the angle of the
sun in relation to the horizon., On short paths, this is the acturl path

lenpth and nol the distance along the varth,

In order to evaluate the proper frequencies of oporation, it will be
necessary 1o determine experimentally the variation in path loss with
frequency., Certain assumptions can be made 1o Himnit the amwount of

experinentation neered for 3 manageable pregram. These arel

i The receiver site noise environment and minimum

detoectable signal threshold are accurately known,

2} The elfective rodiasted pover (B P} ©f the buor~mounted
transmilter and antennas 18 accurately known or can be
proedicted,

kS Tise HE radier crons=scetion of targel arreraft is at least

-
20 sncters® at all aspect angles.,

4) The receiving site entenns pain iy known accuraiely,

5) The midpoint of the skywave path is known or can be
prodicted,

1% Fhe ioncsphere midpoint is stable or its variation can be
predicted.

ke Fhe instrumental insceuracies aFe knows or can be cortvolled,

#) he buoy sawing or sva =tate will not aifect the messuremonts

of path loss,

-} te
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Figure 5, (U} Typical Valueo of Midday lonespheric Absorption
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3.4 £L7) =+ Continued,

9 The weather clfects on the atmospheric refractibe index

o "
arc nepligible,

3.5 {Lv) Noise at the Receiver,

Figure & shows typical noise in a 6-ke bandwidth for a latitude of
40% averapged over & yoar, Sumimer averages will be a few db higher while
winter averages will be a few db lower, [Ihe noisc level will vary with
latitude, however, the particular receiving sile is fixed so that more accurate
noise determinations could be made and a suftable correction factor applied

10 any experimental resulis,

L) (‘* 25’)/ Receiving Antenna,

The transmitting antenna will be by necessity limited to a simple
vertical and may be guite short conipared to a wavelenuth so that its
cfficiency as a radiater will be fow, The receiving anteana ¢an be guite
gificiynt providing the chosen {ruvquency is not tou low. Depending upon the
spatial scparation of arriving sipnals {rom more than one buoy, the receiving

antenna may have 10 he rotatable == wr consint 60 a steerable array so that
cptinium receiving conditions can exist, The better the receiving antenna,

the preater the deprezsion of the LUF,

cil-
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Becouse the end measurement of this experiment is related 10
doppler shift, it becomes apparent thiat a slow moving vehicle -» such as a
surface vessel -» ip of Itmited use a5 3 target in evaluating path 1658, In
addition, a helicopter platform is considered less desirable because of low
srecd, unknown cross-scction, and rotor modulation effects. A relatively
bigh spesd alrcraft - up to Mach ] as a target vehicle =~ apprars to be a
viable solution, but is subject to some contrainte, The aircrait should be
large encugh to assure an adeguately large cross-section, and jor over-water
operations it should be multi-engined. Since the target is passive, it need
not require more than a single scat aircrafs, such as the F»101l, The cross
section of the target aircraft should be known accurately from model

measurements,

To cover the effects of diurnal variation, {flights must be made
often endugh during every 24 hours 16 provide sufficient statistical data. In
addition, seasonal variations regquire that experiments must also be carried
out over a period of monthe so that seasonal effects may be taken into account,
ft may be possible to linearly interpolate {or vaiues over longer period
eifects such as sunspot number variation, but this isa mere conjectiure at this

time. Additional siudy is needed Lo determine the length and frequency of testas,

Since the target aspect angle is 5 vital parameter, many flight
paths may be necessary == at different altitudes =+« to provide suilicient
statistical data which may be processed to provide meaningful results. The
aireralt should be flown in constant radius circles around the buoy 10 provide

general contours, Cross-hatch {light paths can then be used 1o provide the

RLLASSIFIED
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4. 4}8{ -« Continucd,

variable aspect anpgle data as well as provide check points where the circular
paths are intersected. Again, it should be realized that these {ngi:'ts must
take place at several different altitudes and should be nmzr;‘ua as possible 1o
provide a sufficient data base for statistical analysis, Reference to Table ]
included carlier in this report shows the larger values of cross-section are
1809 mczersz s0 that an assumed Zemz in the equation below represents a

wWorst case,

The reflected pover can be cxpressed an

PG
1 10
P = (3}
ref 2
(42 D)
where: \
F"f 2 Power reflected {rom the target
Pt x Power of the transmitter
G; #  Gain of the transmitting antenna
v = Tarpet ¢ross section

s [Distance from transmitier to target {same
uriits as o}
The reilected power {Pr 013 ig caloulatnd for various distances D in Table I}
assuming an effective radiated power (P‘Gt} of 1000 watts, Table U shows

the large variation in reflected power with distance or volume of coverage.
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TABLE I, REFLECTED POWER FROM TARGET, (V)

Distance in Miles Reflected power in dbm ]
1 ) -12
2 -8
«26
10 32
20 «38
50 -46
100 ~52

A sketch of the basic propagation model is shown in Figure 7

below with various portions of the path labelled,

IONOSPHERE

P WATTS o
t
%fl R, .....on OO, .. oy st -l e + bl —— . a——

ey e w

RECEIVING SITE

Figure 7 {U) Sketch of Dasic Propagation Model, {LU}
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The following eguations apply 10 this model.
P = T L +0 = ERP (in dbm) r
r P lose t

Tp = Transmitter Power, L t*-i..i:zc loes, and szﬁmzenn& Cain

los

st 2 Surface Wave Losses

Pi = Powert Incident on Target

¢ Pi times Target Reflection Coeflicient {see Table I1}

= Skywave Path Loss {including ionospheric losses)
* Skywave power incident at receiver antenna

= pir limne G:#Totai Signal Power at recciv:f{?irfcﬂ; in dum)

s Pref i Lsky * Gr t4)

o

re
Lsk
P.

ir
F

a
B

a
o] = {P.) {(Reflection Coelflicient) where P, = P L {33

e i i r  BEW

{

Note that this does not take into account receiver noise figures, bandwidths,
nor interfersance, The standacd loparithinic form for {ree~space transmission

loss, L between two isotropic antennas is given by:
L = 20 :ong}@zs iOgmi-r 3¢. 581 (6}

where Dis in miles and { is in megahertz, Palh loss cannot be less than the
free-space loss 80 that one can, after Norton (8), state the following:
L=~ «G +A {7)
trans 1 r

where L = System Transmission Loss
trans ‘

Gt' Gr » Tranemitting and Receiving Antenna gains adove isotropic

A = Propagation path loss relative 16 the frevespace value L,
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In cases where it is possible 10 determine the pffective values of
tranemitting and receiving antenna gain, equation {(7) may Le used to
determine the value of A, It becomes impossible, however,, to L:puaze the
antenna gains under conditions of wnullipath ionscpherie neapagation. With
multipath propagation the only valuesa that can be measured are Pr and Pa.

Thus, one must be satisfied with only an everall transmission path loss valu:,

$

To see why this is so, let dj denote the distance and aj. the velta,e
atienuation factor corresponding to the jeih ionosphueric path,  Let gtj and
Byj denote the power gains of the transmitting und recciving antennas fer
this particular path, The average signal power available from the receiving

antenna Pa' is then {{rom Norton « Rel. 8}

mo 2
P =P A" = & g FHdnd) 8
j=1 ) bilgr:’ { J (*)

This is the peneralized form of vquation {7} above and is obtuined by suwmiming

the signal powers availuble from the separate paths, It is impossible 10 extract

the transmitting and receiving gains {rom the summation sign, and so0 it iy
imposeible to separate out either an inverse distance factor, ERP, or the

received field intensity.

Referring to Figure £ and Equations {4) and {5}, it appears that one
could measure (or calculute) both ERP and the surflice wave loss, st. [he
fipures piven in Table U show total reflected power. U it is assumed that
. this is eguivalent to the power that is reflected tuward the tonosphere in the
direction of the receiving site, then the tatuet can be cunsidered as a “virtual”

transmitter with those values in Table 1l a5 tne ERIY, The pxy wave lues,

i gyt SAD be calculated by assuming no otrer 1osses tnan the free-space
sxy - '

*

e
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5

louws. I'his would be approuximnately true for nigittime ¢nditions, bul an
absorption factor would have 10 be added for any porfion o the path which 1s

. . *
in daylight,

Taking she veiues (rons Tuble L ae tom tarset ERF and caleulating
the path loss for 100, 500, 1000, and 1500 mile skywave distences for a § Mcu
tranmuission frequency, we ublain the incident skywave sivnal power {dm)

at the receiving site {sec Jable $HI)L

TABLE W1 {U) INCIDENT SKYWAVE SIGRAL FOWER tdhm) (L)

Target ' IFransmission islanve 1n Miles
Enp

dism 100 52 1390 1500
- 12 «137 -121 =127 ~13]
L =113 -127 -133 ~-137
20 -121 ~13% «14) ~}43
~32 127 ~3dl «147 - 151
3K ~123 <347 SRR =157
-4 R -154 =fvl *les
-5 1Ay »iul ~lo7 =171

Included in the abuve table i» the assumpiion ol a single hop skywas e prupu-
palion mode as well we an arbitrazy 4 db luss due 1o sokesphersc reflection,
{his nuinber is consrrvative sinve it depends upun e redlevtion coviticient
of the ionosphere, and could ue siamaiicardly higher 35, In addition any

reeiving antenns gain is nul included in the lable,

R (RS
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1 ANaLYSIS.
As mentivned before. the parpose of an; experitaental progran:
Thervicre, the data taken at best

5*

is to develon systems specifications,
represents sasnple points from the 1otal possible variation for the various
It will thern be neocessary to apnly standare statiai:ioal

portions ui tne model.
technigues 10 detes.inn e mean values and the various peroentiles abont
This in turn can be readily translated into the niore uagal

the ineah.
paramelers of power, anlenna gain, vélume of coverage, elc.
In addition, 1o the usual analysis, it will be necessary 10 exanane thy,

dati to evaluate whether dependence exists un the saricus peruions of the path

ard also to determine variations with wine, peoprapaical location, ote, .,
since it is quite likely thal anv system would require a cottrol link in order

to maintain optinmum parameters while accommodating the known variativag in

the s¢stem,
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) Segtiun o

o, ,(4}/ SUAMMARY,

e fullewing paramcters contnbute We ol wheertainly o

the experient,

L Freguency = aunt i Chosen (o snininrze interference
yot provide o sufficiently stable signal with timme,  In a.l probability, ot lvast
e froguencies will be secessary <« une for daytinee use and one Jor nignttine

RN

- Path Lenyth = the path fength noust be chusen po ae tu
tinimize any pooasible selfeinterferenve probleais »» .00, the ground wave
VRVErAaPe wfve Husl ot b fudoe the roecsiving site, LUl the sxywave patl

shaull B Lon s eirench fur rehiable nosdes,

%, Varoet ."a:-“lnwi Ancle = e ul;}‘}' Cutd wvatiable on FAS 1

Cata which vas taken an the Bonmvontal plane,  As suvh any snchined plane null:
are ot plotlet, exaepPt 10 Tao sases on the BKO=133 arroratt, Sinve incident

HY crergy on dhe target will not abwaves fall exactly in tue arizonted plane

thracdaitnel vrussesec tans will vary uvier surae UBRROW L Falbiye,

4 Sl 13enth Variattons = o given target has shows nuld

Ca TEabiune D oonver 30 dh, tierefore, wny thiont path wall ave e ue varetuid,

suptrolled o the offeuty of the tulls thay be agvwuntod for,

o Hovedving ste Navae Frovironniest o« this i nol espected e

seriounly alledl Lo eARerinent st e e tuven value and svaesunttal variainos

Gt wintiest onse snondd be avaslaule Dras CCIR 322

L. Stusarpy noo. Tisie 3% 2t VaTiable oo feo favt Tat Lol ana iy
B artisnal o $he aun's anple Wt tne Bolid ot as Lree as Ueih,, Ireg vt
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i Plativrsy = the recommended platform is o multisengine,
el it
Righ perfornance aireraft, and preferasbly une whose tross-section is xnown,

B. Altitudes = weveral altitudes for the target will be necessary

because the (teld strength is both sltnude ard freguency sensitive,

9. Measuretnoent Jolerarces =« soine detenination of the

possible ranpes of tolerance will ve nceded in a1l areas of tmplementanion,

not only 10 size the experiment, bul to judie its nanpact on the collected data.

10, Interference « HE intericrence is & great unknown guaniity
since it varies consgiderably frum hour 1o hour anu day to-day. It may require
moere titen jusl two frequencies te conduct the experiment, Using Ligher puwer

sources would decrease the interference problens,
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Sccrvion 1.

3. Lu{ RECOMMENDA FIONS, -+
'] "

In sununary il is recomimended thal the proposed experimental
program be accomplished in four phases. First, analysis and measurements
are needed 10 evaluate the coupling between the buoy-mounted transmitter
and the surface wave which, of course, is vertically polarized. To do this,
a variable frequency trunsmilter will be operated with a shore receiving

station to ninimize the variables,

Second, additicnal analyeis will be made for targol cross=secticnal’
arez. This is best accomplished by modelling. Model experiments will also
be conducrted to evaluate the dilference between backscatter and forward

scatier.

Third, the path loss must be evaluated. To do this, an airborae
transmitter will be used and both the sky wave via Lne ionosphere and the
surface wave will be measured, I this phase, swuiiicient data must be taken
to vaiidate the theoretical results of previous workers {2, 3, 7, 8 and 11}
in order to all prediction of time availability with reasonable accuracy., MNods

and irequency of propagation will alse be optinmized during this phase,

Fourth, a preliminary systons will be defined as & resuls ©f the
above insestivations, This desien will include ¢overage area. control

requirements, and an eslimate of detection probability and false alarm rate,
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ABSTRACT

This report discusses an investigation of the
feasibility of defending surface veaszle against
low-fiying threats, Various models and tech-
nigues based on them for the estimation of
threat trajectories are derived using a poly-
cviatic radar approach wherein targets are il-
luminared with skywave and surface.wave modes
and refllections are received by a shipborne
receiving system via the surface~wave mode,
Two of the models were tested via simulation:
a twoetransmitter, one.receiver {double base-
line) case and & one-tranamitter, onesreceiver
{wingie baseline} case, The results of the in-
vestigation indicate that of the models tested
only the double baseline approack may be a
fearible methed, However, further analysis
iz needed before a final conclusion can be
reached,

Two configurations that might be feanible for
the shipborne hardware required to perform
the azimuthal and Doppler measurements are
discusaed: the multiple«baseline/pattern-
recognition system and the switched linear
array Doppler direction finding system, It is
conciuded that the relative advantages of the
two systems should be investigated to select
the one most appropriate to the specific appli»
cation desired,
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Section |
INTRODUCTION
o)
1.1 _}(}' BACRGROULD.

The detection of low-flying threats to surface veseels at a
range sufficlient to give useful warning time and tracking information la a
problem which masl be solved if the surface navy is to survive. In detecting
these threats the ewemy nmmast not be given the opportunity to use simple
direction finding techniques to locate fleet units, Thus, it is desirable that
target detection not require radiation from the fleet and that the flect operate
under complete electromagnetic control (EMCON],

The feanibility of using a hybrid {akywave /surface.wave)
system to help aolwe this problem has been dermonstrated as part of the
MAY DELL Program, In this zoncept, the targzet.is {lluminated by skywaves
from transmitterw feither ahipborne or land-based) located at over-the-horizon
(OTH) ranges. Surtace waves which propagate from the target to a recaiving
system aboard a ship permit detections to be made even when the target i
below the line-of-sight radar horizen.

Experiments performed at Cape Kennedy, Florida, with
a saore-based receiving station sirmmlating the shipboard environment, a
Navy PIV aircrafs as a controlled target, and illumnination provided by the
MADRE (pulse) and CHAPEL BFELL (phase code) transmitters, located
respectively in Masyland and Virginia, have shown the technique to be feasible,
For mosat of the (Tirk¥s of the target ity altitude was 200 feet, and detections
were made at ranges an great as 0% kilometers tkm) from the recelver,

1.2 Q}) 487 FEASIILITY STUDY.

&» an application &f the hybrid-system, fleet air-defense
ttchniqu&. a feasiility study under Project AQUARIUS has been conducted to

“determine the practicality of deferding the Mediterrancan Fleet againgt low

fiytng atrcraft and craise missiles wsing over-the-horizon detection {OHD)
skywave«-surface-wave and surface-wave--surface-wave techniques., A
paraliel elfort within this siudy was o determine if simple conmtinuous wave
(CW) rather than range code tranemissions could be used which might then
resuit in & simpler. more mobile system,

n.l»
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_ It was determined that shore-based HF {CW) sources
could be used far skywave and surface-wave target illumination and ahipboard

‘receivers used to detect the surface-wave Doppler shifted signal scattered

by the target, Assuming reasonable powers (10,000 W}, vertical antennas

and 180 mz cross ecctions, » target detection range of approximately 100 km
from the ship I» typlcal.

Although the Doppler detection provides some information
about the target velocity and direction, because of symmetry, targets flying
near the transmitter may glve the same Doppler shift as those flying near

the ship. Thus a meanrs of dlacriminating between threatening and non«

threatening targets may be as irportant as detecting the targets themsalves,
st OTH ranges.

”fhil report describes the derivation and preeents simula-
tion results for three stralrht-forward techniques which allow OTH target
detection and tracking while mamtaining EMCON,

g

i

i

1.3 (\3) 4 SUMMARY.

ri

Derivations have been made of techniques tc provide
location eatimates of low-fiying targets using a polystatic radar approach in
which the targets are illuminated with skywave and/or surface-wave moden
from a land-based HF CW transmitter and the reflections {rom the targets
are received by & shipborne receiving system via surface wave mode, The
modeéls used have been examined for two configurations: a two-transmitter,
one-receiver {double baseline) case and & one-tranamitter, one.receiver
ieingle baseline! case, For the double baseline case two models were deo
veloped, one to represent azimuthal and Doppler measurements made at two
different time points for each baseline and a second to represent a single
set of messurements [or each baseline, For the single baeeline case a third
mode} req\:iriag two sets of azimuthsl and Doppler meagurements was de-
veloped,

The second and third models were simulated for aircraft
detection in the Mediterrancan fo* two situations: one in which the aircraft
flies directly at the ship and & secy? in which it flies at an angle of ‘Sﬂo
{rom the ehip. The influences of bearing error measurements on the trajec.
tory astimation were examined,
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Implementation coniider;ﬁfmt indicate {aat Doppler
resolutions &f 0. 1 Hx and aximuthal accuracies of 1,7 degrees R¥5 are
feanidle,

Two cunfigurations.«the multiple-baseline /patter o1~
recognition systemn {MB/ PR} and the switched linear array Dopuler direction
[inding system (SLADI--that might be feanible for the shipborne hardwars
requived to perform the azimuthal sud Doppler messurerments are discussed,

B

1,4 QJ) JBf  CONCLUSIONS

The results of the investigation indicate that the double
baseling approsch wherein s ningle eet of meanurements is made for each
baszsline is superior to the single baweline approach, The necessury
assumption required by the single baseline method intrnduces larpe errora
in practice and makes this formulation of the method unarceptable, An
estimation accuracy of 1 kum in range i nchisvable for the ideal double.
baseline case where there are no measurement errors, Inaccurate azimu-
thal measurements remnlt in griater errors in range estimater than do
inaccurate Doppler moasurements, A preliminary error analysis indicntes
that errors of +2° in bearing measurement ~epult in range errcrsof } - § km,

From the forcgoing results it is concluded that the doulle
bsseline approach appears to be a feasible method for estimating the location
of low.flying aircraft using a polvstatic HF system, However, addiiiional
analysia in required in

{2} deiziled error analysis of the double baseline
{single mesruremen?i method,

Ab} # simulation and error analysis of the doalile
: baseline {multiple measurementi method,

{ci location estimation of high flying aircraft/
missiles (the csse for which a flat earth and
two dimensional model is no longer valigs,

{d} systemn deaign for implementing the double
baseline {single messurement) method, and

1a] snalysis of other formulstions of the single
baseline approach,
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It {s also concluded that the two poseible shipborne hardware
systemns should be further fovestigatod to selec. the one muast appropriste to the
specific application desired,

1.8 (U) REPORT ORGANIZATION,

Thie report consiats of four sestiona, The (irst presenta
introductory background intormatioa concerning previous work done on the
detecticn of low-flying threats to surface vessels, [t also introducsu the
{easibility study described ia this report and gives a summary of the study and
the conclusions reached. The seccnd section describes the models used and
the derivations of the various techniques, based on the models.for estimation
of missile/alrcraft trajectories, Section 3 discusses the simulation and testing
that was performed on two of the models and points out sources of ersar in
each, Estimates of the sffects of errors in the measured paramoters on the
rosulte arv aleo given, Finally, Seciivn 4 discusseo ways of designing - nd
constructing the shipberne hardware required to provide the szimutk .. Lop-
pler messurement information necessary to the application of the darived
techniques,
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Sectlon 2

DERIVATION FOR AIRCRAFT TRAJECTORY ESTIMATION

2.1 (d);sf GENERAL.

s &

As described in Section I, protection of the fleet against
low flying aircraft and/or crulse missiles may be accompliahed using a
bistatic radar with & shore-based tranamitter for target illumination combined

writh paselve shipboard reception, in fact, over«the-horlzon warning may be

sccomplished without active shipboard radiation (l.e. . with electromagnetic
«<ontrol, EMCON), The techniques considered in this study appear to eliminate
two fundamental problems associated with CW-Doppler bistatic radar:

a, Target signal amplitude gives no indleation of whether
the target is near the transmitier or the receiving
ship because the bistatic radar range rquation is
symmetric about the transmitter-target and receiver-
target ranges,

b, Single Dappler measurements alone cannot provide
' unambiguous target location since single Doppler
measurements have a four-fold location ambiguity
caused by the geometric symmetry between the
transmitter, receiver and target,

Three scparste derivations will be given describing technigues
whicth may be used to locate and track low flying targets which may threaten a
surface fleet,

2.2 () MODELS USED,

For the two-dimensional {(flat earth, low flyin,) situation
being connidered here, two geometries are worth investigating: & two-
transmitter, one-receiver (double baseline) cane and a one-trancmitter, one-
receiver (single baseline) case, For the doudble baseline ¢case, two models
were developed, One model requires that, for each baseline, szimuth and
Doppler measurements be taken at two different time points,. The other 1 0del
requires only one szimuth and Doppler messurement {or each baseline. The
geometries for these two models are illustzated in Flgures | and 2, The
single baseline model requires azximuth and Doppler measurements at two
different time polints; the geometry for this modetl is shown in Figure 3,

»5-
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Double-Baseline, One-Measurement
Model, (1)
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Flgure 3, {U) Single Baseline Model,
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2.2 (v --CONTINUED.

Of the three models, the single baseline case is the most
deslrable from an operational point of view because it requires monitering
only one transmitter. Cf the double baseline models, the one-measurement
case is the simplest and the easiest to implenent, The {vllowing derivations
deacribe how trajectnry information may be obtained using each of these
modals, All models assume that the aircralt of interest has constant velocity
and directlon. Flat earth geometry is also assumed, a valid simplification
for low flying targets,

2.2.1 {U) Double-Baseline, Two-Measurements Model,

Consider the single baseline, one time pointAsituuion shown
in Flgure 4, where a vehicle is moving at an unknown velocity v, the distance
between the transmitter and the receiver is assumed krown to be D, and the
transmitter is broadcasting on a hknown wavelength \. The azimuth angle
of the target at the receiver, o, and the Doppler shift, Af, are measured,

The recelved Doppler ohift for this geometry may be
written ae

»le»

A A
aof = - (r, + 1)

= .0
= -3 (cos Bl + cos 82\
Angles Bl and BZ can also be writien:

Bl = Q0+ o+ &

8, = 90+0.8

Therefore,

af

% [sln (ot 8) + sin (3-8)]

-9-
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Figure 4,

{U} Varlables for Double-Baseline, Two-
Measurements Model, (U)
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2.2.1 {, ~Continued,

Also,

g~ wa (Y

In a -1 A tar o
- ;““ T— - t*a AT ———————————
D a Dtana » a
tan o

If there are two transmitter geometries, which shall be
distinguished ueing subscripts, then the following three equations can be
written:

. i n { &) tana, T'

afi = 'i" sin {O‘l+ bli + sin [tan D tano, & -t i

i i 1 1
i a, tanco ]

:.!z ® .;;,2 sin (@, &) ¢ #in wa”! ilﬂﬁ i ol Rl @

2 L 2 ¢ 2
and
§2 = a.! + ¢ o

where ¢ is the angle between the two baselines, as shown in Figure i, The
value of ¢ may be calculated because the coordinates of the two transmitters
and the receivers are assumed known,

. If additional azimuth and Doppler measurements are made
for these same two geometries at some time Ot later, thes four more
-equations can be written. This set of equations is distinguished by a2 super-

script prime,

af' =2 lointo.'+8.) + sin Jtan” Wit B S I
i 1 1 | D tan o 'ea,’ i !
i 1 I
o | a,'tana,’ \ ']
AL, == lsin{e.’ + §.) + ain [tan” —mmd 8 1} (5}
2 Ty, 2 2 D, tano, “‘zf p ‘
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2. zo I (U' --COﬂunued.
al' = 8- At cos 61 {6)
a,) = a,=p4at con b (N

2 2 2

The last two equations are a result of the constant velocity
and direction assumption, All seven equations can be combined into a system
of four equations In four unknowns by eliminating 62 from the equations. The
results are:

af

Afz = FZ‘“' a,. 611

af "' =« F)‘“' a

1 &)

1" 71

A‘z' = F4l“a .2- ﬁl‘

where the Fi‘ + V are different functions of the argument parameters,

The unknowns are v, a a, and 61. The measured quantities are o '

| A
) °2. af). af,', af,, and af,'. The quantities known a priori are
\‘. lz. &t, and ¢. The above set of simultaneous equations may

D‘ . Dza
be solved for the unknowns and the ground range from the receiver to the
target could be calculated by

einc

P =

Although this procedure ylelds four independent equations
which may be solved for the target position, a slight reformulation of the
problem can reduce the number of equations by two as described below,

«l2-
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2.2.2 (Y Double-Baseline, One-Measurement Model,

The varlables for the double-baseline, one-measurement
model ave defined in Figure 5. As in the previous case, the transmitter.

receiver distances, DE and DZ‘ and the transmitier wavelengths, ;I and

) are assumed known a priori, The azimuths, . and @y and Doppler

2t
shifts, ;&!1 and ..\IZ. are the only quantities requiriag measurement,

From another form of the Doppler equation,

af

%

(p-l»nil

-1l ..
d!z =3 ip+ nzi
<
where p = dp/dt and ﬁi z dn/dt

From the law of cosines,

2 2 1/2
n = {p * Di - Zle cos al'l
so
pp » PD, con ., + pD. & sine )
- ! 1 1) 1 -
! (pz + Diz - ?.pﬁi coa "I‘UZ

where :'r‘ = dnlldt

Similarly
. {pp - pDZ comur, ¢ PD, ¥, 8in azl
f, = (M

z tpz + Dzz - zpﬁz con ozll /2 .

Note that :'rl & i)z = &. The quantity & can be estimated using the previous

sximuth measurements as follows:
{a] t -a, (t-ati}+ [t:zfﬂ -, {t.At]

24t
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Figure 5, (U} Varlables for Double-Baseline, One-
Measurement Model, (U}
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2.2.2 (Ui

Now define hl‘ 9 Ty and 5 s fnllows:

{pz + l)?' - ?.;:I:!1 cos oi}”z

wr
L]

q, * arf

ry = I)l con a,

s bx&ntna

1 1

The quantities hz.
and {9) can then he writien as

Pb- Py ¢ s,

So Afl can be writien

.
af, = = N (N Ll WL
Ty by

Similarly
b{p-r,} ¢+ ps
Af, = =1 p+ 2 2

2 12 hz ’
Sclv}ing for b,
- {azh; ¥ ps,)
ihz tp- rzi
wto

URCLASSIFIED
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9y Ty and s, are sirnilarly defined, Equations (8)
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) 2.2 2 {U}  ==Countinyed,
Also,
- qlh! e bhl + b (p.‘ri} + pe,
and so
of 3 -
X fa, B ¢ p{hi r?_&] | .
P - .1 + ’? { i

Equations {101 and {1)} form & system of two equations
in two unknowns {p and p! that may be solved using standard iterative techniquen,
Noate also that, for this formulation, the xasumplion of conatant velocity and
direction are not necessary.

2.2.3 (L $§mgle Baseline Model,

The final derivation to be considered is that involving the
madel using only one transmitter. The variables for the single baseline model
are defined in Figure 6, As before, the tranemitter«receiver distance, D,
and the transmitier wavelength, 3, are assumed known, The azimuths, o
znd o', and Doppler shifte &1 snd Af', are measured quantities where the
primes signify messurement st some time 4t after the first {unprimed:
messurements, The veloclty, v, of the vehicle is not known,

From the Doppler equation,
f ==L (psim

i
e 2 prea

i

From the law of cosines,

-

n . {pz + Dz « 2pD coe ol”z

i = (g_fg;isf)zcmn*pi}& :zni
fp ¢+ D - 2pDcos o)
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Figure 6,

{n

Yariables for Single Bascoline Model,
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2.2.3 (i --Continued,

Similarly,

b - p' Decosa'+ p' Do’ sin o'l
(p’z + I)z «2p' Dcos o’l”z

h' =
In order to find a rolution using only one baseline, two
approximations bave to be made
{(a) P is conetant; L.e.. p’ = b and, furthermore,

=P -pot

(&) & is constant; Le,, &' =0

Over short time intervals (amall Ot) these auumptiom are reasonable, The
angular velocity & can be estimated s (ollows:

» o' -
—eer

® Tat

‘These approximations are strictly true if the target is flying on & radial path,
toward or away from the ship,

Combining the equations and approximations above givea
«Bf) x-q e p+ pip-rl ¢ pe
h
where
- g = &f)
r = Dcos o
g = D&sine

(pz + I)z - 2pD cos a};' 2

- 4
"

~18.
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K {thy ~-Continued,

Substituting p = p' - p Ot, squaring to eliminate square roots and algebraic
manipulation of the results yields the cubic equation

A§3+S‘pz.c§,~r D=0 . na

where

>
]

2% (q-m

Ats (qzﬂzi + Ot {4gr-4qp'y & 2adt (2piert 4 Dz - rz

o]
"

2

L1}

o Ot (2qzr-2qz pwzp';zs + Zp'z {g-21 + 2p'r (a-24q} ¢+ 2qD
D

i

p“ﬁE {qz-qzi + !:12 sz-ap'ﬂ

This cubic squation can be solved for p and the correct root chosen, Alsec
note that b is still a function of the single unknown p'.
In similar fashion,
ap = :xl {(b'+ a7

or

“Af) = -qizpe §>ip‘;;f‘i +pos

Where h', q', r' and &' are defined similarivto h, g. r and .
Now

«g'h' =« pih'=r1 = p (h+ '}
or

. :3| h.i - ‘p i_i_’l""f"
pa’

pl

Fquations (121 and {13 form a set of simultanecus equations in the two
unknowns p° and p which may be solved for the target position,

Software simulations have been written to estimate the

(i

target location accuracy to be expected by using these techniques. The results

of these simulsations are discussed in the next section,
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Section 3} . :

SIMULATION AND MODEL TESTING

3.1 (Y MNODELS SIMULATED,

The resvits of simulations of realistic trajeciory estimation
situstions are datailed below for the double-haseline, one-measurement mode!
and the single baseline model, The double~-baseline, two-measurermnent mode!
was not simulatea,

3,2 (1 DOURLE-BASELINT, ORE-MEASUREMENT MODF L.

An algorithm was developed for solving sets of nonlinear
simultansous equations wuch as eguations {10} and (11} in Saction 2. The
slgorithm is based an a standard iterative procedure for solving equations of
the form p = {(p) (sev, for example, Introductory Computer Mcthode and
Mumerical Analvais, by Ralph H. Pennington, The MacMillan Co. ., 1968},

This procedure consists of cstimating a solution Po and using this eatimate
to get 3 new eatimate P- where "= i’{po!. A new estimate P, is obtained
from P, ® f{pﬁ. and so on until Ipn- P, ;’ « ¢, where ¢ is some small

number. At this point the process is judped to have converged with a solution
P =P In practice, ecach succeasive P, is transformed slightly a0 as to

guaranter convergence,
Graphically, this technique ameounts to finding the intersection
of the plots of Yy * f{p} and ¥, = P The point of intersection is where the

algorithm converges. In actual practice. there may be more than one inter.
section. However, the correct root may be determined by examining the sign
of p and the trend of the previous values of p.

3.2,1 {m The Simulation.

The situation aimulated is that of a ship in the Mediterrenean
sea at 37°N. . 25°E. and an aircraft at a range of 180 kilometers, due north,
flying at 720 km/hour {about Mach 0.66). Two cases are considered as shown
in Figure 7. In the {first case the aircraft is merely flying at a 367 angle by the
ship, whereas in the second cane it is on an-attack course. headiag straight for
the ship. In both cases, the speed and direction of the airerafl are constant,
The transmitters are assumed to be located at Rhodes and Athens.

~20-
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Figure 7. (U} Geormetry of Situation Being Simulated,
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3,2.2 (Ul Simulation Results for Double Baseline Model.

The results of the two simulations are presented in Tables
1 and 2, These tables give the actual and estimated range, p. and the actual
and estimated derivative of range, p, at intervals of 60 seconds for the two
cases, '

TABLE I, (U) ACTUAL AND ESTIMATED QUaANTITIES FOR

CASE 1. (W
T
Time y ) Range, p| Estimated p Estimated
{seconds) | (degrees)|{degrees) {km? (kb {km/seci} {(km/sec)
0 100.9 44,6 180.0
60 98. 9 42 ¢ 169.7 170, 2 -. 169 - 171
120 96,6 40,13 1569, 7 160, 2 -, 165 -, 166
180 94.0 3.7 149.9 150, 4 -, 160 -. 161
240 91.1 34,8 140.5 141,90 -.154 -. 165
300 87.7 3.4 131.5 132.1 -. 146 - 147
360 83.9 7.6 123, 0 123, 6 -. 136 -. 138
420 79.5 23.2 116,2 116, 7 -. 128 -, 127
480 74.5 18.2 108.1 108. 7 -.111 - 112
540 68.9 12.6 101.9 102.5 -, 004 -. 096
600 62.6 6.3 96, 9 7.4 -.074 -, 083
660 5%. 8 -0,6 93. 1 92,6 -.05] -, 025
720 48, 4 -7.9 an. R 9.1 -. 020 -, 156
740 40. 8 ~-16.6 an, n qn, 0 +,000 -. 00l
840 13,2 -23.1 Q0,8 a0, % 4,027 +,026
900 25,9 -390, 4 93,2 2.5 +.052 +.052
960 19,0 -37.3 97.0 96,0 +,074 +.075
1020 12.8 -43.5 102.0 100, 7 +,094 +.,095
1080 T.2 -49,1 108, 2 106.7 +.111 +.111
1140 2.2 «54,1 115,13 113. 8 +.125 +.125
1200 -2.2 -5B.5 123.2 121.6 +.137 +.136
1260 -6.0 -62,3 131.7 130, 2 +.146 +, 146
1320 -9.3 -65. 6 140, 7 139.3 +,154 +.153
1380 -12,2 -68. 6 150.1 148.9 +.160 +.160
1440 -14.8 711 160, 0 158. 7 +.165 +.165
1550 -17.1 -73.4 170,0 169.0 +,170 +.169
w22-
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TABLE 2. (U0 ACTUAL AND ESTIMATED QUANTITIES FOR

CASE 2, Wy

Time aj a3 Range, p [Estimated B Eutu;uted

{seconds) | {degreesii{degreen) {lerny) {km} {km/aee) (km/uec)

4] 100. % 44, 6 180, 0

a0 100, 9 44. 6 168.0 168, 0 -, 200 i, 200

120 jo0. 9 44,6 156. 0 156, 0 -8, 200 -0, 200
180 106, 9 44.6 i144.0 i44.90 -0, 204 -, 200
240 100.9 44. 6 132.0 132.¢ «0, 200 -0. 204
300 100, 9 © 44.6 120, 0 120, 0 -3, 200 =G, 2040
360 100, 9 44,0 i0B. 0 10R.0 -0, 200 «0, 200
420 106, 9 44,6 96, 0 9%, 0 -0, 200 -0, 200
480 100.9 44,6 84,0 £4.0 -, 200 -8, 200
540 100, 9 44, 6 72.0 12.0 -0, 200 -0, 200
600 100, % 44,6 0.0 60.0 -0, 200 =0, 201
£60 100.9 44,6 48.0 48,0 -0, 200 «0, 201
720 100, 9 44,6 36,0 36,0 -0, 200 -0, 201
780 100, 9 44,6 24,0 24.0 -0, 200 -0, 202
B40 100.9 44,6 12,4 12,0 «0, 200 «0, 202
SO0 106. ¢ 44,6 0.0 0.0 -0, 200 -0, 2062

3. 2.2 {m -« Continued,

The most accurate results were obtained for case 2. the
attack case, For casc 1, the fly-by. errors in the range cetirnate are on the
order of 0.5 to 1, 0 kilometers., The reasons for these differences are
discusaed below,

3, 2.3 {1  Sources of Error,

, The scurces of error include the lincar estimate of rate
of change of azimuth [} and measurements of azimuth and Doppler frequency.

- Of these, the main source of error in determining the range is that due to

&. given in Section 2. For example, in casc 1 at 400 seconds the catimated
value of & is 1.271 x 10-2 radians/sccond, while the actuat value i

1,300 x 10~3 radians/second. Using the estimated value of &, a solution of

p = 11B. 28 km was obtained, Using the correct value of o, however, yielded
a solution p = 117,5] km, The actual solutionis p = 117,72 km,

23
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3. 2.3 {m -=Continued,

For some situations, a plot of y = f{P) shows that it is
very clcse to the function y=p for a wide range of p. In this =ange, the samall
errors in fip) caused by the small errore in estimating & produce drastic
differences in where the two curves intersect, and hence produce errore in
the range estimate. Normally, however, the set of conditions that would
produce this problem occurs only for targets outside the detection range and
would not affect a practical trajectory determination scheme,

It is now apparent why the trajectory eastimation for case 2
was more accurate than for case 1; in case 2 the azimuth is conetant, hence
=0 and errors due to estimating ¢ disappear. It follows that it is during
the most critical situations that the greatest accuracy can be expected.

3.2.4 (U) Sensitivity to Measurement Error.

During the stmulationa discussed above, It was assumed that
the azimuth and Dopgpler measurements were exact. During normal operation
in a shipboard environment great accurry is not possible. To test the
sensitivity of the model to measurement errors, range cstimates were nbtamed
for various combinations of errors in measuring azimuth angles o and v,

and Doppler shifte Al’l -and A!z. The measurement errors and the corre-

sponding range estimate are tabulated in Table 3. The estimates were made
at time = 400 seconds in case 1,

The errors in measuring .:.rl and Afz have the least

effect on the range estimate. The percentage error in the range estimate is
about the same as the percentage error in these measurementa, However,
the errors in measuring azimuth have much greater effect. Herc the errore
in the range estimates are considerable, This is mainly due to the azimuth
errors yielding very ingccurate & estimates, which has the effect noted in
the previous section, The subject of measurement error and error sensitivity
needs further lnveltigatlon.

1.2.5 (U) Single Baseline Model,

Simulations of the two cases described in 3. 2.1 were also
done using the single baseline model. The model failed to give good range
estimates in nearly every situation, The probable reason for this is error
introduced by the assumption of conatant p and & over the interval At,

At the present time it is not clear whether or not the single baseline model
is practical, However, further simulations using this technique will be
investigated,

-24-
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TABLE 3, (Y ESTIMATED RANGE WITH MEASUREMENT ERRCR
(CASE 1), (1))

Error in Error in Error in Error in Estimated
o o Afl af, Actual p P

(degreces) (degrees} {Hertz) {Hertz2d (km) tkm)
0.0 0.0 0.0 0.0 117.2 1IR 2
0.0 0.0 0.0 0,2 117.2 122.2
0.0 0.0 0,0 -0,2 117.2 114, 7
0.0 0.0 -0.2 0.0 117.2 120, 2
0.0 0.0 0.2 0.0 117, 2 16,6
0.0 0.0 0.2 0.2 117.2 124.1
0.0 0,06 0,2 -0,2 117.2 112.8
2.0 0.0 0.0 0.0 17,2 136.5
2,0 0.0 0.0 0.0 117, 2 102.3
0.0 -2.0 0.0 0,0 117.2 106, 2
0.0 2.0 0.0 0,0 117.2 131.9
2.0 -2.0 0.0 0,0 117.2 122.6
-2.0 2.0 0.0* 0,0 117.2 113.8
2.0 2.0 -0,2 0.2 11%7.2 127.9
-2,0 2.0 0.2 «0,2 117.2 107, 9

3,2.6

yielded reasonably accurate trajectory estimmates for two different simulations,

NOTE:

L8]]

Exlclul

Exact "2

Exact Afl

Exact Afz

Time

= 82.49°
= 26. 19°
6,174 Ha
= 4,636 Hz

400 seconds

Summary and Conclusions,

In summary, the double<baseline, one-measurement model

The model was found to be more accurate when the azimuth was not changing

{o =01,

to Doppler-shift measurement error.
to be a difficult task in a practical implementation of this technique, investiga-
tion of ways to minimize the effect of azimuth errors should be initiated. This

It is much more sensitive to azimuth measurement error than it is

Since azimuth measurement is likely

model chould be tested further to uncover any undetected difficulties.

-25-
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32,6 {th =-Contlnued,

At the present time the singie baseiine model has not been
shown to be feasible. The double-baseline, two-measurement model has not
beer tested,

g -
T ey B
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[RGLASS

DETECTION SYSTEM
L‘))

4.1 }a/ GERERAL SYSTEM CONSIDERATIONS,

ment the system,

The analysis and simulation results discuseed in Sections £ and
3 were developed with the implicit assumptiun that the hardware to provide
the necessary azimuth and Doppler measurements cuuld be made available,
In fact, an HF prototype system for tracking low-ilying targets at distances
beyond eadar line of sight can be built with available hardware. The itein of
greatest concern in implementing such & system ia the difficulty of building
an accurate shipboard HF direction linding system. The {ollowing sub-
scctions describe the techniquen and hardware that cvuld be used to unple-

42 (9)}5)/ DOPPLER MEASUREMENT.

Precise target Doppler measurements {within 0.1 Hzl have lung

been made by both RL{D and eperational overcthe-horizon {OTH) radar systems,

A block diagram of 2 typical single channel recewving and data processing
systern is illustrated in Figure B, Dipitally tuned, synthesizer controlied
receivers are prefvrred fur their froquency stability, Each recesver output
would be digitally spectirum analvzed with 0.1 Hz resvlution with approxi-
mately 2 50 Hz bandvadth to cover the maximuan expectod target Doppler
shift., The Doppler shift would be displayed on a hard cupy fax inthe stand.
ard time -{regquency-intensuty format, The Deppler shift 3¢ measured frum
the direct path carricr could be scaled manually by the operator or scaled
digitally for direct compuler input using o n-y digitizing arm.

4.3, U} SHIPBORNE DF CONSIDERATIONS,

Direction finding {DF) from a shipbourne platform invaives
many of the problems encountered by shore Lased DF sysiems such as
dense signal environment, mullimode elfects, and reradiation from nearby
obstacles. [t is also conztrained by the practical size of HE DF antenna
arrays that can be employed. The signal envirvnment varies accoarding to
radio frequency {(RF) band of operation arvi geographical location of the
elatform. For ceperations in the middle of the Atlantic and Pacific oceans

27w
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BURFPLER AND AL 1MUTH INNUT PATA

----------------

or 4
NICHNA | e QIGITALLY TUnts DIGITAL SPCCTRUN MIALYS IS DSy
switering TP arttiver P iciueen, marost commter) [
*
{ T f TNEQUENCY AND GAll COWTROL
BEAR CONTROL TAAGET
P rastcTony

Figure 8, (U) A Typical Single-Channel Recelving and

Processing System, (U}
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4.3 {U) ~= Cuntinued.

a dense signal environment may nut exast. However, for DF operation in
the Mediterranean and near urban regivns this problem area can become
severe, Narrow bandwidths {e.g., 3003000 Hz) can be used on DF
receivers to minimize this problem. [n addiution. azimuth and clevation
discrimination can be employed in the antenna systemn design 1o extract the
DF information {rom the signal of inteeest in & dense eavironimnent.

The multimode effect can becume a problem when 3 skywave
ap well as surface wave of approximately egual amplitude unpinges on the
DF system. Because of the phase shilt due to the differeace in path lengths,
reinfurcement and cancellation of signals occur that will make DV measure-
ments difficult for any HF DY areay. Because the sipgnal reflected from
the target is expected tu be principally a surface wave, its greater amplitude
will help to minimize any multimode olf=cts,

The most severe problem of shipburne DF systems is that due
to the reradiation of an incuming wave from the various superstructure
elements. Many solutions have been attempted but mest seem to be unsatis-
factory because of the constraints and requirements placed on a shipborne
DF system. These constraints are concernced with --

{a) the size of the antenna array aad
{H the location/space fur DF system cumpenents

The size of the HY DF array s himited by the dimensions of the ship.
Decause the principal dimension {lenpth) 18 un the vrder of 400 feet {destroyer
¢lass ship) and much uf thig length 1s not available fur a DF system, a wide
aperture HF 1IJF antenna array {greater than 200 feet) 15 not generally
fearible. The cunventional wide«<apertiure antenna system has the dusl adveans
tage of achicving a hapgh signal-to-noine rativ {{rem the gain of the antenna
array} and high DF resolution {(from the directivity of the array), Such a
system has the additional advanmtage that & vertain amuunt of reradiation
rojection is pussible from the dirvctivity of the array. The size cunstraint
of shipborne arravs prevents these advantages {rom breing realized. OUnc
alternative ins to employ a narrow aperture system. For this approach,
which ia very susceptible to reradiation effects, a location on the topof a
mast away from superstructurc elemcents 13 required. However, the
promium [or mast and topside sapace make this glternative infeasible in

most CaGes.
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4, 3 (Ul «-Continued,

The requirements that must be met for gshipborne HF DF systems
vary according to application but penerally may be stated as shown in Table 4,
Many of the existing and proposed systeme meetl the majority of these require.
ments, The= principal requirements that are di{ficult to cumpleteiy satisfy
are the DF accuracy and the azimwuth and elevation coveragesz, This is due io
the reradiation effects that cause DF errors as described above for both
amplitude and phase comparison systems,

To date only two approaches appear promising for satisfying the
shipborne DF requirements. These are:

{al  the rmultiple-baseline/patiern-recopnition (MB/ PR
ayatemn and

{1 the sawitched lincar array Doppler (SLAD! direction
finding aystern, :

The characteristics of these two systemae and their applicability to the early
warning (EW: problem are described below, The references in fostactes )
and 2 below contain more detailed descripiions of the systems,

4.3 1 {Ur  Multiple Baseline/Pattern Recopnition System,

The multiple baseline/pattern recognition (MB/FRY system was
initially suggested by D, Marx at Naval FElectronic Laboratory Ceater {(NELCY
and emnploys an array of antenna elements distributed around the ship, The
phase difference between pairs of elements is measured to form an input or
sipnal vector, This vector is compared against a calibration matrix to de.
termine the direction of arrival of the incoming signal, Model measurements
were made by NELC for an HF systern consisting of 1S antenna elements,
Thene measurements have been analyzed using the MB/PR approach, The
results indicate that, for low angle (85 5 {rom zenith) signals, roct-mean-
square (RMS) accuracies of better than 3, 3% are obtainable, For skywave
signals unacceptable accuracics {(greater than 10°% resuited, For the surface~
wave mode, for which the polarization is essentially vertical, the RAS accu-
racy improves to i, 8° {or less), For low-Tflying target detection applications

1 K. E, Spencer, S, N, Watkins, J, Greisser, A Study of the Switehed

e

linear Array Doppler Prection-Finding System, SES-WD M1372,
November 1970, (UNCLASSIFIED publications,

Z C, Cornwell, Shinhoard HF DF Final Report, SES-WD G-942,
January 197), {UNCLASSIFIED publication,

3 NFLC Technical Document No, 72.
+30.
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Table 4. {U) GENERAL REQUIREMENTS FOR A SHIPBORNE
HF DF SYSTEM. (I

DF accuracy
System sensitivity
Azimath coversge
Elevstion coverage

Dependence on signal
characteristics

Parameter Specification
Maximum dimenasion F50 feet
‘$System location on deck

4 degrees RMS or better
810 uv¥im

3600

70° {above horizon}

independent of modula~-
tion and maultiple signals

33~
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4.3.1 (U) -- Continued.

where the primary propagation mode is a surface wave th: MB/PR approach
appears to be promiasing in terms of satisfying the DF accuracy requirement
and overcoming the reradiation problem aboard ships.

4.3.2 {U) Switched Linrar Array Doppler {SLAD) Direction
Finding System.

The sawitched linear array Doppler (SLAD) direction {finding
system is a method of determining the direction of arrival of a signal by
processing the outputs of two simulated orthogonal moving antennas and a

reference antenna. The simulated movement in each direction is accomplished

by rapid switching between elements of a linear array. The azimuthal and
elevation angles of arrival can be determined from the Doppler {requencies
measured along the two orthogonal axes. This approach prouvides a method
of overcoming the reradiation problems aboard ships as well as providing -
elevation angle-of-arrival information. A worst-case analysis of the DF
accuracy was 3de by Spencer, Watkins and Greiserd by considering the
reradiation due .v a resonant mast. The azimuthal angle errors were deter-
mined to be 16. 3 degrees RMS at 4 MHz and 4. 3 degrees RMS at 8 MHz for
a CW signal.

To employ this approach for a target Doppler signal {i.e., a
signal scurce whose frequency changes with time) the frequency of the target
signal at the times the Doppler measuremcnts are made must be separately
obtained (e.g., from the reference antenna). These measurements then can
be processed in 3 manner similar to that for a CW source.

4.4 (U) COMPARISON OF MB/PR AND SLAD SYSTEMS.

The MB/PR technique has the potential to provide much better
DF accuracy than the SLAD approach for surface wavei. However, the MB/
PR method does not perform w:ll against skywave si_-ials and does not pro-
vide elevation angle-of-arrival information. The storage requirements
of MB/PR processing are more severe than the SLAD technique because
of the size of the calibration matrix, In contrast, the SLAD approach
provides the capability to use skywave information and doer determine ele-.
vation angle of arrival, However, because of its comparatively poor DF
accuracy it does not meet the general DF requirements.

4 Op. cit.

+32-
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Both approaches should be investigated in more detail before
one method is selected over the other for a specific application. The MB/
PR technique is expected to be tested using data from an experimental
shipborne DF anteans array. A demonstration of this technique is expected !
to occur sooner than one for the SLAD technique. ’
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SECTION 1. !

L)l INTRODUC TION L)

W —

IS

surveillance program under Pruject MAY BELL. The primary guoals ok

Proj~ct AQUARILS is a part of the ARPA sponsored ugean

Project AQUARIUS are to experimentall, demunsirate the feasibility

of detecting voth susmaring launchcé hallistic missiles and luw-fiying
atrcraft and to compare the experioentally voserved detection ran es to
theuretically predicted detection ranges. The enpsrigental set-up
coensists of using a Listatic HF continuvus wave radar with luw power
vcean based Luwy transailters and lugh sensitivity recvivers lucated un
the coast. A detection is made Ly ovserving the doppler shifted signal
that is scattered from moving targets. In tnhis partirular experiment
the tarpel is illuminated by line-of«sivht or ground wave eneryy from

the trans..itter. The scatiered doppler shilted tarpet returs is received

by an ionospneric skyewave as illustrated in Figure |,

Tnere has beena cuntinuing requirement for this type of Jun
ranye detectivn of small larygels since 8 Cuvan pilet {lyving & MIG
penetrated the U 5, radar network and was first spotted Ly the air

controller at the &iaivi airport.

The experimental results of the controllied aircrait tests have
been fairly encourain, and indicate that lung range aircraft detection is
pussible usiny this low power Listatic radar concept, There appears o
e a fzir agreement between the predicted detection regiuns and the regivns
for which the aircraft has been detected. During a total of three cuntrolled
aircraft tegts, four detections have been toade, two uf which are detections
of the contrulled aircraft, However, durin,: one period, that uf 18 December,

the detected aireraft dues not appear to correspund in tirse or location with
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1.0 @LS‘)/ -+ Continued,

il

i.d (M Repor., Orpanizatiun,

L

'

. —
that of the cuntrelled aircraft. It is surmised that these
detections were vl an aircraft {lving near the receiver rather thasn e !:g F
transmitlier. § ; ¥

Trn Scction 2 of this Feporl the basic Lechnique and the hardware
Leing ¢iuplased {or these lests are deseribed,  fae Lasic gevinelry,
transisitter and receiver configuration, calivration techmigues, propagstion ’
calculations, and a description of 1he propagation progrea are given in
this sectivn,  Section 3 cuntains the description of the delection prediction
ul Puisedon Iaunchings from Cupe Kenend, using tne buuyvs lucuted
approximately $100, 200 and 300 ki frams the launch area. Fur that
particular geometry and toe ranpes involved, it is chserved that ine ]
prutabilit. of detecting ar BLBAL is virtuall  sepligiole until the tar et
riscs intu the ionuspherc and acquires a substantiall, cnhanced cross ‘ -
srst.on, Sectivon 4 contains a description uf the ¢cuntrulled sircrall tosts,
flight plans and the detection vuservativns made.  Alsu, in this section is ‘ —
a4 tabulation of predicted and vuserved carrivr strencths and nuise levels, .
The purpose of these curuparisons is to vueerve with whal reliabality these
paratngters can e predicted wilh the object wf accuralely prediviing sostein -
perfurimance.  Finally, Sectivn 5 conwins & supraary of the pruslems

and the sasic resulis vitawned o date.

-



SECTION 2,
0)

MEGL‘IPME.\' TAND FECHNIQUES (L)

Due tu the nature and the e frame ot dny proiec., all of the
_data collection hardware has usen obtained by wsing equipment developag

Ly wther Project MAY BELL partimipunts or in using hardware aovelopoed
for ether programys.  Both the buoy and thie CW transmifters ot Larter Cay
used in these tests, are alse uzed fur the gruundwave ineasurvisents whien
Raytiheon is cunducting,  The receiving syestem in udse tuelunes to tne LEASNA
field statiun logated at Vier Hill Farus Station, Va. and consists of a

linear disposed antoentg arrav and multischannel HF recewving ard recurding:

cquipmnent,

Yy

2.1 (9);5( Transmitler Characleristivs,

Two dificrent types of transmitters have been used in the waperiuent
to date. Thuse tesis conducted prive Lo Decemuer used & vuvy mounted
transimiiter of approximately 10 watts radiating at 5.8 and Y. 259 Miiz,

Fne antenna on the Luoy cunsists of 2 top-leaded vertical mivnunole cut

fur s quarier wave lencth a1 7.8 Az, This buov wans ancaored ofl the
roast of Flonida approximately 120 kiloaseters downs range and at an azimut,
of H13 degrees from Cape Kennedy,  The tests condacted in Junuary and
Feo-uar . bave used tne COW transminitters wn Carter Cav.  The puwer of
these CW transmissions bas ranged {ron: 107 watts up 1o 2. 3 kilowaits
depending upon Tuvne and the particular transinitter sn use. All of these
transinissions radiate inlo guarter wave vertivel mu;;upbles cul {or the

fregquency in use,

wdn
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2.2 gs;/ Recwiver Site Churncteristics,

N

-
Two separate receiving systems have been used al the rocciver

site located at Vint Hill Farrms %1ation. One receiving system is a van
micunted ligh dynamic range digital processing iysie:a: containing
synthesizer controlled rersivers {Sylvania R-27A receivershidipital spectrum
analysia™ using a CDBC 1700 general purpose compuler and both analog and
dizital POM recording rapability. The second receiver system is lutated

in two hacketo-back house trailers, and consists of 3 DF set cunnected tw

an LDAA steerable beam antenna and 12 aralog receiving channels vsing
H3I¥O0A receivers, The R3IF0A receivers connect to both a real thine

analug spectral display and a 12 channel analog tape recorder, The Llock

diagrames of ther 2 two receiving systems are shown in Figures 2 and 3,

b1
2. 5‘\'{} }j{i Receiver Svsten Calibration,

Fmt ATy Lk

One of the more impartant guals of this project is 1o be able o
predict the detertion perflorance of the buoy tactical early warning systens.
Thus, it is desired to campare predicied signal and noise valucs to actual
measured data,  Then, if there exist significant discrepancies belweon the
actual and vbseryed data, the pregdictims must be medified 1o currect

this difference,

The standard calibrations that are performed on the syttem are 10
mueasure thy received carrier sirengtiv and also the reccived noise power
referenced to a 1 Heriz bandwidth,  The process of measuring the received
carrvicr streneth is a shinple procedure of comparing the receiver IF output
siznal level wien it is connected to Lhe antenna, 1o the IF oulp it level when
the receiver is connected to a synthesizer having the same HF [requency as

the carrier signal Leing measured. The average IF output level for that

% Digital Spectrum Analysis not available after January, 1970 due to
termination of tha computer lease.
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Figure 2, Hapgram for High Dynamic Range Receiving System {U).
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-~ Continued,

particular carrier signal is noted. Then the synthesizer at the same
frequency is input to the antenna terminals and the outpal amplitude
adjusted until the receiver IF outpul signal strength is the same. The
synthesizer gipnal Ievel is then measured, and converied (o db with tesﬁect
to a watt, Thus this sipnal substituti_on mathod pives Lthe received carrier

strength in dbw and is measured within the narrow IF receiver bandwidth,

The determiniiion of the noisc level at frequencies near the carrier
is done by AM mmodulating the on-air carrier signal with an audio freguency
square wave using a very small percentage modularion, The amplitude
of these modulation tones is abserved at the output of the real time specirwn
analysis display. The modulalion percentage is reduced until the
modulation tones disappuar into the background noise of the display.

Since the modulation percentage is easily converted to signal level in di

below the carricr and the spectrum a;naiysis bandwidth is 1 Hz, then the
relative carrier-to-noise power ig directly obtained referenced to a | Hz band- ¢
width, Thus, if the calibration tone disappears into the noise al a level

of 64 db below the carrier, it is asswned that the noise value is also 64 db
below the rarrier value. This carrier~lo~neoise ratic is then added tu the

received carrier sirength to obtain the measured noise power in dow per Hz,

The propagation prediction program used to estimate the systemn
performance basically combines s modified version of the ITSA/ESSA HF
prepagation prediction program for mode and mode amplitude prediclion;
the bistatic radar range equation te predict the received scalter path power;
and an ITSA/ESSA noise prediction program 1o estimate atmospheric, man

made, and palactic noise at the receiver site,

B
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The prediction program puckage consists of individual computer
programs that (a} compute a targer trajectory ib) predict propagation mode
structure and mode amplitude; and {c) predict the Doppler and missile

cross-section. .

The trajectory simulation program estinates the missile or
aircraft trajectory based upon fitting the {light prolile to a functional form
using a least~squares {it technique. Thve required inpuls lo generate the
motel profile are Lliftoff and burnouwt times, launch azibnuth, apoges, and
range, The program then computes altitude, range, latitude, longitude,
velocity, the speed of sound, Mach number, Mach angle, local target
bearings, local target elovation anples, and acceleration, The computed
paramelers serve as inputls to the propagation prediction program to
determine mode structures with a time varying terminal point on the

trajectory.

*The ITSAJESSA propagation prediction program has been modificd
to allow for noneconpruent hop structures and {or propagation to and
reflection from a point above the carth. The program predicls the niode
gruclures that nsect ionovspheric propagation conditions wn cach of the
three paths: the direct path, the transmitter~tarpget kalf puth, and targei-
receiver balf path. In addition, the propagation losses and antvnna gains
for each mode are determined, For cach mode predicted on the transmitter-
miissile half path, an "incident" (ut the target) elevation angle, moeasured
f1om the lo_s:ai horizon, is {ound. For cacn mede predicted on the target-
receiver half path, the "scattered” elevation anpgle is also found. These
parameters are then used with a modeled profile to predict Doppler

frequencies.,
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Propagation predictions arc based on cmpirically derived
world-wide numerical maps of vertical iongsonde data. The resulls arc
monthly ionospheric coeificients which can be used with the parabolic
layer assumption {parabolic electron density variations in the E and F l'iygxa}
1o predict monthly average ionoa;ﬁm;iz conditions sffecting a speéiﬁc ray

path at any hour of the day.

In the prediction model, all line of sight, E and F propagating
modes are deternnned between the transiuitter and the targel, between the
receiver and the target, and betweoen the transinittier and the receiver. The
determination of these "half paths™ is a generalization of the ground-to-
ground prediction techniqur te include the case of ground-to~elevation-point

predictions.

After the mode structures tnet mect the ionospheric condilions are
identified, {thosc between horizontal screening and ionovspheric penctration)
propagation losses and antenna gains are determined, The iosses caleulated
arc free space loss (inverse squarce law), D-layer absorption loss, and ground
reflection loss. The NBS empirical adjustinent factor is included on the
direct-path predictions to account for non-calculated losses. This factor
is statistical and varies with season, path length, and earth location of
the path, No similar adjustment factor is used or krown {or the half paths,
The antcnna types are specified for the system and the appropriate gain

routines or gain tables are wsed.

The target scatlering model for missile targets above 100 km is
a hyperboloid compresscd-ambient fonization in the exhaust-plume bow
shock wave, The shockewave scaueri#g surface is considercd hyperboloidal
fron: photographic sbservations which bave shown that the shock-wave surface
could be described by a second order {fungtion and that the shock-wave

surface should be asymptotic to the Mach cone.
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The direction of the ravs for the transmitter~missile and receiver-
missile propagation paths uaiquely define a plane tangent to the hype~belaidal
surface which has the proper orientation for a reflection, provided the

inzident ray encounters a high enouph electron density for reflection,

Since little definitive work has been done to accurately model
micsile cross sections below 100 kim or aircraft cross sections at HF, &
constant {(adjustabhle} crose section is used for aircralt and missile targets

below 100 k.

The antenna gain patterns for both the monopele transmiiter
antennas and the LDAA receiving antenna arce part of the program. The
gain pattern {or the LDAA was obtained fror data supplied by ITT by using
azimuth patierns predicied by the array facior technique for 16 monopole

elemenis and the elevation patterns {rom scaled model measurenients.
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0) SECTION 3.

}Zj/lr’REDEC TED SYSTEM PERFORMANCE (L)

TR,

Propagation ratculations to predict systen: performance using &
modificd version of the ESSA skywave propagation program described in
the previcus section have been made for both the direet and the sratter-
paths between the receiver site at VHES, and the buoy transmitters off
the Florida coast, The purpose of these calculations was 1o estimate the
feasibility of detecting SLEM missile launchings from Cape Kennedy and
contrelled aircraft targnets using the geometry previcusly established of

buoys ot ranges of 100, 200 and 300 km {+om Cape Kennedy.

—— '
Missile Deteclion Pcrformaac_c.

3.1 (379'(

~

Scveral sets of calculalions using the computer predictions were
perfarmed. The receiving antenna at Vint Hill Farms Stution used for all
tests is a tulip clement LDAA built by ITT with an assumed maximum gain
of 1o dbi.

the missile at all altitudes below 100 km,

A constant scatiering ¢ross section of 100 mz was assumed for
At altitudes above 100 kun the
Listatic cross section was modelled usipg a hyperboloid compressed ambient
shock surface. The assumed cross section then changes {rom !sz at low
altitude to values of EO.t to ii}smz above 100 ki, The three buoy transmitter
locations are at 100, 200 and 300 km directly down range from the 105

Cape Kennedy jaunch azimuth, The Carter Cay transmitters are approximately
2853 km down range at a 123° azimuth from Cape Kennedy. The trangmitied
frequencies for the buoys were the presently assigned values of 5.8 and
8.295 MHz. Thesc {requencics, plus {requencies of 15 and 20 AMH2 were

assumed for the Carter Cay transmitiers. The buoys were assumed 1o have
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a transmitting power of 100 watte radicting from moropale antennas.

Stmilarly, the Carter Cay transmitiors were assumed Lo be radiating 5 kw

S
oy

into monopale antennas,

Tables 1 through 5 summarize the results of the propa;gation -
calculations, Tuables 1 through 4 show target signature-to-noise.ratic and
tarricr=to-signaiure ratio. Decause of the low power und relatively fuw
froquency frows the buoy transmitiers, the sipnaleto-nolse ratio is ahinost
aaways nogligible below 100 kan for any time of e day fur either freguency.
Only above 190 ki with the enhanced taryget cross section dues there appear
10 be uny substantial chance of detection using the buoy trensmitlers.,

¥

However, with the Carter Cay transmitter using 5 kw and transmitting on
irequencies near the MUF as shown in Tuble 5 the signature-to-noise ratic
and thye the probability of detection at even low altitudes is quite substantial,
In fact, there are many cases for \y‘itich the sipnal«to-noise ratio excecds '
§5 db,  Ihus, il the high power Carter Coy transmitiers continue 10 opcrate
and transnut On frequencices near the 1 F hop MUF between Carter and VHFS

then low aliitude SLBM detections in the afternoon should be possible,

r.
3,2 ‘0) (/f{ Alreraft Detoection Arcaus,
\ram

) Even thouvph the probability of detecting SLUM launchings frem

Cupe Kennedy is quite low {due 1o the relatively long range {rom the buuy

1o the target) it is important to delermine whether or not aireraft flying
controlled patterny near the busys and Curter Cay can be detected. A way
to evaluate this and to clearly display the results is 1o compute expected
detection regions around the transmitler position, Variables that must be
considered when calculaling detectability regions are bistatic geometry,
fregquency, transinitter power, largetl cross section, skywave hop structure,

sca state, Jocal time of day and noise level. By choosing medisn values for

~13
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Altitud e

Tabie 1,
{U) Predicted System Ferfermance for November, 1969

for Buoy 1 at 100 km Range from Cupe Kennedy (L)

00:007 04:002 Q8007 12:007  16:007 Z20:067

J0km 10k Skim

11%kn

9.259 5.8 9259 5.B 9.259 5.8 9259 s 8 [Frequency (MHz)

For gy

SIN ~3. 6 =J2,2 =14.4 «}1.0 =426 «30.3
PC/SB 0.5 80,5 Bl,3 82,1 83.5 82.6
SIN ~2.3 -4, 8 7.7 ~3.4 -14.3  ~5.0
PC/5D 9, 1 79. 1 79,9 9.7 79, 7 B0.3
S/N «2.5 ~i2.] ~}4.3 =11,0  ~30.5 «31.2
PC/SE 79,4 80,4 Bi.2 82.0 £1.5 LEM
SIN «2.2 «B,? 7.6 3.3 =14, 8 -5,0
PC/SR 75. 0 79,0 79, 7 79. & 80,3 80,3
SIN 2.1 -11.5  «13,8 ~10.7 -40.0 <319
PC/SH 79. 0 79.9 80,7 a1.7 31.0 84,2
S/N ~0, 6 ~8,0 ~b, 9 «1.9 ~18.5 «5,0
PC/SD 77,4 74, 4 79,1 8.2 E3. 9 £g, 2
SIN 49.9 9.9 .6 18,5 37,7 ~1.4
PC/Sa 27,0 57. 5 5K, 3 2. 5 8,7 54,2
5IN $1.5 g 3,89 48.1 23.0 24.6

2.
PC /5B 35.3 67,5 68, 3 28,2 42.4 50.6

SN = Tarpet Sipnai-to=-Noise Ratio {db}
PC/sn = Larricr-to=Target Signal Ratio {db}
-14-
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Table 2.

(U} Predicted Systen Performance for November, 1907
for Buoy 2 at 200 ki Range from Cape Keancdy (L)

% 5. 8 [Frequency {Niiz)

Y [
b
E:
< 00:007  04:007.  0B:007 12:007 16:007 20:007
z SIN «9.9  «18,5 20,7 =l7.3 39,0 36,5 "
;’{ PC/SE 84.9 83,9 B, 7 B5 0 6,4 BEL, O

nosIN 8.6 15,1 w140 =9.7 20,6 11,3

®  PCSB 70,6 76, 6 T, 78, 0 76, 7 77. 6
» o .
< 5 S8IN B, 9 wlB,4 20,7  «l7.3 40,9 37,6
€ . PCISR 93,9 83,9  W4.7 K50  H4.4 B0

LA

P‘i sf:\- -8.5 -iSIg .13’9 "?’? ‘31.2 -11‘4

®  PC/SB 76.5 6.5 77,2 77.9 773 716
E % s/N T chie alBd 2203 .1T.2 eddd =333
o _ Pc/sp_ B3.6 3.5 843 B39 BLG 42,9

S sIN «T01 w145 13,4 e, 20,7 -1L5

=  PC/sB 75,1 76, ! 76,7 T6,T  THB TR
£ # gfX 20,6 1.9 7.6 1.0 «39,1  «18.%
o ™ PC/SB 544 53.6 544 0.0 Kb.& 6B D
= & sIN 13,5 3.1 415 2T.e 22,0 276

o PC/SB 54,7 58,5 59,2  40.6  34.1 38, 6

SN = Target Sipnal-to«-Noise Ratic {cb)

PLISIY s Carricreto-Target vignal Ratio {dh)

-l fm
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Sk,]‘ J\‘lltuﬁc

10k

40kin

119k

Fabie 3.

(U} Prodicted Systomn Perfurmance fur Novienber, 19709

9,259 5.8 1.259 5.8 9.257 5.8 9.259 5.8 Freguency (Milz)

for Buov 3 at 300 km Range from Cupe Kennedy (U}

8

00007  03:002  OMin0Z  12:002  146auRZ 20:00/7

S/N -20.3 30,4 «32.8 ~28, % «70.7 =552 2
PC!S_B 89,7 G0, 3 51,3 90,0 102.2 GH.9

8IN »i9,3 =34.9  wi4.0

BC/SH TR, 4 82.90 2,2

SiN «12.8 22,0 «24,3 21,0 «50.% w31.2

PC/sh %1,9 #1.9 N2, H 2.7 82,0 55,0

5N 12,2 (8,6 17,5 13,3 -24.B 150

PCISH 71,2 71.2 72,3 52,9 RZ. 5 T2.6

S/N «§2.4 «21.8  .25.1 w21, 0 =45, «37,3

Po/sn Rl.8 K17 2.5 82,7 9.7 $l.¢

8/N «10.9 ~JE. 3 «17.2 12,14 ~&3. % ~15.3
PC/SH 70,0 70,9 T 1.9 T .0
SFN 0.0 2.3 0.7 12,7 ~50. 9 «27.2
PC/sh 9.5 57,6 59, 1 19. & i 70,46
an‘\. 3.3 -413 -‘;pu 160? ? ? ]3:?

PC/S5H 55, % 84,9 59, & 32,4 39,4 43,0

SiN = Target Signaleto=Noise Ratio {db)
PC/SR = Carrier=to~Target Signal Ratio {db)

TN
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Table 4.

ELL-GI00

(L} Predicied System Perfurmance for November, 1969,

for CARTER CAY Transmitters (U} ’
f z
2
-
- [
3 4
2 g
-
O:: U
— 5
T
- 00:007Z 04:002 08:00Z 12:00Z 16:00Z 20:00Z
z .+ SIN 0.7 «7.8 -10. 1 «6. 1 ~38.3 =259
R < o PC/SB 84,9 83,9 4.7 850 859 851
) : 5/N 2.1 «4.4  «3.3 0,9 «10.0 0.7
PC/SH 80, 3 79.5 80,2 80,8  79.0  HO,0
- w .
E 4 s/N 1.8 .7.8 « 10,0  «6.7 «36.2  «26.9
e . FC/sB 3.5 B3.9 §4. 7 85.0 83.9 86. 1
N SIN 2.1 -4.3 3.2 L0 ~10.5 0.7
e PC/SB BO.3  79.4 £0. 1 80,8 79.6 0.1
= * s/N 2.0 -5, 5 “9.7 b, & -33.8 <229
= “ PC/SB  ¥3.6  83.6 M43 849 RIS 821
~ SIN 3.5 *3.9 -2.8 2.2 -10.1 +0,9
& PC/SH 79.0 79,0 79.7 79.5  79.2 80,3
_ £ = S/N 36,8  27.3 248 2.5 «30.7  =10.4
— = «w PC/sn 48,8 48, R 47,8 56, 8 b4, 4 £3, 1
? §/N 29.2 21,0 20,1 452 24,7 253
—— o Pc/sp 533 54, 1 56,7 36,5 44,4 34, 1
S/N » Tarpet Signal-to~Noisc Ratio (db)
PC/8B = Carrier~to«Target Signal Ratic (db)
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.

(U) Predicted System Performance for Noveniber,

FABRLE 5.

1969

for Carter Cay Transmitter Using Frequencies near the MUF, (U)

@IISSYIINN

o
v
o [+
o 4 #
3 =)
s e
s ¢
< 0000z MUFEF 0400 NMUE 0800 MUF 1200 MUE 1600 MUE 2000 MIIE
'~ Z|SIN 9.93 13,56 - - - 13,4 21,30 10,4 21.07
3 ~ Z|PC/SB 60,3 - - - 59.2 60, 7
L]
w [2 T{S/N - - - - 16.5 21,77 1.3 z21.0)
ZlPC/sp - - - - 73,3 74.8
N
- | S|s/N 10.0 13.65 - - - 12,3 22.07 10.4 21,28
G| “|lpcisn _ 60.2 - - - 60. 2 60. 7
-~
S o ZfS/IN - - - - 16.5 22,00 11.3 2l.21
N AlpCc/SE - - - - 73.4 74.8
I s KT 1.3 14.20 "- - 19.3 12099 12,00 22.73 9.2 ° 22.60
g™~ PC/SB 9.0 - - 60, 6 60.6 61.8
e |, Z|s/N - - - - 18.2  21.51 13,2 22.38
N ZlPC/sB - - - - 71,7 72.9
o |, Efs/N 26.7 15.83 - - 47.1 14,70 33,5 14.53 Sl.1 26,40
g 12 Slrcisn 43,6 - - 32.8 39,2 . 20,0
2.‘ H[s/N 18.6 15,55 - - - 56,6 28,16 48.7 25.80
~|ls Slpc/sp 190, 4 - - - 33.2 »37.4
SIN = Tarpet signal-to-necise ratio (db)
PC/sSh = Carrier-to-tarpet signal ratio (db)
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all the variables and changing the values of a single variable at a time,

regions where detections are most likely to occur ¢an be gencrated, as well

az oblaining an understanding of how a particular variable al{ccts the overall
¥

dolection aroa.

Detegabilily regions have been calculated for various fregquencies,
hop structures and neise levels using a buoy located 127 kmy {rom Cape
Keunedy as the transmitter and YIFS, Va. as the receiver. A seca state of
5, transmitter power of 50 walts, groundwave propagation {rom transmitter
to targe’ and skywave propagation from target 10 receiver and a required

signal to noise ratio of 3 db have been assumed.

The {ollowing technique is applied te find the areca of detectability:

From the radar range cquation

400 -

AZ

{-
1]

E 3 E ] -r T
g ® Lpp*lpp-Gp=GCp-l1000g

total loss

whore I

LB’I‘ = spreading loss from transmitter to target (db)
Lt £ spreading loss from tarpet to receiver {db)
GT = pain of the transmitter antenna {dbi)
i = gain of the receiver antenna (dbi}
= cross section of target inm
=  wave length
. Ane L k
C;_r. Gi{ and 10 log }2 are known and LR iz calculated by assuming a

value for atmospheric noise, adding to it the transmitter power and the

required 3 db signal-to=-noise ratio. Substituting the calculated value for

SYTRTT
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LR into the equatiorx,x LB'I' + l‘ER is calculated. Dy taknpg the total spreading

loss, subtracting the loss contributed by the D layer loss and skywave
propagation loss from target to receiver, a value for the spreading loss in

,
This losxs is the propagation loss

“the larget-transmittier leg is obilained.
incurred by a groundwave and can be converted to the range required flor

this Joss to occur using Bar:ick‘si groundwave transmission loss tables.

This technigue was used to caleulate the detection area arsund the trunsmitter
for various {reguencies and atmospheric noise conditions., The results of
the detection area calculations are tabulated in Table 6 and a vertical
projection of some of the regions onlo the ground is shown in Figure 4.
The reason for the egg-like shape is that the area boundary is the locus of

points such that the product R is equal 1o a constant,

1®2
Roferring to Figure 4 we sce that the largest area of detection is
for 2F hop cases {or both 5.8 and 9,259 MHz, as compared to the 1E nop
situation. This is because there is substantially less Delaycer loss for
the ZF hep mode than the 1E hop mode due primarily to the different path
lengths in the D-region itself, With higher modes the incident angle through
ithe Delayer is higher, thus the loss on these paths due 1o D-layer absorption
is smaller. For the ZF hop modes the region at 5.8 MHz is Jarger than
the region at 9,259 MMz, This is duc to the {act that the loss on the Ri
path is smaller at lower freguencies because the spreading loss is directy
proportional to the wavelength and as one would expect the Jarger repion
{or detection exists for the lower frequency. However, on the 1E modes
wé {ind the situation is reversed, the hipher frequency is also the larger
area of detection. This is because the D-layer loss on the 5.8 MHz
{requency is substantially more than the D-layer loss a1 9,259 MHz and this

overcemes the groundwave propagation advantage al the lower frequency.

«20-
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r
RI = GROUND WAVE -t
Rz - SKYWAVE
PIHﬂR = 00 watts

TMR TO RECEEVER: 1192 km

5.8 mHz (2F)

9.259 mMHz (2F)

9,259 MHz (IE)

£.B Mz (1E)

Fipure 4. (U) Sample Detection Regions (U).
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Table 6.

{U} Summary of Detection Region Caleulations (U}

’u

Ry Lprtlpg D- Ry Atmos

Freg Mop R; Loss | loms Faver Loaes Noise

MHz Structure Km db dh Loss db Jb dbw

5.8 1= il 61 211, 7 48, 5 102.2 =180({B}
5.8 2F 67 79.1 2117 30.4 102,2  ~l80{B)
5.8 l1E 10 59,5 195,7 34 102.2  ~153{M)
9,259 1E 34 BO.1 210.7 21.9 108,77  «172(B}
9. 259 2F 48 B6,2 EiID.T 15.8 10B.7 ~17Z{B)
9.259 E 24  B4,7 208.7 15.3 108.7  ~169{M}
9. 259 1r 65 S0,8 20B.7 9,2 10B.7  «169(M]}
15,00 IF 60 101  216.9 4.0 1z -174(M)
15,00 1F 67 103, 6 221.5 5.9 112 =17¢61R}
20.0 iF 65 113,9 231,5 31 114.5 «186(B}
20.0 IF 66 113.6 230.1 2.1 1i4.5 A ~185(M)

B = Best noise case 0800-1200 Local Time

M = Medium noise case 1600-1200 lLozal Time

UNCLASSIFIED
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From Table & we see that the detectability radii {in iend to

increase with increasing transmitted {requency, However, once the

frequency increases to approximately 15 MHz, the R1 spreading losses cancel

. the effect of decreasing Delayer loss and decreasing aimospheric noisd o
that the growth of the detectahility region virtually stops. Note that the
detectable radii are approximately the same for 15 and 20 MHz, [t is
also observed that varying trarnsmitter ﬁowcr and trangmiiter or receiver
antenna gaing have the same effect on the size of the detectability repgions,
That is a db of pain or loss whether generated from varying lransmitter

power or antenna pain enters the radar range equation in the same way.

_J
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S

In this section, two events involving a controlled aircrait flighy
of a2 Navy P3E aircraft and two propagation measurcments betweenCarter
Cay and VHFS arc presented with their specifie geometry, predicied and

measured results and conclusions derived {rom the results, These

opcrations are summarized in Table 7 and 3 map of the nelwork geometry

is shown in Figure 5.

: Nl
L f st

Event ] on 18 December, 1909, involved a Navy P3B aircraft

i flying at an altitude between 300 to £00 {eet, speed between 200 and 400

\ knots and used the buoy transmitter located 120 kom from Cape Kennedy on
an azimuth of 113°, The flight path of the &ircralt, along with time (GMT)
is shown in Figure 6. The receiver location for this event, as with all
Aguarius events, was VHES, Virginia, The two buoy {requencies of 5,8
and 9,259 MHz were monitored by the receiver, A signaturc detcclion was
yd made on 5.8 MHz between 1750-1755Z and 2000Z-20052. The propagation

conditions are summarized below:

Table 7 (U}
Event | Sunmary {U)

Calculated
. Freguency Carrier Moire Transmitter Detection Hop
{MHz) Level {dbw) Leve]l ldbw)  Power {W) Radii {km} Structure

5, & - 92 =160 1o 3 iE
6 b3

9. 259 <130 157 2.8 1 IF
T 6 IE

wdda

£
g3
35,

B RN
kbLROUH iy

T

A
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Table 8,

{U} Summary of Overations {1}

MEASUREMENT OR

FREQUENCIES DETECTION TIMES
EVENT  DATE TY PE (MHz) (GMT)
1 18 Dec 69  AC 5.8 1750-1755
: 2000-2003
AC 9.259 ND
AC 10,167 ND
2 27 Jan 70 AC 15.595 1656
3 27Jan 70  AC 10. 167 1712
4 5 Feb 70  HB 20,250 ‘ ~1500
HB 10, 167 ~1500
HB 10. 167 ~2100
HB 20,250 ~2100
5 10 Feb 76 HB 9,259 ~1430
HB 5.8 ~1430
AC ~ Aircraft
KD « Not Detected
HEB - Hearability
wd2ba
UNCLASSIFIED
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It 35 felt that the detected signature is not the Navy F3ADB aircralt used in
this test but on aircraft flying near the receiver st VIIFS, The predicied
detectability repgion for thus day extends at best to only Hkm, The PIB
aircraft approaches the busy  withan only 30 km.,  The ;mric;d of theg

first Doppler signature's s1.r cnance occurs 5.2 minules laterdhan
prudicted closest appruach and the period of the sevund Doppler signature
sign change occurs 2. 8 aninutes carlier than predicted closest approasch.
The Dopple: signatures oblained shown in Figures 7 and 8 were of the
proper {requency {or an aircralt but were much stronger than could be
expuected from a 10 watt transmitter, Thus, due tu inconsistant timing,
distances of aircraft from the transmitter, strength of detected sipnatures,
and the low power of the transmitters, it is concluded that signature
detected was not the P3B aircraft used in the experiment but rather another

plane flying over the receiving antenna,

\ e
4.2 W)Y  Events 2 and 3,
\-.//

Events 2 and 3 on January 27, 1970 invelved an aircraft {P3R)
climbing to an initial altitude of 24, 000 feer and spiralling down to Z000 feet
while holding a precise test pattern and maintaining ground speec between
200-300 knots, The sircralt {lew the pattern described by Figure 10,
Initially appreaching the Carter Cay area on itg way from CP O3 10 CP C8,
the aircralt proceeded to fly the patt&n CB to C7te Ch to Curter Cay to
D4 o D5 to Carter Cay 1o €5 and repeating {or altitudes of 24, 000, 14, 000,
12,000 and 2000 feet. The transmitters were again located on Carter Cay,

*The freguencics monitored by the receiver at Vint Hill Farms Station were

10, 167 and 15,598 MHz. Detection was made at 17122 on 10, 167 MHz and

- —

3%,
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at 15, 595 MHz as shown on Figure 9. The propagation conditions for

these events are summarized below:

Table 9, {U} ¥

Event 2 and 3 Summary

Frequency Carrier Koise Tx Power Detection
_(MH;) Level {dbw) Level {dbw} {w) Tire (2}

10,167 =112 NA 3400 1712
15.595 NA ~145 3000 1655

The signatures detected on this event represent the scattered and doppler
shilted energy {rom the target aircraft duriug th;: time of close approach te
Carter Cay. However, accurate doppler predictions have not yet been
made due to the inexact knowledge of the flight path and the fact that the
detections appear to be made during the end of the turning maneuver over
Carter., The present doppler modelling for aircraft is being modified to
handle out of plane maneuvers and {rom this improved model, accurate

doppler matches will be possible.

Wi observe from Figure 10 that the detections {or both passes on
Carter were slightly late with respect to the time that the aircraft indicates
it was directly over the transmitter. Thete is a good possibility that the
eircraft flew exactly over the transmitting antenna and thus wag in the
vertical pattern antenna null, Being in the null of the antenna explains the
loss of signature for times over the transmitter, The gignatures are

detected at.the completions of the turning rraneuvers over Carter Cay,

' Signatures for both detected passes of the aircraft are almost identical

in both timing and {requency., Thus, the frequency excursion, time
correladion, nearness of the aircraft to the transmitter, radiated povier from

the Carter Cay tranpmitters, and the weak signature strength make the
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identification of the signature as the taryet P30 aircrafl. The econclusizn is
that aircraft below ZK feet and within the predicied detectability regions can
be detected using this buoy concepl if sufficient power is transmit-ed {3 kw

in this case). .

4,3 U} Event 4,

Event 4 was & hearability test, performed on 5 February at 1600
and 1000 hours local, measuring the propagation characteristics from Carter
Cuy transmitters to the Vint Hill Farms Station receiver. The purpese of
the hearability test was to determine how sccurately present prediction
techniques correlate with measured values and to estimate the hop structures
for various {requencies, Tests were performed for two frequencies 10, 167
and 20,250 MHz and at two timeg during the day, It was found that for an
assumed 1E hop structure at 10, 167 MHz and an assumed IF hop structure
at 20,250 MHz g'ood agreement betwe‘en predicted and observed carrier
levels was oblained. However, the noise predictions were consistently
Jower than measured values as shown in Table 10, The difference between
the predicted and observed noise levels is typically due to co-channel

interference which is significantly higher than atmospheric noise.

Table 10 (U}

Comparison of Predicted and Observed Carrier and Noise Levels (L)

1600 L 20,250 i\F 2.1 62,7 66

ﬁ%}t}t{%g 5(;::
UE?%&JI’EQ W

Frequency Assumed Tx Power Carrier {dbw) Neise {dbw)
Date/ Time {MHz) Hop Structure {lew) Pred, ©Obs, Pred. Obs,
Feb 14004 10,467 -~ 1 : 2.1 »79 76 =162.8 =144
10060L 160, 167 I1F 2.1 58, 9 «90 -163 ~158
179, 1 «133
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4, 4 (U} Event 5.

Event 5 was also a hearability test, performed on 16 Feb, at 1430
local time, with the same geometry and purpose as Event 4, Tests were
periormed for 5.8 and 9.259 MHz, As shown in Table 11, best correlation
between measured and observed carrier jlevels was chtained {for an a:numed
2F hop structure at 5,8 MHz and an assurmned 1E hop structure at 9.259 MHz.
As in Event 4, the noise predictions were consistantly lower than measured
values. The conclusions from Events 4 and 5 is that 1E, 1F and 2F appear
to be the dominate hop structures for 10, 20, § MHz respectively. Itis
also concl uded frorm this limited data base that the propagation prediction
is fairly accurate for prediciing the received carrier levels, but due to high
co~-channel interference congistently predicts lower noise levels than are

measured,

Table 11.

Comparisen of Predicted and Observed Carrier and Noise Levels {U)

Frequency Assumed Transmitter Carrier {dbw) Noise {dbw)

Datel Time {MH2) Hop Power Pred, Obs. Pred, Obs,

Feb., 1420l 5.8 .E T5w ~128.2 =1l0 «160,3 «}60

Feb, 1430L 2F 78w =124.6 110 «362,3 160

Feb, 1430L 9.259 1E T5w » 93,2 =95 Wib2.8 «139

Febk, 1430L 2F 75w =104 - 95 =}62.8 #1139
=35
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Th= operations covered to date include both controlled aircrafs tests
and hearability tests. The remainder of the operations have not been
analyzed becauze all data on the events including flight paths and trane s:lter
power have not yet been collected at Sylvania for analysis. The most
significant conclusion is from Event 2 which seems to demonstrate that

the buoy transmitter concept works {with sufficient transmitter power).

The predictions of carrier levels rmade for the hearability testis on
5 February and 1L February seem 10 align rather well with measured
values, Predictions of noise level is not as successful, being consistently
weaker than measured values. This ie probabh; due to local interference and
the assumption that the receiving site at VHFS is a "rural' man-made radio
noise area. Identification of the receiver site as a "suburban' area is
probably more accurate, This would raise the predicted noisc level by
approximately 20 db thus making it align with measured values much more

closely,
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Section }

INTRODUCTION AND SUMMARY

1.1 @)/‘ GENERAL. (V)

Preject AQUARIUS is a part of the Advanced Research Projects
Agency (ARPA] sponsored ocean surveillance and tactical early warning
program under Project MAY BELL. The primary goal of Project MAY
BELL was to investigate the feasibility of detecting and tracking aircrafs,
missiles, and ships at over-the-horizon distances using high freguency
(HF) monostatic and bi-static radars, Concepts using the basic geometric
configurations ashown in Figure 1-1 have been explored. The MAY BELL
prograr emphavsis has been directed towards determining the attenuation,
clutter and propagation sspects that apply to concepts using surface waves;
and investigating the basic feasibility of detecting and tracking aircraft and
SLBM's for Fleet Air Defense (FAD) and Buoy Tactical Early Warning.

Sylvanis's primary efforts under Project AQUARIUS have been
to determine the feasibility of:

{1) detecting both submarine launched ballistic missiles
(SLBMs) and aircraflt using surface wave propagation to
the target and sky wave propagation {rom the target to
the receiver, and

{2} providing detection and tracking infermation under
electromagnetic control {EMCON] conditions for
FAD using shore-based HF (CW) scurces and shipboard
receivers.

Both anslytical snd experimental work have been accomplished to arrive at
the conclusions included in this report. The principal results of the
investigation are surmmmarized in the remainder ol this section: results
related to early warning (EW) systems and results associated with Fleet
Air Defense, The detailed presentation is included in Sections 2 and 3,
respectively. Baszd on these findings recornmendations are made in
Section 4 for subsequent experiments and investigations sssociated with
aircrait tracking under EMCON conditions using » polystatic configuration.

The concepts explored under Project AQUARIUS can be applied
to tactical early warning systems employed against sircraft and submarine
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Jaunched ballistic missiles {(81.13M5) and fleet air defense (FAD) systems
that miust cope with hostile aircraft and ndssiles unuer bum iriendly and
enemy EMUON cunditions, :

1.2 (_U) W  EARLY WARNING SYSTEM . SUMMARY. (U}

|

The early warning system configuration considered under Project
AQUARIUS is depicted in Figure 1-2. It consists of low gower buoy and
Iand based transmitiers that Mluminate the target {(an aircraft or SLBA) via
s ground or surface wave. Target detection is accomplished via a sky
wave reflection to a highly sensitive receiver located on the coast., The
primary goals of this effort were to experimental'y demonstrate the
feasibility of detecting both SLBMs and low-flying aircraft and to compare
the experimentally observed detection ranges to theoretically predicted
detection ranges. The targets were detected by observing the scattered
doppler shifted signal from the moving targets,

R

1.2, 1(0)‘ Predicted Detection Performance. (U}

[
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‘Propagation calculations to predict system detection performance
usmg 2 modified version of the ESSA skywave propagation program were
made for both the direct and the scatter-paths between the receiver site
at Vint Hill Farms Station (VHFS) and the buoy transmitter off the Fleorida
coast and the Carter Cay transmitter {see Figure 13}, Separate prediction
analyses were made for SLBMs and aircraft.

A constant scattering cross section of 100 Mz was assumed {or
the SLBM at all altitudes below 100 k. Above 100 km altitude enhanced
cross section values of 109 to 10° m? were used. Because of the relatively
low (10 waits) powers [and low {reguency) of the bucy transmitteras, the
signal-to-noise ratic of the reflected doppler is almost negligible below
100 km altitude for any time of the day for either 5.8 or 9, 295 MHz (the
{frequenciex used in the experiment). Only above 100 km with the enhanced
target cross section is there any substantial chance of SLBM detection
using buoy transmitters. However, with the Carter Cay transmitter using
3 kw and tranamitting on frequencies near the MUF, the signal-to.noise
vatio and thus the probability of detection even at low altitudes is generally
above 0.8. Thus, the Carier Cay transmitters operating on frequencies near
the IF hop MUF between Carter Cay and VHFS, should provide low altitude
SLIM detections in the afterncon.
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. also examined because it {s important to deterinine whether or not aireraft

The predicted detection performance for low [lying aircraft was

{lying controlled patterns near the buoys and Carter Cay can be detected,
This was done by computing the expected detection regions around the
transmitter using median operating values., The results indicate that
aircraft with 100 m?® cross sections can be expected to be detected at
distances in the range of 11-67 km from the transmitter; depending on the
frequency and time of operation and hop structure,

1.2.2 (())" Experimenta) Results. (KU)
————

The principal experiments consieted of two separate controlled
aircraft flights of a Navy P3B aircraft to examine the detection capability
of the bistatic configurations and two propagation measurements between
the Carter Cay transmitter and the Vint Hill Farm Stwation receiver.
Figure 13 describes the network geometry.

The first {light employing a 10-watt buoy transmittey resulted
in a detected aircraft doppler signature. However, it was not the P3B
aircrait used in the test but an aircraft {lying near the receiver at VHFS.
This conclusion is reached because the time of the signature does not
coincide with the time the P3B was closest to the bucy, Also, the predicted
detectability region for the existing operating conditions {noise, etc.]
extended at best to only 11 km while the P3B aircraft approached the buoy
to within only 30 km. Thus, due to timing, geometry, and transmitter
powe r constraints, the detected signature is no! considered to be due to
the test airceraft.

.

The second flight test employed the higher powered {3 kw) Carter
Cay transmitter to {lluminate the aircraft flying at several altitudes from
2.000 to 24,000 feet, From this test it was concluded that aircraft below
2, 0D0 feet and within the predicted detectabllity regions (approximately
1] krn from the transmitter) can be detected using the buoy concept if at
least 3 kw is transmitted,

Signal strength tests were performed to determine how accurately
the prediction technigues correlate with messured values and to estimate
the hop structures for various frequencies, Tests were performed for two
frequencies and at two tirmnes during the day. It was found that there was
good agreement between predicted and cbeerved carrier levels for IE, IF,
and ZF hop structures. :
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I.2. 3@) ' System Parsmeter Considerations, (U)

Whiie the eaperiraenial results described herein indicate the
basic feasibility of the ground-wave/sky-wave configuration, there remuins
a need for additional information to design a complete coastal defensive
system. In particular, there are many parameters that inter-relate the .
ground-wave/sky-wave mode that were not examined or tested in detail
during this éxperiment. There include variations in {reguency, path loss

with time of day, season, etc. To perform an adequate design of an early

warning system sn examination of six areas was required:

{1} ef{fective radiated power and surface wave {rom a buny
mounted antenna,

{2) surface-wave losses to the tarpget,

{3) scattering or reflection coefficient of the target,
{4) sky-wave losses to the receiver,

{%) effective noise at the receiver, and

(&) receiver antenna gain,

These areas were examined and the specific parameters that contridbute the
most uncertainty in speciiying system design values were identified, They
include {requency, path length, target aspect angles, null depth variations,
receiving site noise environment, absorption, target sititude measurement
tolerances, and interference, A proposed experimental program wis
recornmended that could be accomplished én four phases, First, analysis
and measurements are to be made to evaluate the coupling between the buoy«
mounited transmitter and the surface wave which is vertically polarized.
Second, additional analysis using modeling experiments is 1o be carried out
to evaluate the difference between backecatter and forward scatter target
crosa section, Third, the path lossen for both sky wave and surface wave
sre to be measured for an optimal set of frequencies and modes of propagation.
Fourth, a preliminary system is to be defined as a result of the first three
phases. This design would include coverage area, control requirements,
and an estimate of detection probability and false alarm rate.
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L3 (-:)) W’ FLEET AIR DEFENSE . SUMMARY. (U)

- The first was to examine the feasibility of uging transmitters of opportunity

for use with such a doppler radar problem. Recommendations for follow~on

In licu of pursuing the experiments needed to kpecify 8 covastal
tactical early warning systermn, Sylvania was redirected to focus sttenton
on the Fleet Air Defense (FAD) problem,

The detection of low-flying threats to surface vesseis at & range
sufficient to give useful warning time and tracking information is & problem
which must be solved if the surface navy is to survive. In detectingahese
threats the enemy must not be given the opportunity to use simple direction
finding techniques to locate {leet units, Thus, it is desirable that target
detection not require yadiation from the {leet and that the {levt operate
under complete electromagnetic control (EMCON].

The feaszibility of using & hybrid {skywave/surface-wave] system
to help solve this problem has been demonstrated as part of the MAY BELL
program, In this ¢concept, the target iv illuminsted by skywaves {rom
transmitters {either shipboarne or land-based) located at over~the-horizon
{OTH) ranges. Surfice waves vhich propagate {rom the targe! to a receiving
systent aboard a ship permit detections to be made even when the target is
beicw the line-of-sight radar horizon.

Experiments performed at Cape Kennedy, Florida, with & shere-
based receiving station simulating the shipboard environment, a Navy
PIB aircraft as a controlled target, and illumination provided by the MADRE
{pulse} and CHAPEL BELL (phase code} transmitters, located respectively
{n Maryland and Virginia, have shown the technique to be feaxible. For most
of the flights of the target {ts altitude was 200 feet, and detections were made
At ranges &3 great as 100 kiiometers (km) from the receiver.

’ Sylvania‘'s investigations in this area were divided into two parts,

as scurces for a polystatic doppler radar system for FAD in the Mediterra-
nean Ses. The second part consisted of examining target tracking methods

experiments were then made to verify the tracking techniques (Section 4. 2).

b“\i’-hi‘{u‘ - b ému* f

1.8 l(q ' Felystalic System Detection Ft;sihiii!y, {t

The polystatic radar aystem that employs HF brosdcast transmitters
of opportunity and a shipborne receiver (see Figure 1-4) was examined to
determine the uvailability of sources for illuminating airborne threats to the
11. 5. {leet so that a shipborne receiver can be employed to detect the target
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1. 3 i(b? ’ -« ontinued,

-

al over-the-horizon {O1t1) ranges, This study was constrained (o the
Mediterranean region, The sources were examined to determine the effective
radisated power of the transmittes in varicus directions, especially ovér the
Mediterranean Sea, the propagation modes, and the eperating schedule of
the tranamitter. Propagation losses from the transmitter to the target,

loss due to the scatiering geometry, and losses from the target to the
receiver were examined to determine predicted detectability regions. The
results indicate that the sources studies can provide sufficient coverage

for the fleet over approximately one hall of the Mediterransan Sea some of
the time. More study {s needesd to evaluate other tources with different
transmission schedules to provide round-ther~clock coverage. The large
number of known transmitters that have not yet been evaluated and tentative
knowledge of their characteristics and scheduleas appear to be sufficient te
provide the additionsl coverage needed., The studies indicate that detection
ranges on the order of 100 km from the fleet should be possible. Section 3.1
gontains the details of this analysis,

1. 3.2({]) > Target Location Methods, . (U}

To provide tracking information for FAD, target location
technigues using the basic polystatic configuration described previously
were examined, For low-flying aircraft (below 1000 feet) and surface-wave
propagation {or the target-receiver half path, the location estimation problem
can be censidered to be a two-dimensional problem, Models for location
estimation were developed {or three tonfigurations: a two-transmitier, one-
receiver {double baseline) case, & ons<transmitter, one«receiver (single
bascline} case, and & four transmitter, one-receiver case {doppler lncation
finder). For the double baseline case *wo techniques were developed, one in
whick azimuthal and doppler measurements are made at two different time
points for each baseline and & second to represent a single set of measure.
ments for each baseline, For the single baseline case a third technique
requiring two sets of sximuthal and doppler measurements was developed.
For the four-transmitier, one-recelver case, four doppler measurements
are made to provide an estimate of target range and azimuth, Section 3,2
contains a detailed description of the techniques.,
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1. JQ) Q Error Analysis, (U)

M‘ | O Wit Dl Simemad | it e

hh‘

A detailed error analysis was conducted of three of the {our
techniques, ‘This effort excluded an examination of the firsl techniyue
{double baseline, double mirsasurement) because the other techniques are

simpler to implement,

For the double baselineg, single mcasurement technique it is
shown that although the technigue is not completely satisfactory under all
circumstances, it is fairly successful for certain geometries and parameters,
Both bias and random errors arise because of the need for approximations
and measurement errers. For RMS measurement accuracies of | degree in
azximuth and 0.1 Hz in doppler frequency range estimate errors of less than
15 percent of the true range can be achieved, '

For the single baseline, double measurement technique range
estimate errors of less than 15 percent can also be achieved for the same
bearing and doppler measurement accuracies (1 degree and 0.3 Hz),

However, the error is especially sensitive to transmitter-target-receiver
geometry for this technigue. Errors in excess of 80 percent can arise

when the shipborne receiver is locsted between the target and the transmitter.
Bias errors are eliminated for target trajectories aimed directly at the ship.

The errors associated with the doppler Iocation finder technigque
were examined {or a doppier measurement accuracy of 0, ! Hz RMS. The
RMS range estimate error is less than 15 gerceni in many cases and the
RMS bearing estimsate error is less than 6, In one case the range estirmate
error is less than 5 percent,” This latter case aaswries that four transmitters
are distributed at the corners of & sguare centered arcund the ship with the
tarpet approaching (rom outside the square, This technigue results in no
bias errors and the random errcrs are generally less than those for the
other techniques. If bearing messurements with | degree RMS error are
used with the doppler location finder technique then the location accuracies

are qQuite good.

The principal conclusions that can be dravwn {rom the error
analysis {s that target Jocation can be estimated with reasonable accuracy
{15 percent of true target range} using & number of technigues for & variety
of FAD operational conditions. The most promising approach for implemen-
tation is a hybrid of the techniques considered, For example, for a given.
transmitter-receiver geometry the doppler location finder that estimates
range and azimuth from four doppler messurermnents may be used with
separate azimuthal meassrerments to estimate a target's Jocation. Becauss
each of the techiiques is sensitive to transmitter-target-receiver geometry,
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. 3[0) ' == Continued. *

-would be selected to minimize the sTrors for targets from different

the target location system should include an algorithm for selecting the
eatimation method{s) for a sct of operating conditivus and cambining ~he
eatimated results using tests {or accuracy, The estimation methodiai

quadrants arcund the ship for a given tranemitter-receiver configuration,
The results of the different estimation methods would be compared and
combined to provide the ""best" estimate,

Section 3. 3 contains the details of the error analysis.

1.3.4 . (W Prototype Aircraft Detection Systerm Design, (V)

The results of the investigation of transmitter sources {or the
FAD sysiem and the svalustion of target location methods were employed
as inputs for a prototype aircraft detection sysiem design. This system
would provide a test bed to verify the detection capability of the polystatic
doppler radar system {or FAD. In addition, the protetype system can be
ved to demonstrate the accuracies of the various target location techniques
and select parametere for a {inal FAD system. Section 3, 4 containg the
deiails of the prototype system design.

1.4 (})) @  RECOMMENDATIONS. (U)
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Based on the early warning and Fleet Air Defense (FAD)
investigations under Preoject AQUARIUS recommendations are made that
apply principally to FAD systems., They include the development of a
prototype aircrait detection system, the experirnental testing of the FAD
polyestatic techniques using this systemn, and the conduct of subsequent
investigations necessary for system implementation.

The prototype syntem and experimental tests are necessary to
demonstrate the detection range of the polystatic technique and to verify
the accuracies of the target location estimation methods examined under
Project AQUARIUS. The prototype system to be employed for the tests
can be readily implemented as described in Section 3. 4. As mentioned
previously, such a system can provide a test bed {or final system parameter
selection, expecially in the areas of man-machine interface. In addition,
it can be uaed to evaluate hardware lnd software tradecffs prior to the
final systern design.
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1.4 ((9 ' -« Continued, _ : a

The zubsequent FAD investigations recomimended, based on the
results of this study are to evaluste transmitter sources for use in the
polystatic system {or {leet cperations in other parts of the world, to refine
the target location techniques, and to examine the multiple signature
discrimination problem, The source evaluation effort is needed to identify
transmitters to be used for {lee! early warning when the fleet operates in
other areas of the world, The target Jocation technigque refinement study is
intended te ¢ nploy the results of the four methods examined under Project

AQUARIUS for the development of a hybrid target Jocation system that will

perform satisfactorily under & greater variety of fleet operating geometries.,
The study should incorpourate the four techniques to develop a composite
method for reducing the sensitivity of target location eniimation accuracy to
transmitter-targaet-receiver geometry, The experimenta] teats that sre
recommended rhould be closely coordinated with this effort so that the refined

target location techniques can be tested,

The multiple signature diacrimination problem consists of the need
to identify threats to the US Fleet and to distinguish them {rom other zircrafy,
objects, and false alarms. Investigation of methods to efficiently discard
the false alarms and to verify that an ajircraft is hostile needs to be conducted,

A more detailed description of these recommendations is included
in Section 4, -
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Section 2

EARLY WARNING SYSTEMS

[
e

(o B wte

| S

Lol i

-l

I

.

i}) ' As described in Figure 1-2, the early warning system con-
figuration considered for investigation under Project AQUARIUS consists of
low power HY bucy snd land-based transmitters that {lluminate the target {an
aircraft or SLEM) via a ground or suriace wave und & highly sansitive recejv-
er lorated on the coast that detects the sky-wave tavget reflection {rom the
target. The primary goals of this effort were to experimentally demonstrate
the feasibility of detecting both SLBMs and low-flying aircraft and to compare
the experimentally observed detection ranges to theoretically predicied detece-
tion ranges. The early warning system investigation was divided into three

parts:

A, s predicted detection performance evaluation,

b. experimentation in the field to meet the primary goals of
demonstration and verification of theoretically predicted
detection ranges, and

C. evaluation of early warning systern parameters for design,

These efforts are described in the following subsection, {Sections 2,2 and
2.3). The conclusions of these efforts are centained in Section 2.4,

2.1 (E?)’ PREDICTED DETECTION PERFORMANCE. (U)
. —

=i

Propagation calculations to predict early warning system perform-
ance using & modified version of the ESSA skywave propagation program
{described in Appendix A) have been made for both the direct and the scatter
paths between the receiver site at Vint Hill Farm Station and the buoy trans-
mitters off the Florida coast. The purpose of these calculations was to esti-
rnate the feasibility of detecting SLBM missile launchings from Cape Kennedy
and controlled alrcraft targets using buoyt at ranges of 100, 200 and 300 km
from Cape Kennedy and the Carter Cay transmitter. The geometry and param-
eters were selected to provide theoretically predicted detection ranges for
comparison with experimental resulis,
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Several sets of calculations wsing the computer predictions were
performed. The receiving antenna at Vint Hill Farms Sialicn uzed for all 1tes1s
i» & tulip element LDAA built by ITT with an assumed maxinwm pain of 16 Jdbi,
A constant scattering cross scction of 140 m¥ was sesumed for the missile at
all altitudes below 300 ki, At altitudes above 100 km the bistatic eross sectiun
was modelled using a hyperboioid compressed ambient shock surface. The
assumed cross section then changes from 10° m at low altitude to values of
10° to 10° m?above 100 kmn. The three buoy transmitter locations are at 100,
200 and 300 km directly down range from the 105* Cape Kennedy launch azi-
muth, The Carter Cay transmitters are approximately 285 km down ranpe
&t a 123° azimuth from Cape Kennedy., The transrnitted {requencies fur the
buoys were the presently assigned values of 5,8 and 9, 2%5 MHz. These {re-
quencies, plus frequencies of 15 and 20 MHz were assumed for the Carter Cay
transmitters, The Buoys were assumed to have & transrniiting power of 100
watts radisting from monepole antennas. The Carter Cay transmiiters were
assumed to be radiating 3 kw into monopole antennas.

Because of the low power and relatively low frequency from the buoy
transmitters, the target signal-to-noise ratio was generally found to be negli.
gible when the target is below 100 km for any time of the day for either {re.
quency. Only sbove 100 km with the enhanced target cross section does there
appear to be any substantial chance of target detection using the buoy trans-
mititers. However, with the Carter Cay transmitter using 3 kw and transmit-
ting on fregquencies near the MUF ae shown in Table 2-1 the signature-to-noise
ratio and thus the probability of detection at even low altitudes 4% quite sub-
stantial. In fact, there are many cases for which the signal-te-noise ratio
exceeds 15 db., Thue, if the high power Curter Cay transmitters continue to
operate and tranemit on frequencies near the 1 F hop MUF between Carter

sngd VHFS then low altitude SLBM detections in the afternoon should be possible.

i

2.4.2 (()) ’ . Adreraft Detection Areas. vy

Even though the probability of dstecting SLBM launchings {rom Cape
Kennedy {» guite low (due to the relatively long range from the buoy to the tar-
get) it is important to determine whether or not aireraft flying controlled pat-
terns nexr the buoys and Carter Cay can be detected. A way to evaluaste this
and to clearly display the results is to compute expected detection regions
around the transmitter position. Variables that must be considered when cal.
culating detectability regions are bustatic geometry, frequency, transmitter
power, target croas section, skywave hop structure, ses state, local time of
day and noise level. By choosing median values for all the variables and
changing the valuis of a single variable at a time, regions where detections .
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{U) Predicted System Performance for Novembar 1969
for Carter Cay Tranemitter Using Frequencies near the MUF, {U)

»
1]

»
LN

{@FISSVIANN ot 28ed siyyp)

h )
. i}
H 5 &
2 % A -
C I 0007 MUE . 0400 MUF 0800 MUTE 1200 MUF. . 1600 MUFE___ 2000 MUF
[ .
| . | SIN 2.93  13.56 - - 13.4 21,80 10.4 71.07
5 ~ Z{pc/iss 60,3 - 59,2 §0, 7
« |8 i SIN . . . 6.5 21,77 1.3 21,03
‘ ZIPCISB . - 73, 3 74.8
L]
ot gz§ SIN 10.0 13.65 - - 12.3 22,07 10.4 21.28
v 3 PC/SB 60,2 - - 80, 2 60, 7
R n i
] ¢§ SIN - - 6.5 22,00 11,3 2121
. N 2IPCISE - - 73. 4 74.8
v B|SIN 1.3 14.20 19.3 12.99 12.0 23.73 9,2 22.60
5 - z{pciss  59.0 60. 6 60. 6 61.8
e |, E|s/N . 18,2 23,51 13,2 22.38
~ZlpCc/SB - 71, 7 72,9
. PIs/N 26,7 15.83 47,1 14,70 33,5 14.53 SI.1 26,40
; g2 Slpcise 436 32,8 39.2 20,0
2 2ISIN 18,6 15,55 - 56.6 28,16 48,7 25.80
f ~ i 5ipc/sB__ 190, 4 - 33,2 37.4
TR SIN = Target eignal-to~-nolse ratio (db)
- : rCisn = Carrlersto-target signal ratio (db)
i‘”» {
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2.1.2 @)! «» Continued.

arc most likely to acocur can be gencrated, as well as obtaining an understand-
ing of how a particular variable afiects the overall detection area.

Dﬂecubility regions have been caleulated for various freguencics,
hop structures and noise levels using a buoy located 120 km from Cape Kennedy

" as the transmitter and VHFS, Virginia, as the receiver, A ses state of &,

transmittier power of 50 watts, ground-wave preopagation {rom transmitter to
target and sky-wave propagation from target to receiver and » required signal-
to-noise ratic of 3 db have been assumed,

The following technique is applied to find the area of detectability.
Fromthe biststic radar equations®, the total power loss over the scatter path

is:
L = P P tL_+L 4L ~G.-0G, ~10lcg%28 (2.1
T R T R 5 T K ¥
where: PT ®  power transmitted;
) PR T power received;
L‘I‘ =  loss over transmitter half path, T;
LR = loss over rveceiver half path, R;
Ls =  system loss; .
GT ® grin of transmitter antenna;
GR £ gainof nccive!}- antenna;

0 = target cross-section {rmeters); and
H

x ez wavelenpth (meters). >
!

Assumning a minimmn,ai!owabie scatter path signal-to-noise ratio
of 3 db, the required power received would be at least N 4+ 3 db, where Nis
the noiee level at the receiver.

*See Skolnlk, Merill I, Introduction to Radar Systams, McGraw-Hill Book
Company, Inc,, New York, New York, 1955,
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2. l.z(d) ‘ <= Continued, . ) s

. of the regions onte the ground is shown in Figure 2-1. The reason for the

| W

R = Ni3db . 2«
From {2-1)
L = P,r - PR
and hence:
L = PT«-N-&3db . 2.3}
Substituting equation {2-3} intc equation {(2-1} and solving for L‘I‘ + L
renrults in: .
L. +L P o-N-3.L_+G_+0C 4’!81931’;& . (2-4)
T R T 5 T R Y

Equation (2-4) provides an expression for calculating the total allowable scatter
path lost between a transmitter and receiver while still maintaining sufficient
signal strength to detect the target. Using different values for D layer lou
and sky-wave propagation over the transmitter-target half path, ¢ = 100 m*®

and the appropriate transmitter /receiver gain parameters, the maximum losx
associated with the target-receiver hall path (LRS can be obtained for various
conditions. These L. Josses can be converted to receiver-target ranges using
Barrick's loss tables* and the detection regions can be obtained., This tech-
nique was used to calculate the detection area around the transmitter for vari-
ous {requencies and atmospheric toise conditions. The results of the detection
area calculations are tabulated in Table 2.2 and a vertical projection of some

egg-like shape is that the area boundary is the locus of points such that the
product Ry Ry is equal to a constant (see Section 3.1.3 for & more detailed
description of the evalustion method),

Referring to Figure 2-]1 we sec that the larpgest area of detection is
for 2F hop ceses for both 5.8 and 9.25% MHz, ss compared to the 1E hop
situation. This is becavse there is substantially less D+layer loss for the 2F
bop mode than the 1E hop mode due primarily to the ditferent path lengths in
‘the D-region iteelf, With higher modes tlhe incident angle through the D-layer

is higher, thus the loss on these paths due to D-layer absorption is smaller, -
—

s Barrick, D. E., "Theory of Ground-Wave Propagation Across & Rough Sea
at VHF/UHF", Battelle Memorial Institute, Draft Report (1970).
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Table 2-2

{U) Summary of Detection Repion Calculations (U)

Freq Hop R, Lﬁ:l L?y.cr Lcrf:t LBE::;B R ;:;?:?
MHz  Structure Km db  Loss db db ‘ gh dbw ;
5.800 1E 11 61.0 48,5 102.2 211.7 -180(B) j
5.800 2F 67  79.1 30.4  102.2  211.7 -180(8) ;
£.8000 JE 10  59.5 34.0  102.2  195.7 ~153tM) !
9.259 1E 3 80.1 21.9  106.7  210.7 -172i7 :
9,259 2F 48  B6.2 15,8  108.7  210.7 -172(B)
9.259 1E 44  B4.7 15,3 108.7  208.7 -169(:4)
9,259 1F 65 90.8 9.2  108.7  208.7 -169{M) ,
15,000 1F 60 101.0 4.0  1312.0  216.9 -174(M) -
15,000 1F 67 10%.6 S.9 1120  221.5 -mfs{ X
20,000 1F 66 1139 3.1 1145 2318 -186(B} i
20,000 MF 66 113.6 2.1 114.5  230.} -185(M) _;
_1

B = Best nolse cane 08001200 Local Time
M = Medium noise case 1600-1200 Local Time

See Figure 2-1 for R, and Ry definition
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2.1.2 L‘}) ' ~« Continved, "

For the 2F hop modes the rogion at 5, & Mz is larger than the region at
9.259 MHx. This is due to the fact thot the loss in greater st hipher {requin-
cies, However, for the 1E modes the situation is reversed, The higher fre.
quency aleo results in the larger detection area. This §s because the D-layer
Joss on the 9.259 MHz frequency ia substantially less than the D-layer Jouss at
S, 8 MHz and this dominates the ground-wave propagation advantage at the
Jowez {requency,

From Table 2-2 we see that the detectadility radii (R, ) tend to in-
ercase with increasing transmitted frequency. However, onue the {requency

increases to approximately 15 MHz, the spreading losses over the transmitter-]

target half path cancel the effect of decreasing Delayer Joss and decreasing
stmospheric noise so that the growth of the detectability region virtuslly stops,
Note that the detectable radii {R,) are approximately the same 8t 15 and 20
MIliz for the best noise case, It is aleo observed that varying transmitter
power and transmitter or receiver antenna gains have the same effect on the
size of the detectability regions. That is x db of gain or loss whether gener-
ated from varying transrnitter power or santenna gain enters the radar range
equation in the same way,

z.2 (g) @™ DperecTION EXPERIMENT. (U)

2.2.1@)' General. (U)

4

LDuie to the nature and the time frame of this project, the experi-
mental data were collected by using equipment developed by other Project
MAY BELL participants or by using hardware developed for other programs.,
Both the buoy and the CW transmitters at Carter Cay vaed in these tests, were
also used for the ground-wave measurements which Raytheon was conducting,
The receiving system in use belonge to the USASA field station Jocated at Vint
Hill Farms Station, Virginia, and consisted of & linear disposed antenna srray
and multichannsl HF receiving snd recording equipmaent,

In the description of the detection experiment the tranemitter and
receiver site characteristics sre first described, Then the receiving system
calibration and experimental geometry are discussed. The results of the
experiment are then presented.

—

2.2, Z(U) - Transmitter Characteristics, (1)

Two diliexent types of transmitters were vsed in the experiment.
Those tests conducted prior to December 1969 veed a buoy-mounted trans-
mitter of approximately 10 watis radiating st 5.8 and 9.259 MHz, The

2-8
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1

i santenna on the buoy consists of & top-loaded vertical monopole cut for a ) ‘T <

quarter wavelznoth at 7.5 MHz, This bucy was anchored off the coast of

] Florida approximately 120 kilometers downrange, and at an azimuth of 113
degrees from Cape Kennedy, The {ests conducted in January and February

1970, used the CW transmitters on Carter Cay. The power of these CW

transmissions ranged from J 00 watts up to ) kilowatts depending upon time

i and the particular transmitter in use. All of these transmissions radiate

into guarter.wave vertical monopoles cut for the frequency in vse,

‘ 2.2.% (U) ' Receiver Site Characteristice. {U)

Two separste receiving systems were used at the receiver site
located at YVint Hill Farms Station, One receiving system was a van-mounted
high dynamic range digital processing system containing synthesizer controlled
receivers {Sylvanis R-2Z7A receivers); digital spectrum analysizs® using a
CDC 1700 geaeral -purpoase computer and both analog and digital PCM recording
eapability. The second receiver system is located in two back-to-back house
trailers, and consists of a DF set connected to an LDAA steerable beam
antenna and 12 analog receiving channels using R3I90A receivers. The R390A
receivers connect to both a real-time analog speciral display and & 12 channel
analog tape recorder. The block diagrams of these two receiving systemy are
shown inFigures 2-2 and 2-3,

sl

2.2.4 LU) ' Receiver Syutermn Calibration., (U}
mmroniet

One important goal of this project is to be able to predict the detection
pericrmance of the buoy tactical early warning systemn. Thus, it in desired to
compare predicted signal and noise values to actual measured data. Then, if
there exis! significant discrepancies between the actwal and observed data, the
predictions must be modified to correct this difference.

The standard calibrations performed on the system included 3 meas-
urement of the received carrier strength and aleo the received noise power
referenced to a ) -Hertz bandwidth, The process of measuring the received
carrier strength was a simple procedure of comparing the receiver IF output
signal level when it was connected to the antenna, to the IF output level when
the receiver war conxected to a synthesizer baving the same HF {requency as ‘
the carrier signal being measured. The average IF output Jevel for that

gt

* Digita] Spectrum Analysis not available after Jenuary, 1970, due to termin-
ation of the computer lease.
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particular carrier signal was noted. Thea the synthesizer af the same fre.
quency was fed to the antenna teaminals and the cutput amplitude adjusted uneil
the recciver IF output sipnal strength was the same,. The synthesize? signal
level was thea mieasured and converted to db with respect 10 a watt, This
signal substitution method gave the received carrvier strength in dbw and varn
measured within the narrow IF receiver bandwidth,

The determination of the noise level at frequencies noar the carrier
wat done by AM modulating the on-air carrier signal with an audio frequency
square wave using a very small pecreentape modulstion. The amplitude of
these modulation tones was observed at the output of the real-time speetrum
analysis display. The modviation percentage was then reduced unti) the
modulition tones disappear into the background noise of the display. Because
the modulatirn percentage is easily converted to signal level in db belov the
carrier and the spectrum analysis bandwidth was 1 Hz, the relative csrrier.
to-noise power was directly obtained referenced to a 1 Hz bandwidth, Thus,
if the calibration tone dissppeared into the noise at & level of 64 db below the
carrier, it was assurned that the noise value was also 64 db Below the carrier
value. This carrier.to-noise ratio was then subtracted from the received
carrier strength to obtain the measured noise power in dbw per He,

2.2.5@ . Regults of Experiment. [U)

- Navy P3B aircraft was flown at an altitude between 300 o 600 feet, and speed

The principal experiments consisted of two separate comeolled
aircraft flights of 3 Navy P1B aircraft to examine the detection capability of
the bistatic configurations, and two propagation messurements between the
Carter Cay transmi.ier and the Vint Hill Farm Station receiver. The two
flights, dencted as Eventa ) and 2, are shown in Figure 2-4 and 2.5, respec-
tively. The network geometry is shown in Figure 1-3,

The first event on 18 Decermnber 1969 employed 8 10-waitt buoy
transmitter {instead of a 100.watt transitter as examined in the prediction
analysis®) located 120 !um from Cape Kennedy on an azimuth of 113°, A

between 200 and 400 knots, slong the flight path shown in Figure 2-4. A
signature was detected on 5. B MHz between 1750-1755Z and 2000.20052Z.
The Jropagation conditions are summarized below--

RF¥: 5.8 MH:z

Transmitter Power: 10 W,

Carrier Level: 92 dbw

Noise Level: -160 dbw

Calculated detection radii: 3 km (1E Hop), 6 kra {2F Hop)

*The 10-watt buoy transmitter was bulit after the anelysis vaing the 100.watt

value was cornplieted, 2-12
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DETECTION
REGIONS 15595 Mz

/ AN \
ENTER,_CB / / % \
/10.167 MHzy,

D5

-

=

STCOND PASS
DETECTION
10.167 MH2  1855.30 %

N\

FIRST PASS
DETECTION~
1. 595 MHz

1658:45

FREQ = 10.167 MHz 15,595 Muz

Fm 100 m? 100 me
ROISE » =137 dbw =145 dbw SCALE: 25 KILOMETERS

GAIN = 17 48 25 48
FOVER » S kw 3 kw
€L = CARTER LAY TRANSMITTER

Figure 2-5 @R (_t)) Predicted and Observed Detection Regions. ()
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' using a 10-wat: transmitter to illuminate the tarpet. Therefore, because of

2.2.5 Q)) ’ »e« Cuntinued,
———

The detected sipnature is nut considered to be the P3D test aireraft, but an .
aircraft flying noar the receiver &t VHFS, The predicled detectability .
repion for this day extends at best only to 11 km, The PIB's clogest approach :
to the buoy is only 30 km. Also, the period of the first Duppler signatore's
sign change occurs 2. 8 minutes earlier than the predicted closest approach.
In addition, the Doppler signatures obtained {slthough consistent with those for
an aircraft) were much stronger than could be expected from the teat aireralt

inconsistent timing the distances of aircraft {rom the transmitter and receiver,

and the strength of the detected signatures veing a 10-watt transmitter, it is
concluded that the detected signatures were not the P3IB test alreraft, but
rather anocther aircraft flying over the receiving antenna,

The second event on January 27, 1970, employed the 3 kw Carter
Cay transmitter and 8 P3B test {light at a speed betweea 200300 knots, The
aircraft Dew the pattern shown in Figure ¢-5 at sauccessive altitudes of 24, 000,
14,000, 12,000, and 2, 000 feet, The propagation conditions are summarized

below:
Recelving
RF {M}Hz2) XMTR Power [watts} Antenna Gain {db) Noise Lovel (dbu)
10,167 3,000 17 ~137
15.595 3, 000 25 -145
The detections for the first and second passes of the aircrafl near r

the transmitter at 15,595 MHz and 10,167 MRz, respectively, are shown in
Figure 2-3. The predicted detection regions for these frequencies are also
included in the figure for comparison. The experimental data generally agree
with the predicted results except that the detections are expected sooner
during the flight., The lack of a signature during aircraft flight at high alti-
tudes {e.g., 20,000 ft. ) over the Carter Cay transmitter may be attributed

to ajreraft flight in the vertical null of the antenna. Both signatures were
obtained for sircraft flight below 2, 000 feet. Therefore, it can be concluded
that aireraft detection below this altitude and within the predicted detectability
regions can be detected using the buoy concept if suflicient power is trans-
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2.3 (U) ' CONCLUSIONS OF_EW STUDY. (U)

_The conclusions derived from the early warning system study are:

a. Detection of SLBMs at altitudes below 100 km is unlikely
using buoy transmitters with 100 watts or less, and a
landbased receiving system for the network geometry
shown in Figure 1.3, However, with the missile at
altitudes above 100 km (at which the missile radar cross
section {s enhanced} detection appears possible.

b, For buoy {or landbased) tranymitters with 3 kw power
and transmitting near the MUF, BLBM detection is
probable for the network geometry in Figure 1-3 at
both low and high sititudes,

€. Adrcralt detection regionz can be estimated with {air

accuracy because the experimental results generally
agree with the predicted results. Using a 3 kw trans»
mitter (Carter Cay) aircraft can be detected at distances
as great as 60 km with a receiving site at VHFS.

The conclusions indicate that it is basically possible te detect air.
craft and SLBMe using » bistatic HF radar configuration in which a buoy
transmitter is employed with ground- or surface-wave propagation to the
target and sky-wave propagation between the target and the receiver. How-
evey, transmitter power on the order of 3 kw or more is reguired. In addition,
it may be necessary to judiciously select the frequency of operation t~ mini-
mige the D-layer and spreading losses for target detection under difierent
transmitier-target-detection geometries,

2.16

. .-
P o . et T 45 0, i+ + b o

P ———y




LT3

A

#

't

s i

| W

= |

R ——— w—
- L —w
mmm—-n,,ml
e e . .
- . - - —— 3 . - ——

A Y s Lol |
. Y
— S w’.»trq
' v .
i

A

Bection 3

FLEFET AIR DEFENSE ‘
—

A polystatic systemn such as portrayed in Figure 3-1 is especially desirable

.

'(9) The detection of Jow«flying threats to surface vessels at a ranpe
sufficient to give ureful warning time and tracking information is & prublem
{or which over-the-horizron detection {O11D) systems can offer a solution.

because it not only provides greater lepd time for {leet air defense (FAD)
by detecting targets at long ranges, but also provides the detection infor-
matisn without requiring active radiation {rom the fleet., Thus, the enemy
is not given an opportunity to locate the fleet by employing direction-finding
techniques sgainst a fleet monostatic radar transmitter.

' (U) The results of the investigstions for FAD are presented in four '

paris. The lirst deacribes the feasibility of using a polystatic system to B
protect the flect in the Mediterranean Ses. Alrcraft detection regions are
examined for transmitters of opportunity that presently exist, and receivers
located in the flest. In addition, the operating schedules of the transmitter
sources were examined to determine the degree of 24 hour coverage possible.
The second part of the FAD investigation describes target location methods
that can be employed using the basic polystatic configuration. Egquations

are derived for each technique to show how the target range can be estimated
using measured and known parameters. The third part is the results of an
error analysis of those target location techniques that are feasible, The

bias and random errors associated with each technique are discussed. The
fourth part describes the design for a prototype alrcraft detection system,
This system can serve as the test bed for experimental verification of poly-
atatic techniques and sysiem evaluation to select the parameters for the final

systermn design.

3.1 (Y W POLYSTATIC SYSTEM DETECTION FEASIBILITY. (U}

3.:.1(9) B General. (U

The polystatic system for FAD consists of HF broadcast transmitters
of opportunity for iluminating the target and a shipborne receiver {see Figure
3.1) for detecting the target-reflected Doppler signature. The detectability
of this system was investipated for FAD operations in the Mediterranean Sea.

Two types of propagation mechanism were considered. The first
consisty of ground-wave propagation between the transmitter and the target

3.1
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and also between the target and the shipborne receiver. The second cunsist:
of sky-wave propagation between the transmitier and the target and ground-
wive prupapation between the tarpet and receiver, These two types are
denoted as ground-ground and sky-ground modes, -respectively,

To accomplish this feasibility study the efforts considered three
aspects: source availability, the operating scuedules of sources, and the
coverage provided by available scurces, Thesc are described below,

Pty
L

3.1.2 (‘!j) ' Available Transmitters. (uy

i

The transmitters were categorized into two groups based on the
polarization of their radiated signals. Horizontally polarized signals were
considered for sky-wave propagation only on the transmitter-target half path
since the attenuation of the horizontal component of & ground-wave over sea
water is very large. The vertically polarized signals, on the other hand,
were considered [or both sky«wave and ground-wave propagation for the
transmitter-target half path,

Table 3-1 lists some of the transmitiers in the immediate vicinity
of the Mediterranean which have been evaluated along with transmitter
location, selected frequencies, transmitier power, bearn information and
polarization. The locations of the transmitters nre displayed in Figure 3.2,

Transmitter acheduling is also an {mportant {actor in the evaluation
of these transmitters. Historical records of scheduling were exarnined along
with current information from FBIS to determine the schedules for each
transmitter. Figure 3-3 shows the acheduling for the transmitters in Figure
3.2, Transmitters are available around the clock for coverage of some areas
©f the Mediterranean, but more sources must be locsted to provide complete
arousd«the«clock coversge of the Mediterranean.

3.3.3(0)' Coverage, (U)

L g g LJ

. |

Figure 3~4 {llustrates the geometry for a bistatic radar detection.
Several requirements rmust be satisfied in order to make a detection, First,
the received scatter path signal, T-R, must be above the noise level present
st the receiver. Second, the direct path signal must be received. (In the
case of transmitters with sufficient frequency stability, & synthesizer signal
can be vsed where the direct path signsl cannot be received. ) Third, the ratic
of the dirct path to scatier path signals must {all within the dynamic range
lirnitations of the receiver,
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City Jatitude Lougitvda Fregueney FPomer . hw Arimurh Eolarises.
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. ]
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LI ..t ;
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€., gt ; f
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Demancus 33° 30’ 3% o7 s168 0 ND HOR { :
€ 4
Tel Aviv 1 o 34% 50 8318 20 ND Hon
730y 0 ND HOR -
Caire 030 I ,
2078
Tripati 312° 42 ' Hes 160 D HOR i
Tuals 31" 50 Ty $e0s s0 105282 HOR
Alglors 1 ad 3 4080 50 ¥D MOK f
i 0 ND HOR X
Tangisr wa $* 5 $170 100 . HOR
4190 100 «* HOR .
7 e pres HOR i
i -
Lishon 3 as 2w 028 e 5 HOR
Madrid PRETY »au' $130 100 306 HOR I
-
Tirane o b5 171 " Np ND
. #0210 ,
040 ]
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1.1.3.1 - fvaluation. (U} ,

Actual propagation losses for cach half path bave been caleulated
for sclected transmitter-target-rereiver geometrics to evaluate the coverage
avasilable to the flect, For skyewave propagation, the lossces were calevlated
using the propagation prediction package by ITSAESSA®, For ground-wave
propagation, the Josses are taken {from Barrick's table®s,

Fipure 3.5 shows an example of ene of Barrick's tables. Thix
particuiar table is for 7 MHz, Sca State 4, 20-knot wind, and propapatiovn in
the upwind-downwind direction. The cffect of each of these parameters is
that increasing frequency increases the loss, rougher sea state increasces
the loss, and prepagation in a crosswind direction hae Jess lass than upwind-

downwind propagation.

For organization ease, the Mediterranean was divided into §
sections, Each section was evaluated individually to determine the amount

of coverape protection afforded to a ship while it was locsted within that area.’

Evaluatiuns were made for representative transmitter-gircraft-ship positions
to see if the detection system was feasible,

3.1.3.2 (V) Cround Weve-Ground Wave ?rogagation. (U}

For the case in whi<h ground.wave propagation occurs nver both
half paths, the covirage provided by transmitters with vertically polarized
signals was evaluated using the fcllowing pararneters:

. target cross.section ¢ = 100 M*;
) b. C}.r = (SR = O db;
€ N = «1%0 dbw a'd -170 dbw;

d. frequency««7 MHz, and

e. system loss Ls = 3db.

* Barghousen, A, F., et al, Predicting Long~-Term Operational Parameters

of High Frequency Skywave Telecommunication Systerns, ESSA Technical

Report, LAL 110-1TS 78, U.5. Department of Commerce; May 1969,

*s Barrick, D. E., "Theory of Groundwave Propagation Across » Rough Sea
at Dekameter Wavelengths”, Battelle Memorial Institute, Columbus
Laboratoriea: Janusry 15970,
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The two nofse levels account fur diurnal chanpes in the nuise feved
of the recelver. The [requency of 7 MHz wae selected singe 11 is low encuph
to previde reasonable ground.wave losses and high encupgh to have reasonably
low noisc levels for the detection of airceraft, To determine the region of
coverage provided by this propagation mechanism, the shipbutrd receivers
were assumed to be 200 km [rom the transmitters, With this assumptiun,

a contour of constant sensitivity (Oval of Cassini) was constructed arvund
the transmitter and receiver which determines the region of detectability of
an aircraft for that transmitter-receiver combination, This was done in a
number of transmitier-receiver cascs angd the results (Figure 3-5) indicate
that coverage is quite good in the northern central part of the Mediterranean

Ocean.

k O IO TR R { A3 Sky Wave-Cround Wave Propagation. {1}

For each of the five sreas in the Mediterranean, propagation
predictions were made {or selected transmitters to evaluate the use of
sky-wave propagation. Target illur ation by line of sight and one F-hop
propagation is feasible for detection purposes, but hop structures with more
than 1 F«hop for the date and time evaluated incur too much loss over the
transmitter hal! path to afford any reasonable protection, Noise calculations
and propagation conditions were calculated for 15 Septernber 1970 at DBOOZ

{N = ~165 dbw]).

‘-rraft positions were evaluated with shipboard receivers
focated at select ~sitions around the aireraft, The regions of detect-
ability for each tr.  nitter-receiver combination (Ovals of Cassini) were
not calculated at this .ime, but as a first estimate of the protection provided
by each transmitter, the following technique was used. For a specific air~
craft position (altitude 3,000 feet), loss over the transmitter-target half
path was evaluated from the ITSA ESSA prediction program. LR wap then
calculated and converted Into a distance D_, using Figure 3-5. Assuming
the target scattsrs equally in all directions, & circle of coverage can be
drawn around the aircraft of distance ﬁa, Any receiver locsted within the

circle should detect the alrerait,

Five

-

For example, consider transmitters located at Algiers and Madrid,
an ajreraft located at 37-99N, 2-07E, and & receiver Jocated at 38N, CGE.

The predicted losses over the transmitter half path are 116 db for the )} F-
hop mode from Madrid snd 8] 4b for & lire-of-sight mode from Algiers. -
Solving for L. and converting to a target-receiver distance {rom

Figures 3-4 gives 70 ks for the Madrid signal and 205 km for the Algiess
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signal. Any receiver within these distances from the aircrafl should be able
to detect the aireraft. Fipurc 3.7 illustrates this example, In this example
the shipboard receiver located at 38BN, 0E, would delect the aircraft vn the
Algiers {requency, but not un the frequency from Madrid., As the ajrcral
tlosed on the ship, the Madrid frequency would also make a detection,

Using these methods to evaluate the coverage {for each area, the
following results were found (see Figure 3.8). For srea unc, transmitters
located at Lisbon, Madrid, Tangier, and Algiers were evaluated fur the
receiver and target porition given in the example. The transmitters afforded
protection at distances from this airceraft of 10, 20, 70, and 205 km, respec-

tively,

For area & transmitters located at Algiers and Rome were eval-
vated for two diiferent ship positions, Algiers provided dsteciability at
70 km from the aircraft while Rome provided detectability at 100 km.

For area 3, transmitters were evaluated st Caltanesaetta, Alma

Atz, Rome, Tuniz, Tirane, and Tripoli. Tripoli provided the greatest
detection range st B0 krn with Rome and Tirane giving 50 km detection range,

For areas 4 and 5, the greatest detection range for the transmitters
evaluated was 100 km in each case.

In addition to the transmitters svaluated, a great number of pos-
sible transmitters at other locations still remain tc be evaluated around the
£o4 .t of the Mediterranean. Table 3.2 is a partial listing of these Jocations.
Transmitters with power ss low ss 1 kw can be used for lineof-sight cover-
age along the coast and 1F bop propagation into the interior of the sea,
Development of these sources is necessary for round-the-clock coverage
as well a9 multiple channel coversge (i.e., on several transmitter frequencies}
of a ship at any point in the Mediterranean,

The conclusion that can be drawn from this analysis is that the use
of transmitters of opportunity as part of a polystatic HF radar system is
{feasible for FAD in the Mediterranean Sea, However, before a system is
implemented, there is a need to evaluate the transmitter sources that have
not been examined to identify the specific transmitters that should be employed
by the Qleet during operation in different areas of the Mediterranean Sea.
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Table 3.2

{U} Additional Transmitters (U}

o ' Malaga, Spain

- Cartagena, Spain
Valencia, Spain
Barcelona, Spain
Marseille, Frances
Nice, France
Pisa, Italy
Naples, Laly
lzmir, Turkey
Latakia, Syria

) Port Said, VAR
Alexandria, UAR

Tobruk, Lybia
Beida, Lybia
Bengazi, Lybia
Annaba, Tunesia
Safaqis, Tunesia
Oran, Algeria
Melilla, Morreco
Balearic Island
Corsica
Sardinia

Crete

Cyprua
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3.2 (U) @ IARGET LOCATION METHODS. (U) ,

As described previously, protection of the fleel against Jow-flying
sircraft and/ur cruite milesiles may be accomplished using a bistatic radar
with 8 shore-based tranemitter for target illumination combined with passive
shipboard reception. The tarpet Jocxtion methods considered in this scetion
appear to eliminate two fundamental problems associated with CW-Doppler
bistatic radar;

&, Target signal amplitudes giver no indication of whether
the target is near the transmitter or the receiving ship
because the bistatic radar Tange equation is symmetric
about the transmitter-target and receiver-target ranpes.

k. Single Doppler messurements alone cannot provide
_ unambiguous target location since single Doppler
measurernents have a fourfold location ambiguity caused
by the gecmetric syrmnmetry between the transmitter,
receiver and tar-et,

Four separate derivations pre given describing technigues which
may be used to Jocate and track low-flying targets which may threaten a
surface [leet, They all assume a two-dimensional (flat earth} situation that
is reasonably accurate (see Section 3. 3.4) for low-flying sircraft and cruise
missiles. The four techniques are:

. the double baseline, &ouhle measurement range estimator,
b. the double baseline, single measurement range estimator,

Co the aingle baseline, double measurement range estimator,
. and

d, the Doppler location finder.

The first two techniques employ two transmitters and one receiver
as shown in Figures 3-9 and 3-10, respectively. For the first method (dc ble
baseline, double measurement range estimator) two targetescattered Doppl. r
returns and their directions of arrival are measured at two difierent points
slong the target’s Night trajectory. Eight measurements are employed to
estimate the target’s location, " For the second methed {double baseline, single
measurement range estimator) the estimate is essentially made using the two
Dopplex returns and their sssociated directions of arrival measured at one
fiight point. The third technique {single baseline, double measurement range
estimator) usea two sets of Doppler returns and associated direction of arrival
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LEGEND:

P} =  GROUND RANGE FROW RECEIVER
TO TAAGET AT TWO POINTS OM
~ TARGET PATH
v wm  TARCEY VELOCITY Vtc;m
¢ = ANGLE AT THE RECEIVER BETWEEN

THE TWO L.OCATION BASELINES

K = RECEIVER

T,0T, = TRANSHMITYER 1 ARD 2, RESPECTIVELY

=  ARE THE D'STANCES BETVEEN THE

T, RESPECTIVELY {XNOWN.A PR

2

*

Double-Baseline, Two-Measurements
L}odel. v '
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. Figure 3.10 (U

Double-Baseline, Ons-Measurement

Model, (U}
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32 CL)) «» Continued, S B

and a single transmitter source to eatimate the target’s vange. This method,
which uses the configuration in Figure 3-11, is operatiopally preferred to the
fire: svo bezsues of the need for fewer measurements and transmitler svurces,
The fourth technigue {Doppler location finder) employs the Doppler returns
from the target lluminated by four transmitters to estimate both range and
azimuth. All four techniques provide location information on the detected
target,

The derivation of equations for each of the four metbods is included
bejo“-'.

— i

321 {v) Double-Baseline, Two-Measyurementa Range Estimator. (U) -

Consider the sinple haseline, one time point situation shown in
Figure 3-12, where a vebhicle is moving at an usknown veloeity U, the distance
between the tranrraditer and the receiver {s assumed known te e I, and the
transmitter is o reodeasting oo & known wavelength A, Tha azimuth angle of
the target at tua resziver, o, and the Dopgler shilt, 4f, are measured.

The erz.ive? “iopter abilt {or this geometry may Lo written as

8L = T (% ¢+ %)

» e

® -%{cuﬁ; + cos 85) .

Angles €, and &, can elso be written:
6 = %+a ¥+ 3 : ’ : .
6 = 90 +8 - & .-

Tuerefore,

A = *‘f [ain (a +£}+sm{é~6}]

- %mwm.mn“ S e g o
3
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Figure 3.12, {U) Varlsbles for Double-Baseline, Two-
Measurements Model, (U)
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3.2.) Ui -« Continved, ’

Al»a,

8 = tan”} (%)

£ tanl' a = tan”} [Atane
Dianwv - &

D. =2

tan ..

1f there are two transmitter geometries, which shall be distin.
guished using subscripts, then the following throe eguations ¢an be written:

L tauai s (3.1
- "i 1

v . » -
Afl = 11 {nu {a:r;ir .,,1} + gin {tan ‘3; tan &!

o . 52 tan ﬁ'z
Mz wia sin k’z‘ ﬁz‘ + sin fian Dl tan Wy - tsz - &2 {3-2}

and

&

= 81 + ¢ (3-33

where € is the angle between the two baselines, as shown in Figure 3.5,
The value of ¢ may be calculated bacauvse the coordinates of the two trans.
mitters and the receivers are assurmed known,

" v )

. I
Il additional szimuth and Doppler measurements are made fur

these same two peometries at some time [t later, thep Tour more efuation.
¢an be written, This set of equations is distinguisned by a svjaurscrig! preine,

) ag' tan &3* i
D} tan ox' -a!‘

» af 2ptaney \ 7 |
6{2' = sin (0, 4 8,0 + 8in [tan B, tan “2""‘;’f 5, {3-5)

{3-4)

81.'« 2 bLin {a!"‘ﬁli ¢ gin {tan~

R - 8

[ S
TR T ——

3,

J
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3. 2.1 (U} - Continued. *
' W
a' = a, v &t con 61 (3-6)
‘,Z. ta,. v Al cos 62 (3-1

The last two eguations are a result of the constant velocity and
direction assumption. All seven equations can be combined into a system
of four equations in four unknowns by eliminating &, from the egvations.
The results are;

af. e ?i(u, I bll

1

&f, = ?2 (v, 8y 61‘

¥4

éfi‘ = ?3(1}. L 51‘

Afz' % Féu. 5, 61!

where the F {*}) are different {functions of the argument parameters,
The unknowns are V, &y, &g and &5 . The meanured quantities are o,
of, oy, e, &8, AL, 8f;, axd Mp' . The guantities known a priori
are Dy, Dy, Xy, g, 8t, and © . The above set of simultaneous eguations
may be sclved for the unknowns and the ground range from the receiver to
the target could be calculated by

ay

P ® Sin oy

Although this procedure yielda four independent equations which
may be solved for the target position, a slight reformulation of the problem
can reduce the number of equatiors by two as described on the following page.
Because this reformulation simplifies the double baseline, two measurement
techrique, this first target location technique will not be examined further,

3.23
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3. 2.2 {u) Double-Bascline, Onc-Mcapurement Range Kﬂimaior.;[’i

The variabler for the double-baseline, cne-mensurement mudel
arc defined in Figure 3.13. As in the previous case, the transmitter-
recciver distances, Dy and D, and the transmitter wavelengthe, 3 and

. B, N
Ay, are assumed known a prieri. The azimuths, a,, snd @, and Deppler
shiftis, 4i; and Af,, arc the only quantities regquiring measurement.

From ancther form of the Doppler equation,

-’ + *
&fz = 11 {pén;}

“1 » *
Afz = 12 (p+ nzl

where p = dp/dtand b, = dnfet .

From the law of cosines,

2
i

/2

n, o= tpzé Do« anl cot al}t

i
so
{ppb - pD’ cos o, + pD, c‘:l sino,}

B, = . (3.
! {pz + Diz - 2pﬁl cok aliuz t3-81

thre ‘Q; ® Ga’;!ﬁt .
Similarly

{rp - i’Dz cos a, + PP, &z sin rrz’i

h. = - =
2 2 2 172 3-9)
{p + Dz - 2pDh, cos ﬁz't

Note that &, = &y ° & . The quantity & can be estimated using the pre-
vipus azimuth measurements as {ollows:

[ul () - e, (t-AU] 4 [azfﬂ - o, (t-41)
24t

& =
1.24
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Figure 3-13. (U) Variables {oyr Double-Baseline,
One-Measurement Model. (U}
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3,2.2 {U} «~ Continued.

Now define hy , 6, , 7y, and &, ae follows: 3

2 4 172
}hl r {p + W - 2pD, cox o)

9, F ‘M: "1
*1 - Di con e}

33 = Dl o win )

The quantities hs , Ga, rz, and s; are similarly defined. Equations 3-8
and 1.9 can then be written as

pi"i”,"?i‘

=
i h!
Pi’-i:rz’% P5,
2t h
2

So Af, ccn be written

-} .
Af, = = b4
. 1 3.1 hi

Similarly
-1 b (p-rzi + ps,

) b,

A;'z =

Solving for 9,
{9.h, + pr.}
p =« it 3t i) (3-10)
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3.2.2 {u) -« Cuntinued,

¢
Alsc,
. qihl x 'phl + 'p{#ﬂ'li +p "
and #0
P = :tq, hi “i}(hl i ",” (3-11}

tl-}p

Equations {3-10) and (3-11) form a system of twu equations in twe
unknowns {p and p} that may be solved using standard iterative technigues.
Hote also that, for this {formulation, the apsurmnption of consiant velocity and
directions are not necensary, ' .

3.2.3 {U) Sinple Baseline Model. (U}

The third derivation to be considered is thst invelving the model
using only une transmitter, The variables for the single baseline model are
defincd in Figure 3«14, As before, the transmitter-receiver distance, D,
and the transmitter wavelength, L, are assumed known., The azimuths, o
ara &', and Doppler shifts Lf and AL', are measured quantities where the
primes signify mieasurement at somes time At after the first (unprimed)
measurements. The velocity U, of the vehicle is not known,

From the Doppler equation

Yy
"

{p + n)

=
]
r].‘.. :wl.'_.

{p'+ ')
From the law of cosives,

ar (92 + Dz - 2pD cos e'i”?’

. {(pbepDeoso+ pDasina)
N T 172
{p +D

» ZpD cos o}

3.27

“ UNCLASSIFIED

o — g e

Ll e

I PR

-




UHCLASSitIED

TALLET

—

Figure 3-14. ({U) Variabies for Single Baseline Model, (U} !‘“ L
: §

i

.28

UNCLASSIFIED




TR A

T o T T ol M Vil b ot - miry A B

(RIS e

UNCLASSIFIED

2.3 (U} ~» Cuntinued,

Kimilarly,

iptp'« H* Deosa'+n' D& sin ')
(P'z + ﬁz - 2p' D cos c')”z

h'=

In order to find a solution using only one baseline, two apprexi-
mations have to be made

(2} b is constant; f.e., §' = b and, furthermore,
P P -pat
(b} & s constant; {.e,, &' &

Over short time intervals (small 4t these assumptions are reasonable, The
angular velocity & can be estimated as follows:

. *e’-a

FaY4

These approximations are strictly true if the target is flying on & radial path,
toward or away from the ship.

Combining the equations and approximations above gives

«Af) = -q=p+ bp-r) ¢+ pe
h
where

g = Af
r » Deosa
s » Dostno

h = (pz + }Jz - 2pD cos a}”z

3.29
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323 {U} ' aa Continued,

Substituting p = p' » p4t, equaring to eliminatc sguare roots and alpebraic
manipulation of the results yields the cubic squation

AP + BpT - Cp +D =0 3-121
. where.
_ A = 28t (q-m
: B = étz (qz-szl + Ot {4qr-dgp't + 254t (2p'-11 4 o . rz
C = &t {Zqzr*zqz p'42p*szl + Zp’2 (g-s) + 2p'r (s-2q) ¢ ZQI}z
D = p’z (qz-azi + qz (DZ«-ZP*!'I

This cubic equation can be solved for § and the correct root chosen. Also
note that p is still a function of the single unknown p*.

In similar fashion,

' :.}“ '|J_’l
&Lt = y (p's n')

or

. Where b', g', r* and s' are defined similarlyto h, q, r ands.
" . Now

-ql 5t - i, (hv-rt} “ p: ﬁ,,‘. .c’
er .

' h'-p (hn,,i;
ps

pt = {3-13)

Equations (3-12) and {3-13) form a set of simultanecus equations in the two
" unknowns p' and p which may be solved for the target position.

3.30
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)3.2.4 (U} Doppler Location Finder (DLFYL (D)

4

The range estimation «echniques discusaed in the previvus sections
all utilived measurements of target bearing and Doppler {requency. The
Doppler Location Finder {DLF! described in this scction uses only Doppler
measurements and yields both range and bearing information,

The variables for the DLF are delined in Figure 315, The trans-
mitter-receiver distances, Dy, D;, Dy, and D, and the transmitter wave.
lengths, iy, Ay, A3, and L., are assumed nown a priori. The angles,
£y, B3, 83, and B8,, formed by the reference baseline with the transmitter-
receiver are alsc assumed known & prioric The only measured guantities
are the Doppler shifte, BAf,, 81y, &fy, and £f, . The variables estimated
by the DLF technique are range p, bearing &, range veloeity, §, and bear-
ing velocity & . The latter two variables described the change of target
position with time and are of secondary importance, The range and bearing
estimates describe the target location and have primary significance,

From the Doppler equation:

Afi s - -i-;- {p+nil (3-14})
where
ixi & dni[dt . i=1}, 2,34 .
From the law of cosines,
17
2 3 FS
n = ip +Di -Zpbico:(a‘ + 8*}]
20
[pP-bD coste +8)+pD, & sin(a+8)
!‘ii = ’ 1; * ‘3"5’
[p® + D;’- 2pD, cos(a + 8,)] ’
Thus, from (3-14) and {3.15) it can be seen that

where h {s a function of the argument parameters,

3.3)
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,2.4 {1} e Cuntinucd, »

The desired paramoters {p, @, p, and &) can therefure be estimated by the
eolution of the following system of cquations.

: Dh Bh 11}

"3.

&{3 = h(P- ui

*

& o

bf. = hip, o, : D Ba, A3)

Rﬂ.

*

i3-17;
H D;\, ?:su 13’

Qw

&0, = hip, o, P,
&, = hip, o, ‘Pn &; D,, £, kQ} »

This system of equations can be solved using standard iterative
methods, Unlike the other techniques discusscd, this methud is truly in.
stantaneous; the estimate at one point in time requires no previous measure-~
ments. Also, the eguations are exact; they require no assumptions as to
the constancy of p or & .

The Doppler Location Finder can thus estimate target range and
bearing using only Doppler {requency measurements.

3.3 (U} ERROR ANALYSIS. (U}

The target location estimation technigues discussed in Section 3.2
result in two kinds of errors, Onc is a bias in the estimate that srises
because of one or more approximations that are employed in the technigue.
This is a systematic error that can, in some cases, be minimized by
processing. The second kind of error arises because the inputs needed for
the estimate Involve measurements that contain random errors., Those two
kinds of errors generally limit the accuracy of an estimation technique,

f
In Sections 3,3.1 through 3, 3, 3 the error expressions {or both
kinds of errors are derived for:

. the deouble Bncﬁine, single measurement range estimator,
b, the 3ingle baseline, double measurement range estimator,
and

<, the Doppler location finder.

Some assumptions on independence of error sourzes have becn made. In
Section 3.4 the several other possible sources of error that do not signifi-
cantly alter the eatimate are described,

3.33
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Figure 3-15.

v

Variables for Doppler Location Finder. (U}
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3.1 {u) Errar Analysie of Double-Baseline, Ningle-Mreasurenmyg:t
Ranpe Estimator. (U)

The range estimate given by the Double.-Baneline, Single-hMeasure-
ment technique {Section 3.2.2) is dependent on the measurcd values of farget
bearing and Doppler frequency, An expression e derived below relating
RMS measurement evrors of azimuth and Doppler shift to RMS estimatiun
errors of target range, This error expression is valid at specific target
locations and has been evaluated for severeal configurstions of target, ship-
board receiver, and transmitiers using reasonable values for RMS measure-
ment errors, The bias of the range estimate is also computed, The results
indicate that for certain system geometrics and parameters, total ranging
errors of less than 15% carn be achioved,

LY U} Derivation of Error Expressions, (U}

As shown in Section 3.2,2, the true range p is the solution of
the nonlinear systein of equationa:

-[gy by + b (hy -~ 2,))
p = S, +p

«(gz hy +pS;)
(hp + p-1r3)

L - L]

where by, ha, Q,, %2, T, To. S, , Sz are functions of a,, @, &, &f,,
413 . The expression for b can be substituted into the equation for p
and it is seen that p ia the solution of

G == (proy, oz &, bf, 8f;) = O {3-18)

where G is & ponlinesar function of p and the coefficients involve oy,
&z, &, 41, bfy. The parameter &, however, is estimated by

1
o -~ m{u; 40y ~ 0y - )

where

Gy = a;!t - ﬁi"

salthough the technique is described us & single measurement technique,
it does reguire oy and ay vales at time ¢t » A2,
3.34
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.10 (WU «w Continuesd,
and '
g = azit-8¢) .,
Thus, instead of {3-18) an equation of the following form iz solved:
H{p: oy, &a, O3, &, b0, 8f3) = 0 (3-19)

where § is the estimated range. Since the estimated value of & may be
in error, the solution § of (3-19) may be slightly biased away {rom the
true p. Let Phias be this bias in the range estimate. Thus,

Poias = P P ¢

As mentioned previcusly, this biss {rom the use of an estimated
value of & is one of the two important typee of errors in this range esti-
mation technigque. The other {random) error arises from uvsing measured
values of bearing and Doppler. The true @ and & are not available;

the measured values &i and &?i must be used ins%e&d. Thus, the estimate

of range is taken to be the solution of

H“‘;?&ta 53: &sa Oy, ﬁ?ﬁ, &?g) z 0,

The messurernents &i and &?i will generally have mean values of o,
and bfi , and standard deviations n{a}am and b(ﬁf}kw. respectively,

Note that § is implicitly a function of the &i and b?’i: RS
these measured values change so does f in order to keep H = 0. Thus,

ﬁ b a(&ln &’t &it &ir 521: afa)-

The change in § due to changes in the &i and b?i is given by

Y 38 23 3p
&{P)= a&‘ é(&!,* 553 bi&‘ﬁl *3&, b’(&S} + 35‘6‘&"

28 3
4-5-‘51- (1) + 5—5; YT ST | (3-20)
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3.2 (U «s Continued,
The preceding eguation is the deterministic form of the error g
equation. Because the messurement errors arce random, we must employ
a modified version, At each target location the partial derivativea opiea b
and 3p/2 ﬁf are conptant. Using two relations {rom probability theorys, I t
t
a. The RMS value of a zero-mean random variable is the L
standard deviation (O ). ke
b, i x= I A Y , then b
1 it 1
s 0 7 .
o= (T A' o® ° b
5 Y. P
i i e
we can derive from (3-20) L !
- -~ &
5 3:3 2p
s » U
3p -3
* (a& 6 ‘é’-"m{s) * (a &, o8 ’n.wzs)
/2 {'
2B Y L Y i) |
+ + .
2af, &0hipye 2of, 18RS (3-21) o
H 4
i
Equation (1-21) simplifies when &(&, )RMS = A{&},RMS and Mﬁfi}nm =
B(bf)g,, . for alli:

. gu(g;f;)a +(§£—)’ *(3?:%)‘ *(sa_g:)'] [ﬁ(aiam] %:
ot

*Pieifier, P. E., Concepts of Probability Theory, Mclraw-Hill, N. Y.,
1965, P 230-.2. -

*

e
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The unly remaining step is the vvalvation of -E-g— and _c%%
i i
1 the function P&, @i, &,, &, L[,, &) were known explicitly, this
calculation would be direct. However, the p-function is only knuwn implicitly
and therefore the Implicit Function Theorem® must be invoked. By this

theorem from caleulus;

g

- 3H
o,

{

o

-2 1- 1
T
"
o
X

k

and

where the function H(p : &1, &3, &y, &, b1y, 83} is known explicitly:

Hipia,, oy, a5, 0, 8L, 813)
24t
hy-p~-r;

(ri-higg by + {p){Dy)(sin a'g}{"!*}(u, YO -0 8;)
= p + thhl +

(192) taim 0y ) (5370 (s + @y - 0y - 1)

2bt
by« p -1y

t ( Qs ba + (PHD;)(sin era) (zh=) iy + s~ &3 - @) )]

where Ty hi' qi are functions of @,, &y &f,, &y and &t is the time
between measurements, Finally, the abcve squations can be evaluated
for é{ﬁ}nm:

=Fl’mttc::e,, M. H. and Morrey, E. B., Modern Mathematical Analysis,
Addison-Wesley, Reading, Mass,, 1564, p. 492,
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3» 3(1:1 {U, -~ Continved.

*
. R AN AN AT AL
BtPlgns * g @&;) *(a ,) ‘(a&,) *(aa.)
3p _
F 3 ? 3"{ ’ - R» "2
l“&’ams] *Naer) * a&fa) e1efig e . (3-22)

In the next section, both the biass {pbiu} and the RMS error of

ranpe estimate for the doublebaseline, single-measurerment technique are
evaluated for typical cases,

L2 v Results of Error Analysis. (U}

In this section the bias and RMS error of the range estimate of
the double-baseline, single-measurement technique are presented for sev.
eral different system geometries {locations of radar transmitiers und
reéceiver and trsjectory of target) and aystemn parameters (operating {re-
quency and time between measurements). It is shown that although the
technigue is not completely satisfactory under all circumstances, it is fairly
successiul for certain geometries and parameters.

Al numerical ealculations for the error anslyses were performed
on an JBM 260 general purpose digital computer, For any given case,
pbias (the range bias caused by using an approximation for & ) was found.

* by solving for f and subtracting the actual range p ., ﬁgﬁ}am, the RMS

error of the range estimate, war calculated uaing equation (3-22); the
partisl derivatives of

ufds ?H 3H
2p * da, aat‘i

wive determined by use of standard numerical differentiation algorithmss®,

*Southworth, R. W. &nd Deleecuw, 5. L., Dipital Computation and Nurnerical
Methods, MeGraw-Hill, N, Y., 1955, pp. 352.363.
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.3.5.2 (0 .. Continued.

r

The computed range costimation errors {or the double baseline,
single micasurement technique are displuyed in Figures 3-16, The labelied
dots indicate the location of the transmitters (T, and T3 ) aml the shipboard
receiver (8], The various trajectorive of the target are represcented by
dashed lines. The errors are reproesented by solid-line sepments at various
puints aleng the trajectory. The longths of these sepmoents are scaled to
twive the RMS error, while the offset of the center of the segment from the

trajectory repreaents Phias

The various system parameters, such 2s eperating {requency
of the radar {{), time between messurements {4t), and standard deviations
or RMS ervors of the measurements (0 .cﬁ !1 are listcd on the figures,
along with the scale of the drawing and tge veloeity of the target. L1 is
not necessarily equal to the spacing of the displayed error segments,

For all the figures of displayed errors, the measurement uncer-
tainties, d{a} and A{M}RMS were assumed to be | degree and .1 He,
respectively, If these measuréments errors in o particular sase are larger,
then the RMS error in the ranpe estimate would he proportionately greater,

Several conclusions can be drawn from the figures, First, a
particular confipuration of tranamittiers and shipboard receiver may be
{fairly effective against certain target trajectozies while much less successiul
against other trajectories. Also, performance may be acceptable at certain
puints in a given trajectory but not at others,

An intercsting observation ¢can be made from Figures 3-16, The
geometries and parameters for the two configurations in Figures 3-16¢ and
f are the same as for those in Figures 3.16g and b, respectively, except
that At, the time between measurements, is 20 seconds {or the former and
120 seconds for the latter. The interval At enters into the estimation of
range in only one place: the estimstion of & from the formuls

Lo
4
Y-

« 1
& » 351 {on +ap~0y -0,).

As bt is increased, the RMS errors of the @, are divided by s larger

constant and thus the RMS range error should be lens, On the other hand,
for iarger &t, the first order approximation becomes weaker for those

trajectories were & is not constant, implying an increased Poias for
those cares.
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Figure 3-16a (U}, Range Estimation Errors for
Double Bazeline, Single Measurement
Technique--Geometry No. 1 {U}
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Figure 3-16b {U). Range Estimation Errors for
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Figure 3-16¢c (U). Range Estimation Errors for
Double Baseline, Single Measure-
nemt Technigue~--Gepmnetry No. 3 {U)
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Figure 3-164d (U). Range Estimation Errors for
. Double Baseline, Single Measure-
ment Technique.-Geometry No. 4 (U}
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Figure 3-16¢ (U)., Range Estimation Errors for
Double Baseline, Single Measurement

Technigue«-Geometry No. 5 (U]
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Figure 3.16f (U). Range Estimation Errors for
Double Baseline, Single Measurement

Tgchﬁqug-.ﬁe&metrf No. & (U}
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Figure 3-16g (U}, Range Estimation Errors for
Double Baseline, Single Measurement
Technigue«-Geometry No. 7 (U}
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Technique--Geometry No. 8 (U}
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3.3.1.2  {u} «« Countinved, .

Buili thesc cllects are observed in Fipgures 3-16. The RMS errors
in Figures 3-16p and h (&t = 120 sec. ) are penerally much less than in
Figurcs 3-16 e and { {4t = 20 scc. ). Yeit, also as predicted, in the onc
trajectory in each pair of fipures where the target is not heading at the ship
and herce & is not constant, there is a significant range bias for Lt = 120
sec., but not for &t = 20 sec. However, the total range estimate error is
still much smaller for &t = 120 sec.; fuor several target trajectories, range
estimate errors of less than 15 percent are achieved,

3.3.2 3431 Error Analysis of Sinple-Baseline, Double-Measurement
Ranges Estirnator. (1)

The accuracy of the Single-Baseline, Double-Measurement range
estimating technigue (Section 3.2.3}) is &lso a function of the accuracies of
the measurements of target bearing and Doppler {requency. Expressions
relating RMS measurement errors to RMS ranging errors are derived and
evaluated for several target trajectories. The biases in the estimate are
also computed, anJ it is shown that for several trajectories, the total range
estitnate errors are less than 15 poercent.

3.3.2. (O, Derivation of Error Expressions. (U}

As shown in Section 3, 2.3, the true range can be estirnated by
the solution of the set of eguations (3-12 and 3-13).

The following approximations are also used to evaluate the RMS
range exror for this range extimation technique:

&' = & + &4t {3-23)
and
F' = P apat . (3-24)

Equation (3-12) {s used to find an expression for P which is then inserted
into {3-13) to yield:

Flp';a', a, 81", 8120 {3.251
s single equation for §' which depends on the present and past measured

values of target bearing and Doppler frequency,
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The cstimate p' has, in general, both & biarn error and RMS
error. The bias arises from the fact that for linear trajectories, &' and
p'are exactly true only when that trajectory is radial with respect to the
shipboard recefver. Thue, in mosi cases, even if the exact values o7,

a, 41 Af are known, the solution §' will be in error by a Ppiae® Thut:

L ]
Phias - P

An expression for RMS range estimation error in terms of the
RMS errors in target bearing and Doppler shift measurements can be obtained
by noting the similarity of eguations for the double«baseline, single measure.
ment technique and {3-25), Thus, anslogous to {3-22), it follows directly
that

- 3 ar\* far \?

&p

1
arF 2 BP H - . ji
*[(aat') *(aéf ) ] [(&‘mmss) } '

The next section presents the results of evaluating the bias and
RMS errors of range estimate for the single-baseline, double-measurement
techniques,

ams )

>,

3.3.2.2 (U} Results of Error Analysis, (U)

The expected errors are presented for two typical cases using the
single-baseline, double-messurement range estimator. From Figures 3.17
and 3-1B8 it can be seen that for two target trajectories (one for each case),
the range estimation erroxrs are less than 15 percent. The detection system
parameters are the same in all cases. As in the previous section the
trajectories are shown by dashed lines and the errors by solid line segments;
the length of a segment equals twice the RMS range error, while the displace-
ment of the segment center from the trajectory represents the range esti-
mation bias.

Several observations can be made from the figures. First, of

all the trajectories shown, only one shows any bias: this is the trajectory
on Figure 3-17 that i{s not aimed at the ship. This result was predicted in

3.45
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3.3.2.2 (u) «» Continued,

»

ths Iast section, because biss errors are caused by the variationof & and
b between measurements. These variations occur only for off-ahip tra-
jectories. As shown in Figure 3.17, the bias is about the same magnitude
as the RMS error. The bias could be reduced by decreasing the time inter.
val between observations, but at the expense of greater RMS errors. Ancther
obaervation from the figures is that the estimalor's performance depends on
the location of the target with respect to the transmitter and shipboard
receiver, For example, Figure 3+18 shows & trajectory in which the ship
is between the target and transmitter and the tarpet is headed divectly at
the ship. For this trajectory the range errors are greater than 80 percent,
In contrast the two trajectories of Figures 3.17 and 3+)8, in which the
tarpet is on a Ny by trajectory or headed toward the ship in a different
geometry resulted in errors of lese than 15 percent.

3.3.13 (V) Error Analvais of the Doppler Location Finder., (U)

The range and location estimates given by the Doppler Location
Finder (DLF') depend on the measured values of Doppler frequency, An
expression is derived below relating measurement uncertainties to esti«
mation =rrors. Results are presented that demonstrate for a wide class of
systemn geometries range errors of lese than 15 percent and bearing errors
of lese than &6* can be achieved., In addition, for one particular system
geometry the range errors are shown to be less than & percent.

3.3.3.1 W) Derivation of Error Expressions. (U}

As described in Section 3, 2.4 target location and time derivative
variables, p, &, p, and &, are the solution of:

8f, = hip, &, b, &:iD, B, k) 1£1,2,3,4,

Because Af will always be measured with some error, it is denoted as
bii : the estirnates of p, &, p, and & are similarly denoted by B, @, 3:,
apd 3 80 that ,

83 = hP &b EiD, By 2y telz34

Az done in the previcus sections define
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) -« Countinued,

r
. ah . ,{2h 2h o (23RN,
B = (af))i o i(a&)i o8 *(%)i Mﬂ{b‘*)i ‘e

Letting the vectors m and ¥ be defined as

af, tp

Af b&
m s # = 2
~ 1, ' Lo WY

b, : 5

and the matrix A defined as

3
2
3

(:4)
35 /4
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A=

o o

then m = A v: sssuming A is invertible, v = A7’ m .

Evaluating just the {irst two components of ¥ and expressing

them in RMS form yielda

Y
BPpms * él {W”z,i)' ’ (&(Efi’);m ’ '
1,
4 * .
(d&pys * fﬁ (““ ‘}2,5)‘ ) (M“s’) RMS .
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LML O -« Continued,
Assuming & ‘EIEHRMS is the same for all i, i
)
4 % /s
s 2 !
Bhlgyys = (88T, i}ii[(fh i) ]
3
- 4 3 /a
- . a1
(Baigys = (8080)g e ifx[(“ ’z.i) ] .

These last two equations relate the RMS errors in Doppler fre-
quency measurement to the RMS errors in target range snd bearing esti-
mation. The other type of estirnation #rror is a possible bias. For the
Doppler Location Finder there are no biases since the equations are exact
and use mesasurements {rom only one time point. Thus, the RMS error
describes the total range and estimation errore of the DLF technigues,

3.3.3.2 (U)  Results of Error Analysis. (U)

The expressions for range and bearing uncertainties derived in
Section 3.3, 3.1 for the Doppler Location Finder were evaluated for & number
uf configurations. [t is shown that with reasonable Doppler measurernent
errors {(i.e., 0.1 Hz) the range error is Jese than 15 percent and the bearing
error is Jess than 6°* in many cases. The error results are presented in
Figures 3.1% to 3.28, Asx with the error analyses for the other techniques,
the target trajectories are represented by dashed lines, the transmitters
and shipboard receivers are represented by labeled dots, and the assumed
system parameters for each case are included, The Doppler measurement
RMS error for all cases {e sassumed to be 0.1 Hz; no value {s given for
time between measurements because the DLF is an "instantaneous' esti-
mator. For this location estimation technique the errors in both range and
azimuth sre presented, The RMS range errors are represented by line
segments scaled to twice the RMS range error along a radial line from the
target to the receiver, The RMS bearing errors are similarly scaled with
a line segment perpendicular to the radial line. Note that no biases aze
sbown. The one major chaervation that can be made is the good performance
of the DLF for a variety of receiver-tranamitier configurations and against a
pumber of target trajectories. In most cases the range errors were less
than 15 percent and the bearing errors less than 6%, Of particular interest
is the system geometry shown in Figure 3.28 for which the range errors

*
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Figure 3.22 (U},  Location Error for Doppler
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are less than 5 percent. This configuration can represent the use wf trans-
mitters on picket ships to proteet & llee! aircrafl carricr.,

3.3.4 (U} Other Possible Scurces of Error, (U}

The previous sections have discussed the RMS crrors ¢caused by
measurement uncertainties and the bias crrors duc to equation approxi-
mations for the various estimation techniques, In this scetion several other
possible sources of error arc discussed; it is shown that errors frum these
sources are not significant compared to thuse described previously,

One of these sources of exror §s due to the period over which the
bearings in the double and single baseline téchnigues are mesasvred in prac-
tice. These are taken over a time duration of shout ten seconds, The
average value calculated is assipned as the bearing at the middle of the inter-
val: in reality, due to non.linearities, the actual bearing at that middle
time-point may be different, Yet, in all cases considered in this study,
this bearing erroy was lesa than 0, 1°, significantly smaller than the one
depgree uncertainty that was assumed {for bearing measurements,

A second source of error tomes from the use of a two-dimensional
model for system geometries. In practice, targets may fly at higher altitudes
above the ccean surface although the principal threats are expected to employ

‘low altitudes to aveoid line-of-sight radar detection. ¥For these situations the

actual Dopplers and bearing angles will not be the same as those used in 3
planar model. In most cases, however, the differences are masked by the
measurement uncertainty, For example, a target 10 km high and 100 km

from the ship is at & 6° elevation angle. According to the Doppler equation,

the actual Doppler would be cos 6* times the Doppleri! the target were indeed
flying in the plane of the transmitter and receiver. Because cos 6° {s greater
than 0. 99, the Doppler would be in error by less than 1 percent, which i»
about the accuracy of Doppler measurement, In a similar manner the slant
range would differ from the planar range by less than ] percent.

th Ancther source of error is the determination of distence between
the | transmitier and the ship (D). The accuracy of this messurement
depends on the accuracy of the shipborne navigation system, Because the
typical accuracies for the LORAN C and D systems are less than } km and
this represents less than 1 percent at a target range of 100 km {(compared
to approximately 15 percent range accuracy for the location estimation tech-
niques), the sssociated errors can be neglected,
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3.3.4 {U} «» Continued, ¢

The measurement of transmitter frequencies {{.j can alas pive
rise to errors in the estimation techniques, However, wi’ih an RMS meas.
urement sccuracy of 0.1 Hz, the errore are less than one part in 10 in the
HF band and is dominated by the Jimitations in computational accuracy,

Thus, the errors that arise from these other spources can be
neglected compared to those examined in the previous sections,

3.)5 {v) Conclusions of Error Analyeis, {U}

The principal conclusion to be drawn from the error analysis is
that all three techniques analyzed, the double-baseline, single-measurement
technigue, the sinplevbaseline, double«measurement estirmator, and the
Doppler Location Finder, performs to within 15 percent ringe error for
classes of target trajectories. The DLF, in particular, performs well
vver » wide range of trajectories and attains 5 percent accuracy for one of
the geometries examined. 1In addition, it estimates bearing to an accuracy
of 6°.

For all the estimation methods, however, expected errors strongly
depend on both aystem geometry and system paramecters. Because the
three techniques perform reasconably well under different specific conditions,
it appears that a hybrid location technique that employs the basic methods
contained in the three techniques investigated tan be developed that will
perform satisfactorily (better than 15 percent accuracy) over a wider range

of {leet operating geometries. This hybrid technigue may rely on the DLF
_method as & basis, but include measurements of target bearing. Alternately,

the bybrid technique may employ all three methods for estimating tarpet
range, but incorporate tests to discard estimates having large RMS values,
Those estimates within an acceptable accuracy may then be weighted to

_provide the “hybrid" estimate of target range. Based on the potential of

deriving a practical target Iocation estimator for a wide range of transmitter,
fleet, and target geometries it is recommended that a hybrid target Jocation
technique be investigated.
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Section 4 .

EMPERIMENTAL TFSTING OF FAD
POLYSTATIC TECHNIQUES

- (d) In the previous sections the investigation of a pulystatic radar tech.
nique that can be employed for FAD was presented, This investipation included
an examination of detection regions, target location methods and a detailed
error analysis, Because the results have been derived analytically there is a
need to verify them experimentally and to demonstrate that & FAD early warning
system using transmitiers of vpportunity {a feapible. Experimental tests are
therefore recommended for the FAD polystatic techniques.

' (b’) This section describes the experimental design considerations and a
systern designed particularly for these tests. The specific objectives of the
experiments are first discussed. Then the factors that impact on the test desipgn
and the system design are described. Based on a tradeoif anzlysis of these
{actors & specific set of experiments and hardware are recommended,

-

41 (V) @@ omiEcTivES. (U)

|

*,___

The objectives of the FAD polystatic techniques sxperiments are to;

2. dermnonstrate the detection range of the polystatic technique,
and
b. verify the predicted accuracies of the target location esti-

mation methods.

The first objective is to show that the target detection ranges derived
analytically using surface wave attenuation values and nominal radar cross
sections agree with experimental values. This objective has been met partially
when experiments were conducted {or the early warning portion of the Aquarius
study, {Inthese experiments a P3B alrcraft was detected with a bistatic radar
sysiem using propagation modes comparsble to those expected for FAD. )} Also,
target detection is necessary before the other experimental objectives can be
met. Therefore, testa to satisly thia objective can be included with those to
meet the other objectives,

The second objective {s to verily that the target location accuracies
of the estimation techniques agree with the analytic results. The majority of
the experiments will be deveted to satisfring this objective because it includes

4-1
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4.1 {_ﬂ) . «» Continued,

. . ¥
the must tenuous arca and cuntains numerovus random variables {e.g., trans.
mitter-target-recciver goometry, measurement satcuracies, elc. )

=

.

4.2 {(uv) EXPERIMENTAL CONSIDERATICNS. (U}

In the desipn of experiments care must be taken to include all those
: system parameters that are crucial to the satisfaction of the test objectives,
- ; In addition, the experiments should be structured for performance at a nominal
. cost utilizing existing equipment and systemas where possible, In the experi-
: ' - mental design there are a number of factors that need to be considered, A list
r- t of the primary ones are included in Table 4-1. The majority of the {actors
4 (e.g., transamitters, targets, receivers) deal with the equipment/aystems
T needed for the experiment. The use of existing equipment for the tests reduces .
the cost of the experiment, For some test elements (e, ., simulated targets,
shipborne antenna arrays) it is not economically feasible to build or buy the
system solely for the experiment and hence the time and location of the experi- .
rment is restricted to the availability of theee systems. -

-~
s

4.2.1 (U) ' Transmitter Sources. {!:I)

=
’ Teo conduct the teats, sources of opportunity {i.¢., broadcast trans- I
nitters} or cooperative tranamitters (e.g., Carter Cay transwnitters} can be -
employed. A partial list of candidate transmitters for the experirment are [

included in Table 4.2, A substantial number of HF sources are available with
. established transmnitter powers and cperational schedules, Lists of these
- sources can be found in the World Radio and TV Hsndbook.

|

; Experirnental HF transmitters snd other radars may be employed
to track the target during the tests and for calibration purposes, and fono-
{ . spheric socundings and propagation measurements are desirable during the test [

o -

to verify the use of 1F propagation medes.

&z.z(d)' Targets. (U) L

For Fleet Air Defense the primary targets are enemy alrcraft and F
misslles, The P3IB aircraft has a radar cross section which is typical for
enemy afrcraft, Air-to-surface and surface-to-surisce missiles generally
have a amaller cross section and should be tested separately. Table 4-3 sum-
marizes the estimates of operating characteristice for some of the Soviet
- airerait and missiles that are threats to the U. 5. Fleet.
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TABLE 4-1, (U} EXPERIMENTAL FACTORS, (U}

M

i.

2.

4.

Transmiiter Sources

4. Laocation

b. Operating Frequency

c., Schedule of Operation

d, Effective Radiated Power

Simulated Targets

™ Type and Size
|- Availability

€. Number .

Receiving System

a, Platform: Shipborne/Landbased

b, Antenna Arrays

€. Receivers

d. Processing and Data Storage Equipment

€. Test Equipment

Test Location/Conditions

a. Sources Avallability

b.  Target(s) Avallability

& Re:eiver; Ability

d. Sirilarity to Operations] Envirenrnent
e, False Alarm/Noise Levels
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H TABLE 4~2, é CANDRIDATE SCURCES FOR FAD POLYSTATIC ,
: EXPERIMFENT. {U) X )
I q !

). Atlantic Coast F

! a, Brosdcast Transmitters

CBC + o« Sackville, New Brunswick

- WHRYW » New York, New York '
VoA » Greenville, North Carolina ;
b. Experimental Hf Transmitters .
MADRE Radar « Virginia L :
Carter Cay = Bahaman

2. Parific Coast

L B Broadcast Tranemitiers
VOA « Dixon, California g“
. VOA - Delano, California b
: KGEI - Belmont, California =,

5. Experimental HF Transmitters
Stanford University «~ Palo Alto, California

4.4 RN
U;' 'é
’ GULE

Y
U Ny S e iy b ko Y] B R | ATl e e s

LTS



_ £

S bt d

L\W - .er.h.wmulﬂ

L ad /D

D Cro
sy —
e . o
P .22
=

|

{n} ‘SLVIHHL ITSSIK ANY LAVHIUIY IVOIdAL

"t-r ATavL

anee T e TN aos TNE SIS SRS RN T s N s BN i Y Gt B e TN e S Y~ TR e N s [ i R AN O OO

.




i

S - - PR o —

V) Hati Ny

4,2.2 ‘ == Continyed, ‘

AL

Iy

&1 -

o
#r

-
nda

In the eaperiments the aircraft and missiles need 1o be evaluated
for a variety of uperational prufiles, including s number of scattering geon-
etries and tarpet altitudes. Soviet air-to-surface missiles, for example, wre
known to be capable of being faunched at & range of altitudes but follow & Juw
altitude profile for minimum detection, The typical aircraft approach is e fly
close to the ocean surface to avoid line-of.sight radar detection. The targets
uscd in the exporiment should corsist of two sizes {alrcraft and missile) and

* be operated at velocities comparable to those of the expected threats. Turns

"~ and other aireraft maneuvers should be tested. Should the tosts be constrained
to a threat target, then the uec of a P3 aircraft flying at 360 {fect sbove the
occan surface for & varicty of transmitters-target-receiver geometries is
recommended. Should 8 number of test aireraft and migsiles be available,
single and multiple aircraft/missile signstures should be obtained for multiple
signature and location evalustion.

Besides the intended targets, there may be commercizl and military
aircraft that are operating in the vicinity of the transmitiers and receiver sites
during tests. These aircraft will provide falee alarms during the experiments.
Schedules of such flights need to be obtained where poseible for the evaluation
of the experimentally collected data,

4.2.3 {U) Receiving Site. (U}

In the FAD polystatic radar eystem concept the receiving system is
located on one or more of the ships of the fleet being protecied, However,
for experimental testing the receiving system can be located on a shipor at a
landbased site. The use of a shipborne platform necessitates a ship having
an sccurate HF direction finding antenna system. It alsc would entail the
assignment of a ship for the calibration and collection of experimental dats
and possibly the processing of ship navigational data to evaluate location esti-
rhation accuracies. In contrast, the vse of a Jandbased receiving site simpli-
fies the eonduct of the expariments because the normal operational problems
are circumvented and attention can be focused on the key facets of the FAD
polystatic experiment, The destroyer DD714 (USS Gilbert Roan) contains an
HF DF array and appears suitable as shipborne receiving platform. The
potential landbased sites include the {ollowing:

a. ¥int Hill Farm Station

b. Madre East Coast
C. White House
d. Eastern Test Range
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[
e, Stanford Antenna Array |
1. Los Banos Antenna array | West Coast

Of the two types of sites the landbased site is recommended becavse of
operational simplicity in conducting the tests., For this alternative therr
is greater access to test squipment and the scheduling of data callection is
_not as severe as for shipborne operation, In addition, the collection and
processing of ship navigstional data ie not required for experiments using a
landbased site,

4.2.4 {u) Test Location/Conditions /Evaluation. (R3]

The specific test location, conditions and evaluation depend un a
combination of the factors described above, The availability of sources,
turgets, and receiving sites dictate the seasibility and coet of conducting
tests on the Atlantic and Pacific coasts. When all three factors are consid-
ered, the principle test locations {or consideration are the Pacific coast,
Northern Atlantic area, and Southern Atlantic region. ©f these repions the onc
that appears most suitable is the southern Atlantic region.

4,2.4.1 -(U)Test Locstion, {U)
[

oot B qreoiy SRS o |

Y 2

The southern Atlantic region is recommended for the FAD poly-
static tests for a number of reascons, First there are s number of broadcast
stations available, Second, forward-scatter gecrnetry that {s most represen-
tative for FAD can be achieved by using transmitters from Costa Rica, San
Jose, Cuba, Paragusy and a receiving site at Vint Hill Farms Station, the
Madre radar site, the White House site and/or the Eastern Test Range wite.
This sllows a Jandbased pite 1o be employed instead of a ship for the receiving
system. The test region containe & sufficient amount of non-hostile ajreraft
80 that false alarm signatures can be examined in conjunction with target
signatures. In addition, most of the necessary receiving equipment is avail-
able and demonstrations can readily be made to Covernment personnel {rom
the Washington, D.C, area. These reasons, plus others such as the avail.
ability of HF calibration equipment {e.g., ionospheric sounders), make the
southern Atlantic region preferable to the others,

-

4.2.4,2 -(0) Test Conditions. (U}

* l t...t

Once the test location is selected the test conditions that need to be
delineated include primarily the tranemitter {requencies to be used, target
test trajectories, the equipment to be utilized, and the dats to be voliccted,
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As mentionvd previvusly, the tarpets munt include buth aircraft and mini‘u»&j
The aircratt-snould be flown st varjous rangen, azimuths, and altitcdes fron.
the receiving site. Yarious gircraft mancuvers such o (urns and dives
should te included, A head-on appruach to the receiver site as weldl s 2 fly-
by-trajcctory should be conducted. The time and location for cach aircreft
maneuver should be noted for correlation and with the collect+d experiments}
data. Missiles comparable to the Soviet AS-2 through AS-5 scrics should

be fired, if possible, to obtain missile sipnatures at various ranges, altitudes
and oprraling conditions. At least three sipnatures of missile trajectories
should be obtaincd at dilferent freguencice for the extrapulation uof experis
mental data from aircraft targets and to demonstrate the system’s ability to
differenjiate between aircraft and missile signatures, Table 4.4 summarizes
the recommiended transmiiter source and target test parameters.

’f‘be receiving equipment system required to perform the experi-
ment include an antenns system, receivers, a data processor, and assuciated
peripheral equipment, If one of the landbased sites (e.g., Vint Hill Farms
Station} is employed, then most of the antenna system equipment necessary
" for the experiments exist., Only the commitment of the equipment for the
tests §s required by the responsible agency to conduct the experiments,

“The experimental data that needs to be zollected include signal angd
noise measurements, Doppler sigratures, and the DF information asscciated
with the signatures for aircraft an. . usriles under various conditions, This
data can be processed to:

. demonstrate the detection range of the polystatic technique,
and

b. verify the accuracies of the target location estimation
methbod. i

v !
«3 - Crsren petion. (V)

In order to demonstrate the FAD target detection range capability
and the accuracy of the Jocation techniques described in previous sections of
this report, & system as shown in the functional block diagram in Figurce 4.1
may be used, By using both cooperative and noncooperative HF CW trans--
mitters, this recejving system will be able to determine target Doppler
and azimuth for test targets at beyond line«of-sight distances. This system
would be capable of being operated in any of the three following modes:
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TABLE 4.4, é TEST PARAMETERS FOR EXPERIMENT. (U}

(— B — B B IR T

- . ‘1

Transmitters: Cooperative HF, and Noncooperative
HF Droadcast
Target Types: . Alrcraft, Missiles
Tranamitier- Target Ranges: 50, 100, 200 N. M.
Target-Receiver Rangen: 50, 100, 200 N. M.,
Adrcraft Altitudes: 200, 500, 1000 feet sabove ocean leve!l
Approaches: Head-on, Flyby
Maneyvers: Turn, Climb, Dive
Target Velocities: 250-400 ft/sec, {Alreraft)
700-7,000 ft/sec. (Missile)

Y 0 By B S e ool e By e

* At least three missile signatures st 100 NM rmge, 200 1t altitude
with » head-on approsch.

L G |

! e

*

4-9

e |
Litb‘mhn S PR P




A S by,

' 1 1 . * [
. M - LI R .,
PRITIOY TRy o —— ’_- R P T T, T e uger U DR A S P - - e - PP,
F —
. - DETECTOR/ Ting Coot
z a:c:?xa LOu ass CEnEATon
ONE MALF l FILTER
LIXCAR ARRAY J-—- wysate
——
l 23304 DETECTON/ vy
150t a L0V PASS
— RECTIVER FILTER ‘
g RALF v | ao yaRian 520 PISFLAY
LINEAR AARAY W n CowPUTER CONTRELLER
. DETECTIR/ I
> 150-1 J.‘I-—« Jcﬁ:?a LoV PASS —
v 'l FiLtEn AL rex
L s 0 STOARGE DISELAY
£-130A DEYECTON/ *
a8 - LOV PASS
AECEIVEN FILTER
b
(v
Figure 4.] ’ System Block Diagram. (U) o
AR e
. o wed
’w
Cifg
i
ﬁ!ﬁw—j,é
Uy
ity
by et | r v r o

[




=1 =3 budk bawd M

il . ‘
| 0 09 0 2 o e o e b oG ot Bt e

v

oo

@)

4.3 — - Continued,
m ’ -
2. the double baseline, single measurement mode;’
b. the single Baseline, double measuremen: mode; and
- the four Deppler location mode,

Target tracking using the double-baseline technigue would be accomplished

by measuring the Doppley shift on two paths and the apparent angle-uf.arrival
to the target for esch transmitter {requency. Both real-time Doppler and
real-time azimuth would be displayed on a fax display., Similarly, the single
baseline, two-measurement technique may also be used for target location by
making two successive Doppler and twe successive azimuth measurements
separated by at least 10 and no more then 00 seconds, Finally, the four _
Doppler target location technique may also be tested with this system by using
each of the four receivers to measure and display Doppler only,

The design goals of thie system are to--

a. measure azimuth to 1° and Doppler to 0.1 Hertz;
k. be easy to operate by an untrained operator;
C. be ultimately suitable for shipboard shock and vibration

envirenment; and
d. be principally composed of off«the-shelf hardware.

The one degree azimuth and 0.1 Hertz Doppler measurement accuracy are
based upon the location technique and error analysis results. The required
operator skill to use this system for target tracking is quite simple. The
operator simply tunes each pair of receivers to the appropriate transmitier
{requency of jnterest. During an event he obaerves and records the displayed
Doppler and displayed azimuth signature for the target, Finally, the operator
scales the Doppler and azirmuth data, and inputs this information back into the

" computer to solve for range. The basic hardware items for this system are

off-the-shelf and generally rugged enough for a shipboard environment. All
of the electronics is solid state, except for the R390 receiver, which is used
for shipboard HF communications.

4.4 (U}  DESICN CONCEPT. (U}

The following subsections discuss in detsll the block diagram, tech.
niques for Doppler and asimuth measurement, the required data displays and

e 2] operational procedures,
general op p o !'E 5 g
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4.4.} (V) Svyateny Description, {U) 'y

At thown in Figure 4.1 the antenna array consists of a lincar
disposed antenna with onc-half of the array connected to une of the twou dara
channels. IS50-T's are used to divide the signal power botween the two
channels. In vach data channe) the signals are combined in 2 hybrid which
produces sum (T} and diffcrence (b} output signals. The particular trans.
mitter to be spectrum snalyzed is tuncd up using standard R390A receivers.
The paired reccivers are gain matched to provide necessary monopule DF

"technique accuracy., The IF output of cach receiver is envelope detected

using high dynamic range AM detector, is low-pass filtered to approximately
8 20 Hertz bandwidth to prevent aliasing during the sampling process in the
A/D converter, Following sampling and A/D conversion the data is input

in 8 recirculating bulfer in the Varian 620/f computer. A total of four input
bulfers are used to store each 10-second duration signal to provide the 0.)
Hertz resolution required, One channel a1t a time is spectrum analyzed
using the FFT algorithm and the voltage spectral density is calculated, The
sum data signal is logrithmically compressed and matched to the dynamic
range of the display and finally output to the display. The display rmatching
process is veed to automatically adjust the average level of a spectral data
to the most senpitive range of the grey scale on the fax display. Each
Doppler channel appears in the conventional time-{requency-intensity format
on the display, '

4.4,2 {U} Azimuth Anple.of-Arrival Calculations. {U)

The magnitude of the spectrum from the delta channel ie combined
with the previcus spectrum from the sum channel to compute the angle-of-
arrival of cach time frequency cell for that spectrum. The angle<of-arrival
from boresight for each time frequency cell may be expressed as:

. MrenT AT
o *= sin ndeos E

where
i is the opersting wavelength,

d  i» the physical separation between phase centers of the
LDAA antenna,

E i» the elevation angle-cf-arrival,
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4.4,2 (W ~+ Continued,

is the ith frequency in the telts spectral array,
X, is the i!h member of the sum speciral arriy, and

ia the azimuth angle-of-arrival of the ith {requency time
component.

Thus, we cumpute for each spectrum and each frequency, the argle-of-arrival
of that bit of data. The o, data is then formed into an alpha array, s
amplitude compressed, display matched and displayed on the fax in a time-
angle-intensity format.

} is also stored in a mass-storage disk for
data is stored also in a yecirculating bulfer

The function tt ,f

later operstor recall. This i

foermat so that the most recent 10 minutes of data is available to the ocper.

ator. This eame time-angle-amplitude dats is computed for both channels
and is displayed on a fax paper as well as being stored on the disk,

4.4.3 iy Data Extrzction. (U}

When a target detection is made as noted by cbserving the Doppler
on the Doppler channel displays, the operator then manually measures the
target Doppler {requency and target angle~-of-arrival. 1f the double bascline,
single«meapurement technique is under test, measurements are made for
both data channels. I the single baseline, double.rmeasurement technigue
is under test, the operator {irst enters the time, {requency and target azi.
muth data at time T , then on the order 10 to 60 seconds later the operator
again measures the ¢ time, Doppler and target azimuth data on that same
channel, Or, {f the four Doppler target location technique is being employed,
one {requency measurement {s made for each of the four Dopplers. The
appropriste dats is then entered by the operater into the computer system
via the teletype., For each set of data entered by the operator, the computer
will sclve the target range ~uimuth algorithm and print oui the results for
the operator to review,

Although the operator has displayed for his viewing the computed
target arimuth on the fax display, the operator scaling of the angle data will
probably not be used in the actual range calculation. The appropriate angle
information {for each time-frequency cell entered by the operator will be
retrieved from the disk storage device. This is because greater angular
precision {s stored on the disk and can be displayed on the fax display.
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4.4.3 {U} ~= Continued.

An artist's concept of what this system might fook like is shuvn
in Figure 4.2, The rack at the left shows the four RIG0A receivers. The
next rack contains the computer core memaory, power supply, disk, AL
converter and other associated electronicu. The opcrator is shown seated
in front of the electrographic diaplay with the teletype shown to the right,

4.5 U} DETAILED DESICN SPECIFICATIONS., (W)

4.5.1 143)) Spectrum Analysix Specifications, (U)

The specifications for the spectrum analysis portion of the saystem
are given in Table 4.5,

Table 4-5 {U). Spectrum Analysis Specifications. (1)

INPUT
Sample rate (per channel) 51.2 samples per second
Numnber of channels ‘ 4
Fast Fourier Transform esize 512 points
Nurnber of seconds of data
per transform " 10
QUTPUT
Frequency resclution 6.1 Hz
Bandwidth {(folded) 0-25.6 Hz
Displayed bandwidth 0-20 He
Approximate time required for FF7T
and angle calculations (per
channel) 500 meee
DUTY FACTOR 500 percent

The requirement for a displayed bandwidlh of 8-20 Hz is set by the back-
scatter radar. Thus, the Doppler {requency shilt equals-+

2wt
£
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4.5.1 {U} ~+ Cuntinued. .

where ¢ = 3 a 10% meters per second. If we assume v = 600 MPH, the L
maximum airspeed for the P3  aircraft recommended for the experirnent
and { s }0 mHz which will be a typical transmitter [reguency used in the
experiment, we get & frequency shift of 1B Ha. The backscatier case pro-
duces the largesi {requency shift and shifis of 10 Hz or lese are expected in
most cases, Thus a displayed bandwidth of 0-20 Hz should adequately dis- !
play sl data coliected in the experiment, The receiver output will be diuvde :
detected and the sidebands will be folded about zero Hertx in the 0.20 iz

displayed bandwidth, thus sideband sense will not be available from the

display. However since the system will be used as part of an experiment,

the sideband sense of the target Doppler will be known a priori to the oper-

ator. The chief advantage to the folded apectrum is that the time required

for the Fast Fourier Traneform and the disk and core storage are all

halved by using the folded spectrum,

The requirement for 0.1 Hz resolution is set by the nature of the
range estimation techniques.

Using the requirements for rescolution and bandwidth, the A/D
sample rate ic 51.2 sarnples per second, The time samples are stored for
besecronds and a Fast Fourier Transform (FFT) is performed on the 512
samples. The output of this transform is 256 frequency domain points which
represent a bandwidth of 0-25.6 Hz with a resolution of 0,1 Hz. Since the
low<pass {ilter used afier the detector in the receiver is not an ideal low-
pass filter, there will be some attenuation on the skirt of the {ilter and

" several frequency points will be affected, The displayed bandwidth has

- estimated to be 300 milliseconds. The FFT es'{mate was obtained from a

bees set at 8-20 Hz {oy Lhis reanon.

The tirme required to perform the 512 point FFT and associated
‘data manipulations is estimated to be 350 milliseconds., The time required
for the azimuth angle calculations and associated data manipulations ji»

relative computational power and speed comparison between the SEL 8108 ]
computer and the computer proposed for this system, the Varian 620/¢,
Programs written for the BIOB require 250 milliseconds to do the transform
and the alightly slower 620/f should require 350 milliseconds or less. The
eutimate for the azimuth calculations was determined by coding & sample
Joop which computes the azimuth, and calculating the time to perform this
operation on the 200 frequency domain points from each of the two channels
used. A factor is then added to cover the overhead involved in the dsta
manipulations, , .

[ORe—y
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4.5, 1 {t ~+ Cuntinucd,

This total of 700 milliaeconds for the two FFTs and the 300 millj-
sceonds for the azimuth angle calculations for each of the two receiver pair
gives an average of 500 milliveconds per data channel, Thua, the system
is able to process each semple of dota with a duty factur of 500 percent.
Duty factor is defined 29 the time duration of the transformed dats divided
by the time required to process that «data for all the channels, Thus for
4 channels of data at 500 milliscconds per channel the duty {factor is:

100 0.8 e 500 percent.

(0.50) (4) 2.0

Simply stated, each time sample of data is processed 5 times. Storing the
time samples in & recirculating buffer permits the processing of the most
yecent 10 seconds o. d2*a. The higher the duty factor, the more smouthing
and averaging of the w. tx results, and the Jonger the Doppler-related data

is displayed.

The two-tone dynamic range of the system will be 90 db which
{s the limit available with a 16-bit computer. This 90 db two-ton. dynamic
range is also approximately the dynamic range of the R390A receiver that
is to be used in the experiment. In addition, stmospheric conditions are
gererally such that signals which ne:us;tata & two-tone dynamic range of
greater than 90 db are very rare,

4.5.2 v Azimuthal Specifications. {U)

The sz2imuth angle calculations will be done using the algorithm
explained in Section 4.4, The azimuth calculated will have a range of »30°
Ao 430° and will have & caleulation resolution of 0.25%, The calculated
aximuth can therefore be expressed a9 an B-bit number which can represent
up to 256 values, although only 240 valucs are required.

4.5.3 {U) Storage and Display Specifications, (U}

The computer core storage requirements for the programming
and buffers required for the software implementation of the system are
“shown §n Tablie 4.6, The total of 7,150 words will fit into the 8 K of core
which is avallable on the Varian 620/f, If other features are sdded to the
system or if the estimates given in Table 4-6 prove to be low, additional
4 K increments of memory are available.
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TABLE 4.6, (U} COMPUTER CORE REQUIREMENTS,

*
(U}

Programs

Signal Processing Programe
Disc §. - ualing

Teletype Handiing

Range Algorithm

Buffers

Input Buffer
Time«Weight Table
8in/Cos Table
Work Arca

Display Buffer

Total

Words

1500
400
408

2000

3900

2048
256

128

s12
275

3219 = 3250

7150
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4.5.3 (U} s Continued,

The azinwth calculations will result in an 8-bit number {4r byicn
Fach of two receiver pairs will compute 200 atimuthal points every 2.0
seconds. These sxiwouibal points will be stured 2 bytes to » Jh-bit wurd un
the disk. The disk to be used in the system has a storape capacity of 64,000
words; approximately 4, 000 words will be used for program sturage., At
200 words every 2 secondy, 600 seconds of data will be stored on the disk.
The disk will slways contain the most recent 10 minutes of data.

The spectral and azimuthal data will be displayed on an electro-
graphic facsimile display. The display, shown in Figure 4.3, contains data
from cach of the two receiver pairs; these pairsare referred to as Channel
A and Channcl B in the figure. Each channel contains a spectral display of
freguency, smplitude and time and an azimutha) display of angle, amplitude
and time. The specification for the display are also given in the figure. At
a sweep rate f onu line per second and a reaclution of 99 lines per inch, the
most recent 30 minvtes of data will be displayed on the fax at one time, In
addition to the spectral and azimuthal display on the fax, the time code will
be put on the fax.  On the edges of the fax the time of day &nd the Julian day
of the year will be encoded; this code will be put on once an hous, In the
ares between the spectrum and azirmuth displays, marks will appear at every
one and ten minute transition of the time code generator,

4.6 {V) COMPUTER HARDWARE DESCRIPTION, (U}

4,6.1 {1} Computer. (V)

The computer selected to perform the signal processing and
related functions is the Varian $20/f, The Varian 620/f computer is a high-
speed, general purpose, digital computer for scientific and industrial appli-
cations. Its features include-«

"Fast operation; 750-nanosecond memory cycle
Large instruction
Tepertoire: 148 instructions

Word length: 16 i:it:

Modular core memory: Euj;mdabiﬁ to 32, 768 wards in 4,096 increments

Automatic data transfer: Direct memory access facility provides auto-
matic data transfers with rates to 276, 000 words
per second
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T 1 1 cavisration
rrest .':,’ ] 25 LINES
v v "
AT
t' 21
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o3 5 MINUTE KARKS
AZ | HUTH - Tt s s TR .
c ‘ ] Py ¥, " Yy . 23
( * ,t} a?“ﬂ:“ KL x ?Eﬁt (4] 4 D%Y,
SRR e G- DAY OF YEAR
& undogrees
SPECTRAL CHANNEL 0«20 Hz 0,1 Wz RESGLUTIDN
b IN, WIDE 5 Mz PER INCH
AZ {MUTHAL CHANNEL ~30° 70 +30° 0,257 rESOLUTION
2.4 IN, WIDE 25° PER INCH
APLITUDE 32 LEVELS OF CREY SCALE
HORZONTAL RESOLUTION 50 LIKES PER INCH
VERTICAL {TINE)} RESOLUTION 99 LINES {SECONDS) PER INCH
SWEEP RATE 1 LINE PER SELOND

Figure 4.3 (1), Fathometer Display. (U}
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4.6.1 {U}

-« Caontinued, »

Divect, indirect, relative, index {pre and nasty,
jmmediate, and extended

Muitipie addressing:

Ten devices may be placed on the I/0 bus. The
1/0 system can casily be expanded to include
features such as avtomatic blogk transfer,
priority interrupt, and cycle-stealing data
transfers

Fleaible 170

Complete package includes & symbolic assemn-
bler, subroutine library, A /D diagnost cs, and
an ASA FORTRAN compiler

Extensive software:

The mechanical specifications for the 620/f are.-

Dimensions: The wmainframe and expansion {rames are
10.1/2 inches high, 19 inches wide, and 2]
inches deep.

105 to 123V ac or 210 to 250V ac, 60 Hz

The mainirame power supply requires approxi-
mately 15 amperes ac; each expansion frame
power supply requires appraximately 4 amperes

Input voltage:

Input current:

ac,
Temperasure: -
Operating 0 to 50 degress C
Storage 20 to 70 degrees C
H\md:}ity:
Qperating To 90 percent without condensation
Storags To 95 percent without condensation
Vibration: 3 to 10 Hz at 1g force or 0,25 double ampliv
tude, whichever iy Jeas, Exponentially-raised
frequency from 3 to 10 Hz and back to 3 Hz
over a 10 minute pericd, three complete cycles,
This specifications applies {for all three prin-
eipal axes, .
Shock: 4g for 11 milliseconds {all three principsl
. mxes)
4.21
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4,6,1% {U) -= Continuetdl,

The 620/{ was chosen on the baris of four factors--
&, speed,
b. capability,
€. mechanical specifications, and
d. cost,

The 750 nanosecond cycle tirme of the 620/f makes it one of the
fastest i6.bit computers commercially available, This speed is combined
with a powerlul instruction set which permits fast execution of the FFT and.
azimuth angle caleulation algerithms and thus gives a duty factor of over
500 percent in the processing. The temperature, vibration and shock
specifications exceed most computers in the 620/('s price/performance
field. The basic cost of the 6§20/ is below or comparable to most of the
16 -bit computers in its performance field,

4.6.2 v Anslop-to-Digitsl Converter, (U}

The analog to digital converter (A/D] selected for the system is
the Raytheon Miniverter, The model of the Miniverter selected is a 12-bi:
A/D wihich has & throughput rate of 45 KHz, an aperture time of 50 nano-
seconds and a resclution of 5 millivolts, The Miniverter is packaged ina
very compact unit and has proven to be very reliable as a system compon-
ent. :

4.6.3 v Disk. (U)

The disk selected for the system is the Singer-Librascope,
Medel L1107, The Singer-Librascope disk {8 & amall, Inexpensive and very
rugged dink systems which meets all the systemn reguirements.

The apecifications for the Model L107 are--

Maximum capacity bits: 1,080,000

Maximum capacity words: 67,000
Data heads: 45
Timing heads: “1

4-22
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4.6.3 W)

-« Cuntinued, ,

Maximum bits/trach:

Rotation speed, RPM:

24,000
3,600

Clock frequency, MHz Max.: 1.4

The mechanical specifications are«-

Dimensions:

Weight:

Ope rat;ng environment:
Temperature
Humidity
Shock

VYibration

Nonoperating environment:
Temperature
Hurnidity
Shock

Yibration

Power requirements:
Disk '
Electronics

6 inches high x 9 inches diameter

12 pounds {approximately)

0°C to 55°C

. 90 percent R, H. without condensation

10-G» 11-msee rise time {po shock isclaturs
required)

2.Ce acceleration max., 5 Hz to 50 Hz

. (no shock isolators required}

-50°C to 475° C
9% percent relative bumidity, no condensation.

15.Cs 1l-msec rise time {with no shock
isolators)

Mil.5td-8108, Method 514, Category (G)
eguipment specification used as a guideline.

This equipment category is for shipment by
common carrier, land or air.

115V ac, 50/60 He, single phase 1.5A

+#V dcat 1.4A
-5V dc at 0.25A
425V dc at 0.2A

4.23
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APPENDIX A

PHOPAGATION PREDICTION RAM. i)

" to predict monthly average ienospheric conditions af{ecting a specific ray

‘model profile are liftoff and burnout times, launch azimath, apogee, and

—_ —

rmance basically combines a modified varsion of the 1TSA/S
ESSA HF propagation prediction prugram for mode and mode amplitude
prediction; the bistatic radar range equation to predict the received scatter
path power: and an ITSASESSA noise prediction program to estimate
atmospheric, man made, and galactic noise at the receiver site,

'& The propagation prediction prog=am used ta estiniaie the
syste per

(0) - ‘The prediction program package consists of individual
compuler proprams that {3) compute & tarpet trajectiory; (b} predict
propagation mode structure and mode amplitude; and (¢} predict the doppler
and miscile cross-section.

&0) ' The trajectory sirmulation progrim'; estEmates the missile
or aircraflt trajectory based upon fitting the flight profile to & {unctional form
using a leastesquares fit technique. The required inputs 2o generate the

ranpe. The propram then computes altitude, range, latitude, Jongitude,
velovity, the wpeed ©f sound, Mach gumber, Mach anple, local target
bearings, local target elevation angles, and accelerationn The computed
parameters serve as inputs to the propagation prediction program to deter-
mine mode structures with a time varying terminzl point on the trajectory,

b)' The ITSA/ESSA propagation prediction prograr has been
modified {6 allow for non-congruent hop structures and for propagation to and
reflection from a point above the earth. The program predicts the mode
structures that meet jonospheric propagation conditions on each of the three
paths: the direc! {transmitter-receiver) path, the transmitter-target half
path, and targetereceiver half path, In addition, the propagation losses and
antenna gains for each mode are determined, For each mode predicted on the
transmitter-missile balf path, an "incident' (at the target) elevation angle, -
measured from the local horizon, is found. For each mode predicted on the
target-receiver half path, the “scatiered” slevation angle is also found. These
parameters are then used with a modeled profile to predict doppler {reguencies.,

@ ropagation predictions are based on empirically derived
world-wide numericzl maps of vertical ionosonde data, The results are
monthly fonosphe ric coelflicients which can be used with the parabolic Iacer
assumption {parabolic electiron density variations in the E and F layers:

path at ony hour of the day.
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App. A =+ Continued, .
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AR
@) ' In the prediction model, all Une of sight, E and F propagating
modes are deternmined batween the transmitter and the targel, between the
receiver and the target, and between the transmitter and the receiver. The
determination of these "half patha™ {s a generalization of the ground~to-
ground prediction technique to inclode the case of ground-to-elevation-point
predictions.

QU') _ After the mode struttures that meet the ionospheric conditiona
are idertified, {those between horizontal screening and fonospheric penetration)
propagation losses and antenna gains are determined. The losses calculated
are free apace loss {(inverse square Jaw), DJayer absorption Jous, and ground
reflection loss. The NBS empirical sdjustment {actor ia included on the
direct-path predictions to account for non~ealculsted losses, This factor is
statistical and varies with season, path length, and earth Jocation of the

path, No similar adjustment (actor s used or known for the half paths,

The antenna types are specificd {or the system and the appropriste gain
routines or gain tables are used,

"”) ' The target seattering model for missile targets above
100 km is a hyperboloid compressed-ambient fonization in the exhausi-plume
bow shotk wave, The shock-wave stattering surface i considered hyperboleoidal
from photographic sbssrvations which have shown that the shock-wave surface
could be described by a second order function and that the shock-wave surface
should be asymptotic to the Mach cone,

(U) ' The direction of the rays for the tranemitter-rmiasile and
recelver-miasile propagation pathe uniquely define a plane tangent to the
hyperboloidal surface which has the proper orientation for a reflection,
provided the incident ray sacounters & high enough electron denaity for
rellection.

(0) ' Since little definitive work has been'done 10 accurately
model missile croxs sections below 100 km or alrerslt cross sections st HF,
a constant Wdjustable) cross section is used for aircraft and missile targets
balow 100 km. )

(U) ' The antenna gain patterns for both the monepole transmitter
antennas and the LDAA receiving antenns are part of the program. The
gain pattern for the LDAA was obtained {rom daia supplied by ITT by using
azimuth patierns predicted by the array factor tuhnique for 16 monopole
elements and the slevation patierns {rom scaled model messurements.
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