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INTRODUCTION (U)

U) |
(/ AMm-Wonl&nmy IﬂOltmmmmpnyWhhomay.
m.uﬁummbgmmmmwummm.

Burtington.
sr. A. Van Every of ARPA orss chairman . The pupers aie published in four sectios, divided into the
following subject arexs: ' ’
Section 1. Executive Summary
Section 2. Sunmary of Fapers
Program Otyectives
Thenry and Messurements
Fleet Air Delense ‘
M'hcticll&ﬂy‘hmm
Section 3. Pame! Repons
Saction 4. Task Abstracts
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mmunsnrdlwe:duwinfmﬁonmdnwﬂmm '

{1 Aliloflnendeuiﬂmatﬂnendol&cﬁonl.

v Copiaofﬂwhmdinpmybemmmwuuomceofﬂuﬂ Research, Department

of the Navy, Washington, D.C. 20360, Attn: Code 418.
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EXECUTIVE SUMMARY (U)

§ PROJECT MAY BELL OVERVIEW (U)

o)

QA Project MAY BELL is directed towards occan surveillance and tactical early warning and is in-
vestipy

¢ g — =

ting the feagibility of detecting and tracking sireraft, misciles, ships and submarines at oves-the-
toruon Jistances using HF monostatic and bistatic radar.

1Y) (‘onctph using the ¢ basic geemettic configurations shown in Figure | sre being explored.

Ly S_l; support of these concepts varicus theoretical predictioms, propagation measurements, crom-
section studies and feasitility detection demonstrations have been made.

’lf The program emphasis during the past cighteen months has been spe.ifically directed tuwards

¥ oetermirung the attenustion and chutter propagation aspects thet apply to the concepts that use the sur-

face wave. «rd investigating the basic feasidility of detecting and wracking sircrait ushig Mode A1, Fleet

Og
SNCYA

ir Defense (FAD), and Mode IV (a) and (b), Buoy Tactical Early Warning (B-TF¥).

L) mmenmmmmmwnmwmm;mew are
shown in Figure 2.

NI SUMMARY OF RESULTS (U)

A Theory md Measurements (U)
1. Path Lom (V)

Meararements of received signal strength were mad: over a 300-km pata extending fron Cartss
Cay in tve Brhamas to the receiving site at Cape Kenne:!y. Florids. Detziled mesmirements extended
Som January through March, 1970,

The mean signul strength mcasuremnents agree well with predictsd' received signai strengths in ab-
solute Jevet. The spread of peints sbout the mean conforms 10 loss predictions versus sea statc at § snd
and 10 MHz insufficient data were svailable st |5 and 2C MHz to permit comparisons. Dsy-todsy
correlation of measured signal level with ses state was not retisble because only crude hindcast date was

 available on 1ea state. System drifts are concluded to be lem than 2 dB. Effects of Gucting on measured

U f:%
Ol

signal strengtha sre unknown. hdﬂewﬁhudcnﬁuoﬂhedinﬂwﬂbyﬂnmwhndm _

hish: sca state sppeart § on some records.

]
1

h

\.---
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%

2. Ship Detection

’.

Ship Detection

TASK ORGANIZATION OBJECTIVE
A.  Theory & Measurements
1, Attenustion & Clufter Ml Determine surface wave attenuation and
Calculations slutier as a fun tion of sca state, frequency,
and renge
3. Qlutter measurements ESSA Obtain simuitsneous multifrequency back-
scatter sea clutter measurenwents
3. Attenuation & Clutter Raytneon/ | Obtain bratic cluticy and path Joss measure-
Measurements APL meats g3 2 function of dstance and frequency
4. Attenuation Over ESSA Calculate the extra path los for surface
{rregular Inhomogenous waves over irregular inhomogenous termain
Tertsin
s, Crom Section Studies SR1 Compile and evaiuaie known crossseciion
mformation on SLBM
6. Ship Model Meassre- -} Culcuhﬁonnndmoidtmcdm
ments typical ship’s cross-section 23 3 funconof
, sspect, and (requency and polarization
9. Ship Cros Section NRL mmn!ofthexwdﬁpmﬂm
with the MADRE radar :
8. Wake Study ESSA Theoretical investigation of the HF radar
: crosysections of ship and submarine wakes
ss a function of frequency and aspect
angle
B. Fleet Air Defense
1. Feasibility Demon- ITT/NRL/APL |Initial fescibility demonstration of fleet air
stration Test defense concept using skywave illumination

NRL

U

with a d'stant transmitter and bistatic 1¢-
ception with close in receiver

Investigation of detecting ships on 8 Doppler
basis using the MADRE redar.

Investigating the detection of shipsca g
power basis using FW/CW high resolution

0

48 Figme 2 Participating Organizations, Tasks snd Objctives (U)




TASK ORGANIZATION OBECTIVES
C. Buoy Tactic:d Eatly
Warning {
1. BTEW Feasibdity Raytheon/APL Investigating the feasibility of detecting
* Demonstration No. | and tracking surcraft st short ranges
using 8 buoy-hased transmittet and land-
besed receiver using surface wave mode
3. BTEW Feasidbility Sylvanis tnvestipating the f:as'bility of detect:ng
Demonstration No.2 snd tracking 2t long range using & budy-
Sesed transmitter and 8 land-based
rectivet USing skywave
D. Panningand Coordin- APL Technical assistance {0 ARPA in the
stion overall planning, and coordination of
program

J
\-—,)yﬁlﬂn 2. Participating omni.uﬂou.'l‘uh and Objectives (cont) (W

V)
kq Sca-scattered encrgy was observed at $ and 10 MHz, with transmissions both from s buoy moored

120 km (rom the shore and from Carter Cay. The obaTvations were made both with CW signals and
phasecoded signals. the latter with cffective pulse lengths of 25 and 200 ps. '

@) The transmissions from the buoy proved considerably more important becauss the scatter ares
‘meat the buoy is deep ocean walet, rather than land of shoals, ssin the case of the Carter Cay trans-
missions. The signal spectrum showed that the sea scatter was confincd to two bands, of “pedestals”.
tenths of & hertz wide and located symmetrically within % hertz of the carrier; these observations egree
with theory and predictions relating the Doppler shifts to the velocities of the Bragg resonant ocean
waves responsible for scatter. The observed intensity for the ses clutter signal corresponds 10 an average
+24 and - 30 dB; this egrees with a predicted uppev

L]

scaltering cross-section pet unit area, ¢, of between
timit of - 23 dB.

Li‘n‘dﬁ.ﬂdﬁii Ly
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8. Fieet Alr Delense snd Ship Detoction )
1. Flust Alr Defenee (FAD) (U}

Detection of low-fly:ng thrests o mrface vessels 3¢ 8 range sufficient to give useful warmng time
ana trcking in“ormation b 8 problem which must be solve; if the surface navy is to avvive. Because of

" the advsntage of denyiag the enemy the swportunity of using imp'e Jirection fincing tochniques to
locate feet units, it is desirable that the solution 0t require radiation feom the flect.

The feasibility of unng a hybuid ts_Ly-waulmrfm wave) system to solve this problem has been
Jemomttated vunag FY 70 as part of the MAY BELL Program. In this concept, the target is illuminated
by sky-waves from trarsmitiers (eitner shipbotne ur land-base3) located uver-the-hocizon at ranges of
perhaps 1000-2000 km. Surface waves which propagate from the target to a receiving system abcard 8
ship permit d:tections to be made even when the target is below the line of sight radas horizon.

‘ An experiment was performed &t Cape Kennedy, Florida, where s short-based receiving station
was uscd to s.mulate the shipbosrd cnviconment. A NavyP3Vaicnfl served as ¢ target by flying off-
shore in a v of controliad Might pilm. snd ‘Uu.nination was provided by the MADRE and CHAPEL
BELL transmitters located respectively in Maryland and Virginia. For most of these flights the target
altitud: was 200 fect, and detoctions were made at ranges as grest as 100 km. 1t was shown to be
possible 10 track the target in both range and azimuth with accuracies of about S nmi and one dogroe
(depending on SNR). These results were obtained using 8 recciving/processirg system which was
assembled using existing equipment, and this oquipment was in many ways not well matched to the
experimental requitements, therefore, these resul's should not be taken as representing the capabilities

ot *he limitations of s properly designed system.

}S{ ‘l‘hedynunicun;cnquinmmtshnpoudbyﬂ\emeﬁtyofmdvingmﬂwtminm

presence of the incident sky-wave and of clutter were found to be well within the capability of existing
technology. Crow-polarized, bistatic target cross ssctions were alw found to bs of sufficient magnitude
(ag to 100 m? tor the F3V)to perr it detection. Qlutter was found to be compnsed primarily of the
resonant spociral lines which ar: generally well understood in terms of existing theory.
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2.  Ship Detection (V)
Q)p( The (ollowing is 8 summary of the various HF propagation techniGhes considered for ship detetion.

(u) 48T Monostatic Groundwave Radas has Jemonstrated a capability for the detection of mrface vench.
On the ovean (away from land), it is predicted that very modest systemi (two clement antennas and 8
tew hundred watts average power) caa provide detections bryond 50 nmi The limits cf location

acura'y. particulatly in azimuth, have not been studied.

(u) Monostatic &mve Radar has demonstrated 8 capability for detecting ships at one hop refraction
" ranges out to more than 1000 nmi. This has been done with coarse spatial resolution (60 ami by
12-depree ceil) and fine Doppler (0.1 Hz and smaller) vesolution. If higher spectral resolution is employed.

it is predicted that good ocean traffic surveys can be made on a daily basis. Optimum balanc: between
the several forms of resolution has not been studiad.

- p—

(U) Y Hybrd et using skywave illumination to the target and groundwave propagation from target
to receiver have been conducted. Examination of reference targets on the surface and cf retums from the
sca permit some predictions. [t appears that s hybrid bistatic system can (in addition to its primary

function of detecting AJC, SSM, and ASM) provide 8 surface vessel detoction capability. Thatis, 8
=quict™ fiect unit equipped with the bistatic system could have many of the sensing sbilities ordinarily
provided by conver.tional active radar plus additional capabilitics.

(0) wf It is recommended that the propagation of monostetic skywave ndar illumination of the area
around a fleet unit be further tested. In particular, determinations of the possibilities of ship unit obser-
vation of any attacking missiles o¢ misile boat detections should be made. These tests should study
contributions gained from the various forms of high resolution techniques and the requirements for
real-time jonosphere assessment for optimum Jtumination.

(D) ;S‘f The bistatic hybrid surface wave concept should be tested in the ship-mounted environment:
such tests could be concurrent with the monostatic tests. The potential of dow target detection should

be confirmed and thoroughly descrided.

‘ sy UIELASSIRED



C. Buoy Tectical Earty Warning (STEW) 131 V)
I. BTEWI (V)

- QJ)}sf The BTEW-1 concept involves detecuion of low flying sircraft at OTH distances by uminsting

v

nnm'uwithlummlnulomedonuoﬂ-lhmbuoymdmepﬁonofuum;ﬁochodsmlau
thor.: besed receiver tite via 8 ground wave propagation mode. Feasibility tests were conducted off the
Florida cosst using a trasemitter located on Carter Cay (just north of Grand Bahama lsland) and 8 re-
ceiving station st Cape Kennedy. The path length was 300 km and the target was & Navy F3V Aircraft,

ASY  The feasibility tests were succensful a2d demonstrated that standard radar calculation tachnigues.
with applicstion of Barricks' los model could be used with reauoratde conlidence, to deacribe the
comu- afforded by the BTEW-1 corcept. The tests, then, established and vatidatod a modes for caleu-
lating coverage,

@) 91/ Several variations of the original concept were examined, using the model, in » first atiempt to

o

<

assess potential capabilities in application to the dcfense of the CONUS, of special strategic areas, and
of the feet. The resuits of these analyses indicate that surveillance can be maintained cut to ranges of
300 to 400 Lm from a shore station with systems of practical dimensions. For exampiz, the anst comst
of the U.S. from Nove Scotis 10 the Straits of Florida, cou'd be covered by about 10 shore stations and
a fence of 30 buoys.

Although mmmmdmnmamumtommm flying sircraft there was

also the opportunity to observs the launch of a Poseidon missile from sea. Excellent detection results were
obtained. No analysis has been attempted to describe the early waming potertial of this kind of system
against SLBM's; howeves, it scems spparent that significant coverage of this threat caa be schieved with

a very small number of terminals.

)t(_ The program has reached the poin: where basic feasibility has been demonstrated. Some refine-
ment to the understanding o1 fundaniental limitations is required but more emphasis now thou!d be
placed upon th: definition of perform.ance and interface requirements. of detailed concept definition,
and upon examination of some of the more obvio's enginesring problems

2. BTEW2 (U)

@) /m/ The BTEW-2 concept involves target detection t long OTH ranges by illumirating the target with

a buoy mnunted transmitter ard reception of the target signal at a remote receiver ute via sky-wave.
Tests of this concept were s:ccemful but indicated that coverage would be very limited for any presently
mﬁnlkvglofhwymnum.

I
- ‘T-,' T J
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{1l RECOMMENDATIONY w

A. Additionsl Neascremenld [{1})

@)}P\/ The committes recomme. 3 tnhat additional measurements be undertaken overs $ 10 6 month
oxriod. The primary purpost of much meamuremets would be 1o obtain nerded information sbrut didly
path lom fluctustions with sca state and atumospheric refractivity. Data presently svailable are insufTicient
10 study these effects ot esteblish trends and conclusions. In addition, the water along the previous path
ia not typicat of the oecp ocean. An igeal path, for example, would be the 300 - 400 km over-water
. stretch from Cape Cod to Northern Maine. Daily sigaal strength messurements should be made on 5,
10. 15. and 20 MKz and with phase-cnded signals 30 & t0 clir :nate sky-wave contamination.

8.  Reduction of Existing Dats W)

@)y( Asmuhupoaibleor_meemﬁnspnhlmmmenuons.Is.mdzonﬂzshouldu
mdwunm'uunvmmmmmwdmpmmammmmu
computed. NRmemmdmddmﬁetethcuducﬁon of acrial profilometer wave-_ ight data
} uknmmefddlwmmmenﬁqmmn. Thaemwldpmldemepodﬁvehsktu
comparison and correlation with sea state. wnmi,oﬁue.wermlmmwuundmmw
permit md\uﬁumtuéhheeﬁmohmwm&monmmwmt

C Fleet Alr Defere (FAD) 1{1})

(0) (6" Now that the feasbiliy of the by (sky-aave s e wave) system concept fo Flect Al
Defense has been Jemonstrated beyond any reasonable doubt, it is recommended that dusing th= coming
year (FY 71) the following efforts should be carried out as the next step toward the goal of developing

an operational system:

. hoddeamdﬁnﬂpmeﬁmmmvhidlhmoﬁhmdnﬁuble for installation
aboard s ship such a3 8 destroyer, which can eventually be integrated into 8 fully suto-
mated system.

o [nvestigate the shipboard antenn problem, sclect elements best suited %o the FAD
mmu.mdptovidemmummfadﬁpbmrdm

OTmmewﬁmmomedvindpmedumdmtemnmmhaw
experiment using available illuminators (MADRE and CHAPEL BELL).

onﬁmmmhnWexm@L
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Q))Jﬂ/ o Purwe Floet Air Deferae System studies to further define the performance requirements,
mumﬂummwm:mmuwn. .

.-hhnddwnofwmmﬁmofwutmmuﬂwmﬁk
- mtummmmmmwuﬁc geometries.

. D.  Buoy Tactical Early Warning (STEW)
Q)) /n/ It is recommended that systems anslysis bo continued with eraphesis in the followiag areas:

¢ To provide & more complete description of covcrage capabilities for various deployment
concepis.

e To establish the mission and provide a definiticn of pecformance and (nterface
requirenents.

o To perform a preliminary cost trade-off analysis of the various deployment concepte.

. Tomwummtmupinmdhnd-ﬂmwfacepmblﬂu _
. Tomomamduchniquufuwwtlouﬁonmdmcm
. Tom&emmdmcymkwpmumwtommudduﬁcu

* e Tu obtain bistrtic crom-section informatios on representative sircraft and missi'e
targets,

REFERENCE
| I D.E. Barrick, “Theory of Ground-Wave Propagation Across a Rough Sea at Dekameter
‘Wavelengths (U), “Rescarch Report, Battelle Miemorial Institute. Columbus, Ohio,
January 1970, UNCLASSIFIED
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- DETAILED PROGRALM ORJECTIVES AND KEY ISSUES (U} :
\
|

Dr. ). W. Follin, Jr.

The Johns Hopkine University
Applied Physics Laberat.ey
8621 Grorpia Avenue
Silver Spring, Md. 2910

1 INTRODUCTION (U}

atta-king the scndncntal United States and for iieet it
~er.ty-horizon surve:lance of sttacking inissiles, sircraft and <hips. (See Figures |
conligurations can be used to solve parts of these problems. Acthis
best combinations of systems to do the job and to sstimate the |

@) )m/ ©.ws RELL prégam is inied at obtaining solutiors to “he sca surveillance problem both for|-
tactical eart warm:ng of mussiles and aircraft |

defene: that =
and ) Alarz -mher of system
- workshop we w1- 1o determine the
effectiveness of ©. =3¢ LOTNINANONS.
Q)) )6)/ For tactical early warning it is porsibie to use land-based monostatic skywave of surface wave
rauars of 8 ship-besed surface wave radas. Various bistatic systems involve buoys providing line-of sight
iumination with cither surface wave, or skywave, u
3 be tmm'msson in the opposit

transmiission to a land-based

or surface wave target
¢ divection since much higher |

receiver. One interesting possibility woul
power «an be achicvéd. leading to a 40 dB improvement in system petformance. In some geometries
jt appears that a buoy-to-buoy bistatic system would be effective Finally, the usc of an sircraft to
generate a synthetic receiving apertuie in conjun-tion with askywave illuminator may piovide the
surveillance desired.
Lo) }81/ For the fleet air defense system, choices are limited if it is desircd 10 mai..* :in radar sence aboard

ship. A monostatic land-based skywave radar can rnonitor the ocean around the fleet and transmit the |:

. im‘ormalioﬁ through appropriate co_mrhuﬁicnion links. Bistatic systems include the skywave target
illuminstion and surface wave pmpaphon to the dup. buoy line-of-sight or .urface wave target lumi-

. nation, and surface wave propagation to ship, and airbome synthetic aperture as above. ! i
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TACTICAL EARLY WARNING
TARGETS
SLoM
SLCM
AJC
SYSTEMS
MONOSTATIC
SURFACE WAVE RADAR
SKYWAVE RADAR

BISTATIC
BUOY LOS TARGET SURFACE WAVE TO LAND OR REVERSE

BUOY LOS TARGET SKYWAVE TO LAND OR REVERSE

FLEET AIR DEFENSE

TARGETS
SLCM
AIC
SHIPS

SYSTEMS

) MONOSTATIC
LAND-BASED SKYWAVE RADAR

BISTATIC
) . LAND-BASED SKYWAVE {LLUMINATE SURFACE WAVE TO SHIP

RUOY LOS ILLUMINATE - SURFACE WAVE TO SHIP
SKYWAVE ILLUMINATE - AKC SYNTHETIC APERTURE RECEIVE

(V) 451 Figure 1. MAY BELL Program Objectives, Sea Surveillance o (V)
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Q)) )M/ Before the effectivencss of these systems can be determined, the following key technical probiems

that must be answered: for surface waves, the effects of sea state on clutter and propagstion; for sky-
waves. the coherence of the icnusphere on nearby psths. For skips une probiem is effective antenna
aperture and beam steeting in the presence of resonant superstructure, and second, the problem of RFl
from intermodulstion products from other transmitters aboard ship. For buoy platforns, the problems
are adeguate aniennas, powet and security and to some extent survivahility of the buoy. Key system
problems. in addition to accuracy, coverage. and efTectiveness, are ECM. s nuclear environment, and
finally possible give-away of infarmation to the enemy a3 8 result of our transmissions.

(Ut These key problems are the basis of the questions prepared (or the discussion poupsand it s
hoped that most of them can be answered at this workshop.

H REQUIREMENTS FOR EARLY WARNING (V)

Q

jﬁ The usefulness of an OTH early warning system depends on the probability of Jetection, the
probability of false detections. and the accuracy of location and identification. These parcmeters arc
intsrretated and d2pend on the amount of additional warning time achieved.

and

minimum of five minute (until the threat comex over-the-hoﬁzolgis required to get the ship to general
quarters. and fifteen minutes if fighters have to be scrambled. The required accuracy is = 5° since the
target must be designated within the 15 - 20° acquisition sector scan of the fire control radars. It is
especially important to note that sttempts to defeat 3 ¢ 'se missile by ECM or chafT are much more
effective before s missile locks on a ship.

(O) ,(ﬂ/ For buoy tactical early warning siicraft detections should allow intercepton to be scrambled
for intercept outside ASM range. Typically this requires ranges of 200 - 300 nmi and an accurscy
of $ nmi.
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THEORY OF ATTENUATION AND CLUTTER (U)

Donald E. Darrick

Battelle Memorial Institute
$0S King Avenue
Columbus, Otio 41201

I INTRODUCTION (L)

(Ul Ower the past vear and 3 half, work has been underway on the problem of the interaction of an HF
radio wave with the rough sea. Two man phenomens were of con.err. in Jhe study: 1) attenuation
suitered by 3 ground wave progagating across Lhe ocean undur vanying ica state conditions; ano 2) the
wattet (ur dutter) 1eturned to the recciver from the occan and ils relatiouship to sea state. Both phenom-
ena vould conceivably be himiting factors in racar performance. and 8 knowledpe of their magnitude is of
importance in the dedgn and development of such a sysiem.

(Ul On the question of increased attenuation versus sea state. no measurements rade before the MAY
BELL Program were complete enough to either confirm or deny any dependence on ses state. No-was
any theorctical prediction available as to the xpected niagnitude of such an effect. With regard to clutter
of sca scatier. measurctnents have been available for nearly 15 years which have satisfactorily explained
the nature and mechanism of the interaction. From observed Doppler shifts it was surmised that ocean
waves scaticr according to the Bragg mechanism,in the same mannes 23 3 simple difTraction grating.
Measurements of the magnitude of the sea scatter echo and it: relationship to sea state at HF have been
cunsiderably less complele: only recently Lave more thorough me isurements along these lines heen vnder-
taken by Crombie of ESSA, Headrick and thers at NRL. ané Barnum of Stanford, 2s well 3s the work oa
data reduction presently underway at Raytheon. Thes efforts, all rcported under the MAY BELL
Program, should provide valuable data on observed se» clutter strength. As to the theory, it was only in
r=cent years that Wetzel and Barrick related the strength of the received signal spectrum directly "o the
ocean waveheight spectrum evaluated at the Bragg spatial wavenuinbers. This enables 3 quantitative
connection between echo strength and sea state which should complement the measured Jata.

19
UNCLASSIFIED
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Il SUMMARY OF ATTENUATION PREDICTIONS (U)

W) The problem of aticnuation of a surface wave propagation above a rough sea has been attacked in
the fullowing manner. First, an effective surface impedance is derived which accounts for the rouzhness
a0 wiell as the finite conductivity of sea waicr. Then this effective surface impedance i used in an £SSA
compiet progrant (o predict the basic transmission loss between two points ovef the scu versus sca state.®

) The calculation of the effuctive surface impedance of the sca ot HF is facilitated becawne |, the
aovan waveheight is small companad to wavelength, 2, the surface slopes are small, and 3, the wa walct iv
tughiy vonducting at HF. Consquently, the boundary perturbation approach of Rice was used along with
the Loantovich boundary condition for the surface. The results show that the cffective isnpedance
tacsvunting for roughness) consists of two terms, one which is merely the impedance cf sc3 watcr alonv
and the other which contains the eftect of roughness. The latter invaives an integral over the ucvan waves
height spectrum. In evaluating the Latter nuincrically, the Phillips wind-wave spectaun for the occan sur-
face was sehocied a3 a “typical” modwi. The presence of swell is negiected in this model, as well 2s sny
actust dirccticnality. One thus obtains results for ihe elfective impedance which are functions of wind

povd.

(Up  When these effective impedances are employed in the ESSA groundwave progran, numbers flor
hasic tramsmission loss arc obtained. To show clearly the eifect of sea state, foss differcnce {in decibeks)
tetween a perfectly smooth wa and various conditions of roughness were plotted. Figure | shows such

an example for 10 MHz, versus range and wind speed. The conductivity of acean water was taken as

& mho/m and a 4/3 carth refractivity factor was used in the program. Transmittcr and receiver are assumed
tocated on the surface in Figure 1. In Figure 2. the actual basic t:ansmission Josses (rather than the
differvnces) are shown from a surface-based source (o an elevated receiver. The first number is the loss

for a perfectly smooth sea and the second is fo- sea state § (i.e., 25-knot wind).

(U)  The rosults show that sca state efTects become more prunounced at greater ranges. For example,
at 10 MHz and 100 nmi range, the signal variation due to sca state is of the order of 8 dB for one-way

prupagation.

*A report showing the details and results of this work is available as “Theory of Ground Wave
Propagation acvoss 8 Rough Sea at Dekameter Wavelengths™ by D. E. Farrick, battelle Memorial institute,
January 1970.
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11 SUMMARY OF CLUTTER CALCULATIONS (U)

UV The anslysis of scatter from the rough ocean surface is approached with the same techniue n
used for the attenuation calculativns: namely, the Rice perturbation analysis along with the Leontovich
boundary cundition.® The results of this study show that the ircremental received power spectral density
and abwilute powet scattered (rom: the patch of ses, ds, can be expresssd in the usual radsr range equation
form as

4P. G, G, A! L
APgwre ~ IR p 22 (e PR L L Ly 2 ] PR
e Ry Ry (4rP R} R]

Transmitted powes is Py, antenna gains are G, . G, . dit*ances {rons transitter to the patch ds and from
the patch ds to receiver are Ry, Ry, and wavciength is A. The quentities Fy and Fy #re the Norton
attenuation functions from target patch to the transmitter and receiver, respectively. (They cpproach
uaity for shor: ranges.) They can be expressed in terms of the basic transmission loss, Ly (in dB), for
examphe, as
9

F't s 2.!:_1. - 16 L0
U The sea scatter cross section 0® and related spectral density for vertical polarization obtained from
the analysis are

o= wk! (1-cos v P Wik, fcose- 1)k sing w-w,) .

o® = k! (1-corg) Wik (cosv- 1)k sinv|

where k, = 2r/A. f, = w, /5 is the carrier frequency is the bistatic anglc from the forwaru scatter
direction, W(p, q. &} is the spatiak-temporal waveheight spectrum for the sex and W (p, Q) is the spatial
waveheight spectrum only. The normalizstion between power and power spectral density is

v"-%,l.:c(u)du.

(U)  As scen in the sbove equations for ¢ (w) and 6°, the spatisl wavenumbers appearing in the wave
height spectra for p and q are precisely those required for Bragg scatter. This confirms the interpretation
deduced from measurcments.

® A report giving derivations of sea scatter and the signal spectrum is in preparation. Most of the derivations
are also found in a paper “The Interaction of HF /VHF Radio Waves with the Sea Surface and Its Implica-
tions™, by D.E. Barrick, presented at AGARD “Electromagnetics of the Sea™ Mecting, June 1970.
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(U) Figure 3. Received Clutter Signal Spectrum at § MHz for Bictatic Radar with [00-km Baseline,
Effective Pulse Length 12.5 s, and for Time Delay One Pulse Length Behind Direct
Pukse. Phillips Isotropic. Fully Aroused Ocean-Wave Spectrum is Assumed (Solid Line).
Dashed Lin= Represents Likely Measuremeuts rom Nonisotropic Sex. (U)
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(U) Figure 4. Received Clutter Signal Spectrum at 10 MHz for Bistatic Radar with 100 km Baseline,
Effective Pulse Length 12.5 us, and for Time Delay One Puise Length Behind Direct
Pubse. Phillips Isotropic, Fully Aroused (icean-¥'avs Syectrum is Assumed (Solid Line).
Dashed Line Represents Likely Mezsurements for Nonisotropic Sea. (U)
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() To cstimate the level and shape of sca clulter signais, the Phillips isotropic wind-wave spectrum
i again ewaployed: 0°, obtsined in this m.nner for bistatic scatle, is .23 ¢B. This value is more Jikely
o0 upper limit bevause the sea in practice is neither wotropic nor fully developed, as implied in the model.

(Us  The Mhillips isotropic wind-wave model is again used to aloulate the clutter spectrum for 8 dintatic
autface-surtace radar. The sea is aswmed tully developed. The antennas arc yuarter-wave vertical mono-
poles. fovated wer sea watet, scparated by 100 km. The signal permits an clfective time (ot range)
resolution of 12,5 psec. The elliptical range cull selected corresponds to one pulse length aft=t receip! of
the dinevt signal. Figures 3 and § show the expected spectrs at § and 10 Miiz, normatized to the incident
rowet. The frequency. s ® u.l!t is the cutlofl on the outer sidvs ol the clutter pedestals, ie.. 0224
and 0 322 Hz respectively. The height observed (ot the “eans™ depends upon the procrssor resolutions;
the ko the resolution, the shorter the eatx.

(U} The interpretation of these bistatic clutter spuctra is again in conformance with the Bragg scatter
mechanism. The higher frequencies in the pedestals come from the erds of the elliptical resdution cell
near the hackscatter directions. The lower frequencies in the pedestals come from the sides of the cllipse,
mearer the forward scatic repron. For farger ellipus corresponding to longet dulays, the pedestals collapse
to an impulse function centered on g . the backscatier Doppler.

(Uy  The total clutter power received in this range cell is about 23 dB below the dirvct signal. Again.
observed clutter signals are likely 10 be lower because the sea is rarely fully developed and isotropic for
these radar frequencies. Therefoee, difference betv.cen ctutter and direct signal of 30 dB would be
expected 10 be typical.
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BPOMEX SEA SCATTER CBSERVATIONS (U)

D. D. Crombie

Institute for Telecommunication Sciences
ESSA Keseacch Labs, Bouider, Coloredo 80302

1 INTRODUCTION

) Observations were made during the BOMEX project of the coherent backscatter of HF ground
waves from the sea. along the east coast of Barbados Island. The usta were taken using 3 multifrequency
cohvrent HF podzr system opurating in the range of 1.7 to 12.37 MHz. Successive pulse Dairs were Irans
mitted in cach of eight preseiected frequencics in the above range. The demodulated signals were sampied
" at four ranges (22.5 - 10C km?. passed through an £/D converter, and recorded digitally (10 biws; with an

incremental tape recorder.

(U)  Short vertical broadband monopoics were used for transmission and reception. Two of these were
spacad 100 ft. apart and switched alternately to the peceiver between each pair of transmitter pulses on
the same frequency. Thus, 64 separate sets of data were recorded.

(U)  The basic repetition rate of the transmitter was 60 pulses/second and the pulse length was 40 ps.
Thus. cach set of data (one¢ antenna, One range and one frequency) was sampled 3%, times per second.

() The radiated power and receiver/antenna sensitivity wers determined using 3 field strength meter,
and a small target transmitter located several hundred feet from the antennas. Calibrations were made at
each operating frequency. Radiated powers ranged from 26 watts at 1.7 MHz to about | kW at the higher
frequencies. ’

(U)  The transmitting and receiving antennas were situated about 150 ft. from the edge of a cliff which
was about 30 ft. above, and 200 ft. away from the waler's edge.
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1} DATA ANALYSIS (U}

Wy  Thurty-minute sampics of data wore taken aro subjected to fast Founet trarsformation in the
computer at Boulder. The program was written to identily the spectral Jemtws and the bandwidths a.
the -3, <10 and -20 dB levels as well o the fregaencies of the spectral peaks. From these dats the RMS
agaal kevel at each peak coukd be obtained. Knowing the receiver senutivily and the radiated power, the
wattening ctoss section, @, of the sea could be calculated trom the fultow .nw formula,

¢* ¥?

g8 ~—el——=—0 m?
Ax10°P
whate
d = distance of the watterce in km.
E, = received field strength inpV/m, and
P = mdisted powerin kW

Uy This definition of . which is particularly appropriate o ground wave radar, results in values which
are smaller by a factor - f three than free space formula. The iactor three atises because it i assamed that
the scaticrer behaves as a short vertical monopole contributing 2 factor of 1.5 that re-radiates into the
hemispiere above the sea contributing a factor of 2. The effects of ground wave attenuation are not
included in this formula,

1l OBSERVED SCATTERING CROSs SECTIONS (U)

(Uy  Some of the values of 0 observed at a range of 22.5 km, where ground wave attenuation can be
wgnored. are shown in Figure |. The right-hand scale shows the value of reiative scattering =ross seclion

@® {i.e.. cToOss section per unit illuminated arca). The values shown are for approaching waves resulting
from partially ot fully developed scas st wind speeds of from 10 10 20 kts. The receding components have
ross scctions sbout 20 dB smaller. The valucs shown are averaged over the whole 180° sector dluminated
y the transmilter.

IV SPECTRAL DENSITY OF THE SEA SURFACE (U}

(U) Knowing the scaltering cToss scction and the bandwidth of the scattered signal, it is possible to .
determine the non-directronal spectral denaity, S(D- of the sca surface for the wavelengths obscrved.
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The required relationship o

sine © | KL m?

1 !
o d d"‘lz:

where o o the scattering cnns saection in m? 3t 2 sea wavelength L meten or a wave (requency of F hertz,
J is the cange (m), d, the cadial leagth (m) uf the dlluminated area, and g is the acceleration of gravily.

(Y Some exampks of nondirectionat frequency spectrs ohtaincd in this way are shown in Figure 2.
Ihe lower curve shows an obwrved spectrum foe companson with Miskowits's 20-kt syncptic spectrum.
he neat vurve shows the tesults for 3 wind holieved to be lighter than for the lower curve. The two
upmer cunes show spected obtained at the same time as the NASA wavc-moeasuring aircraft was flying over
the area Lin the downwind direction) where the radar data were obtained. Significant wave heights de-
rived from the NASA data are also shown (or compatison with those denved from the spectra shown,

The agreement is good and although tbe wave heights are small, the comparison shows that wave heights
and spectra can be obtained from hackscatter data. However. to be useful under rougher conditicns. the
rudar wavekngths aeed 1o be increased.

V BANDWIDTH O THE BACKSCATTFRED SIGNALS (U)

(U} Sume represcntative bandwidths of backscattered signals are shown in ‘igurc 3. The plotted valuey

ate the handwidtiv 10 dB below the spectral peak. Plots of the spectra show a strong tendency towanka .

Gaussian shape rather than the sin x/x form expected from simple theory. The points in Figure 3 show
that the Duppler bandwidth increases with frequency but that the rate of increase depends on sca slate.
The points for 11 July represent relatively rough conditions. while those for the 14 and 16 July represent

rather quicier seas.

V1 SHIP SCATTERING CROSS SECTION (U}

QJ) $87  During the BOMEX obscrvations some data was obtained about the cross section of the USCGS

Jup Mt Mitchell. The revised cstimated cross section was - 400 m? using the definition of ¢ given in
vquation t, The frequency used was 2.9 MHz. Observations at other frequencics were unsucoessful be-
cause of the high noise and interference levels present during the nighttime obscrvations.
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WAVE SPECTRA
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(Uj Figure 2. Wave Spectra Deduced from Croseections (U
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(U) Figure 3, Observed Bandwidths of Backscattered Signals (U)
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(W) The Mt Mitchell has an overall length of 231 feet. beam of 42 fect and o dsplacement of 1627
tons. TR funndd lop is appronimately 40 fuet above the water line. the *np of the tallest mast is 70 feet
ahwwe the water - ¢. The masts are approximately 100 fect apant.

| . @ pﬂ/ When the cros section is increased by a factos of Y to bring 1t in accordance with cunventional

! trov space definstions of @ the value bevomes 1200 m?. Theotetical eatimaios of the cros section of &

' dipode 140 foct bong in o e space, 4t Y9 Milz gives - 1000 m?. The agreement appears good, but the
thevretnal extimate i strongly depend:nt on the ofTective length of the mast.

Vil CONCLUNIONS (U)
V)
}x( The main conclusions from this work using a monostatic hackscatter radar are the (ollowing.

o The average scattering cruss wtion of thi sc3 can by estimated if the non-directional

spectram of the sca is known. . [

e The intrinsic handwidth of the hazk scattcred signals is very small but increases with
frequency and sca stale.

o |t apprars that there is reasonable agreement between theoretical estimates of ship
cross scctions based on mast height, and a measurement {sce Scetion V). ;
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MEASUREME!.TS OF PATH LOSS (U)

H. Hooprelia

Raytheon Compeny
t Division
OHD Advanced Develnoment Depariment
Spencer Latoostery
Burlingt . Massschase @

I OBJECTI'E (U)

(Uy  The prisnary interest of MAY BELL ground wave signal amnlitude csperiments was Lo Ineasure
path loss on severdd frequencies, Lo co.telate the siend fluctuations wiih sca state, and 10 teut the validity
of the rough ocean scattering model Jevelop~d ty D. Barrick of BML.

0 APPROACE (U)

(U)  Surface wave ignal levels were measured on a propagation path between the tra.smitter site on
Carter Cay in the Baham=3 and the receiving site at Cape Kennedy. There were two transmitiers on
Carter. tadiating about | kW over monopole antennas. During the first three months of 1970 openatica
was on four frequencies, nea 5, 10, 15. and 20 MHz.

(U)  Signals were received on the ITT 16-+lement armay on ali frequencier during the entire ~rogram
and with reference monopole antennas on 5. 10 and 15 MHz over a shoTter period All tranemitting
and receiving antennas were in close proximity to the shoreline so that the propagation path was sub-
stantially over sn open stretch of ocean for & distance of 300 km between path tcrminais. However,
approximately 80 km of this distance Jay inside a shoal line defining a region of low water with depths
ranging from 1 to 5 [athoms.

(U)  Theindex for sca state used in making comparisors was taken to be hindcast wave height (s>
Figure 1). The reference smooth sea datum was Norton's prectiction for ocean water with conductivity
of $ mhos/m. In this analysis, computed signal levels were derived from Norton's formulation fors
radiating elementary monopole. Estimates for the availeble power from a receiving monopole were thea
computed from the free space sperture, using the free space grin of 2 dB for the mwropale,
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Ul RESULTS (V)

(U)  Path loss dats on $ MHz with monopole reception (see Figure 2) was available for 13 days in
March. Signal level luctustions ovet s range of 5 dB were measured. The lowest value of siznal level wn
obscrved around the 9th of March where hindcast data showed 3 naximum wave height of 13 feet.

()  On 10 MHz, loss datz from the monopole system (sce Figure 3) showed litte comvincing
day-to-day correlation with hindcast duta with the exception of the period 10 March - 15 March, during
which rough seas were reported. During this time. the signal level dropped by approximately 10 d8
below the estimate for a smooth sea. The overall spread in power measurements, 0dB to 10 dB below
refervnce. agrees closely with the Bardck predictions for 8 distribution of sca states ranging from O (o S._

(V)  There were 11 days when the 1 $-MHz rignal was received on the BSA. The BSA was calibrated
against the 1 S-MHz monopole and BSA muasurements were adjusted sccordingly. Although the data
base was more restricted, the 15-MHz data displayed trends similar to the 10-MHz dats; little or no
correlation with hindcast except for the Muich 10 - March 15 period, and a data spread ranging from

9 dB above to 10 dB below the smooth #2a estimate. This compsres to Barrick's estimate of about +1
to-14 dB for seastates (. to S,

(U)  The data base for >0 MHz (sce Figur: 4) was 6 days. Duta was collected on the BSA buta
ceference monopole was not available for aslivratton. Consequently, the BSA gain was assumed to in-
clude the full 12-d8 theorstical array factor. On this basis, the values of received power display a range
to 1§ dB below the smooth sea estimate. There was insufficient data to search for low signal values in
the March 10 - March 15 period.

() A comparison was made of hindcast data (sce Figure 1) with wind speeds recorded over the sune

period at GBI and Cape Kennedy. Only & fair correlation was noted. In the hindcast data, the occurence

of northerly winds appeared to coincide with the highest values of wave height. ‘This would imply ocran

waves travelling in 2 direction more or less transverse to the propagation path, where the effect on path

loss i minimal, and consequently would be expected to produce a decovrelating effect between sea state
) and signal level on a point-to-point basis.

(U)  Skywave contamination proved (o be 2 scrious problem on all frequencies. On analysis, 8 sub-
stantisl portion (about 40 per cent) of the data was reiected on the basis of suspected biasing by skywave
signals. The elimiration was accomplished primarily Dy examining the peaks of the sighal speciral
density for stability over a relatively long peniod.
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IV SIGNIFICANCE (U)

) (U)  ttis concluded that the measurements showed little duy-to-day comreiation v:ith hindcast data

for the sea except for one high ses atate period in

March. Treated a3 8 whoie, however, the body of data

* did exhubit an unquestioned frequency behaviour substantially in conformity with the referenced pre- |

N
LA N

dictions fot the sca states encountered.
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WIND SPEED AT CAPE KENNEDY AFS {LOCAL NOON)

. et -

HT AND DIRECTION lNAVAL OCEANOGRAPHIC OFFDCE HINDCASTD

9
FEBRUARY

(U) Figure 1. Windspeed snd Wave Height, January - March 1970 (U)
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(U) Figure J. Received Power Measurements on 10 and 15 MHz, January ~ March 1970 (U)
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MEASURED SHIP CROSS St TIONS oLy

J. M. Headrich

Naval Research Laboratory
Washinglon, . C.

¢ heen made with the MADRE ratat using Fround-swavy

lovated on the Chesapeake Bay has been the gain standard sl

(_U- ? € tensn s ion determanabinns s
od for cach test and 3 path-loss determing

praopagation A Quatier-wdse monopole
tor artenna cahibration. The water conductivity has heen measur

tron mady atter the program ot L. Berey of ESSA.

oy that was fitted with 2 modulated ¢ 10-Hz) antenna by EPL-ITT.
target. The beft column contains, {rom top to

|
4:

(US Figure 1 shows a MAY BFLL bu

 eure ¥ s an example of the charactenishes of this type
of vne wdehand versus time, the Dopplers (9. § He and 10.5 Hz) versus hime,

half Hz offset from zefo was used to obtain the above. In the
flerent ordery are shown but with a true zern froquency
nding

tottom, the echo amphitude
and the amplitedes versus fronnemy. A one
wodumn on the nght 2 mmalar ot ol petures tin di
gedue ion Notice that the two sde hands do interfere both comstructncely and destructively depe

upwn the ime

Lu\ tgure

appvats ot " Sand 8 § Hzthe dovel reference

19 dB m° . The relation uwed was

1 shows the tadsr return from the final weraon of the buay antenna tatget. The tarpet

2t 10.5 Hz. The radar arca determined far one sdvhand was

.

podn' 1 ¥
PG N

- ehure F i the ground-wase loss tactor per L Berry of FESSA.

Wr  Digure & gves normalized vpnal levebs made using the above techmigues on HMS Arcthus, 2

The difference hetween the curve delined by these ponts and the plotted foss curve gives

Bratnh trpate
1 ranges due to shiclding by Cone Point 18 wen

the tadar arca. The deoop in the vugnal leve!ls 3t the longe

wm | pure §

e Dapure b onoa prture of the USS Thamas, and Figute 7 ?)t\ the radar atva determination.

grire 9 gives the radar arca detcrmination.
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M Fig’uu-l. Buoy with Target Antenna W
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Bt BACK SCATTER $ROM A SHIP'S WAKE (L)

D. ). Criuabie

Institate for 1elecommunication Scienues .
ESSA Resecarch Labsy. Boulder, ('ulut:l‘dn 8002

1 INTRODUCTION (W)

@y I 196X the witer sugeested st 2 Delense Scrence Board (DSB) mecting that the highly perusdu
structune of 3 ship's wake might have a Jarge resonant seattening crosswetion. 1t was also suggested that
at some aspects, at least the Doppler shaft of sipnals resonantly scattered frum the wake would be differ-
ent from that of the ugnals fesonantly s tiered from the swa. As g result Iy H Kurss has anvestipated
how the Doppler shitt from g w ghe Gopends on the ship's velocity. on th: ditection of inadence, and how
sty value 3t IeWnANCE COMpPLnes with the Doppler shift of the sca clutter. He has also investigated how the

wattenng ctoss wohion depends on the same factors. This note will summarize his results.

.'.ll DOPPLER SHIFT (U)

&) )K( The Dappler shift uf the signal Im!Naurred from the sca is given by

tan), = 1"" !°l4nu vicos@-0 [

while the Duppler shaft of the sipnal swattored from the wahe at resonance is given hy

1)y, = (3" .'4lll‘(g:'v)(cos 0/lcos180:0}])
Thus the ratio 1 pven by
(A1) W/ (310, = - acon 8 ]uos (02 0]
where 38 3'473%9 5 0.9300. 8 is the angle Metween the direction of the transmitter. as seen from the ship.
and the direction of the ship's motion, and v is the ship velocity while g is the acceleration of gravity.

The angle € 1 the inchnation of the cusp lines of the wake to the direction of travel, and has a value
0 =1 2N,

L 3
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Lni'-s. e .wUEt “-

el I —

ren -t v an the gepon ol e 1

(9);/0 Equateon | w plotted i §gure 1. and shows that cxeept &
‘e b Dlopples sults, This ditfcrene should viably @ wabhe viha

thete 1 o vemtiant diflcrcme

Gty wpatated fron the waclutiy e unostabin sy v

2 v 2 propetly desgn

i1l SUATTERING CROSS SLUTION (LD

crii atens i tion of the wahe  An spprose |

@) )i/ 1% Aurss has sl doschoped formulae pryne the watl
h sssuines that the wudth of the wnp hoe s I'J.:-k... )

mate seesuen, whie
ot mnsllK.-’\I: NEYL
i

where the et = 24 1oand
KL= 1adsntty, '
where §, s the clevation ot the ath crest along the cusp hine. N is the number of crests along the dlumr
nated prortion of the cnp hine. The factor fid 1 contans the sngular dupendence and is gaven hy i
|

sin(@-8,)
0= | — -3
' cos (8:8) ‘
hown in Figure 1. The variation of (08} with 0'is hown [n Figure 2. 1 is evadent |
peadence on 6.
i

where 6.6 an-d 84 ate
ro when 8 = 8. but otherwise shows no rapud Je
|

that the vrone wetior is 7¢
esonance with cuspidal components of the |
length (A0S a$m. I the

yn/ At 3 ship velovity of 20 knots, the frequency (fryof ¢
k=137 M the

Q

wake. along the direztion of the ship’s velouity. is = 3.0MHz, the wake wave
» 0.75m 117100 of the wavclength) one wavelength behind the ship. K.
is 10km. N = 10.000/75 = 133 and N43=2700. From Figure 1, 1912074

component of the wake is .23.500m?, at resonance.

wahe amphtude
Muminated length of the wake
Thus the wattenng vtoss wetion for one

10 M1, in diameter, 327 ft. tong, 213

that the surface wake of 3 submarine
of 0.27 muters at § wasclengths

Q)) Yim ond Tulin indicate
20 knots will have an amplitude

depth of K2 11, and having a velocity of
twhind the submanne. Thus,
K/k= 1848 (5) 12 27 = L0

The other parameters heing the same. the cross section of one arm of the wake is=9107MM° at resonance.
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iV NOTLS ON DETLCTION OF SUBMARINE AND SHIP WAKES (U)

yt( ¢ urtent vah ulatsons indicate that the radat stonsse ion of a wake can be sery large 4 ~ 10707
41 tEMMaM L,

The freyuency of tho tedat Jepends quite cntially € « 1771 on the shap's welin sty and heading.

Thus the radat must step with sery small changes, in frequeny.

y'r( The Doppler shitt ot the wabe dilfens wpnficantly from the Doppler shift of the sea. oves usle 2

wide range of azimuth angles, Toweser, the ditterences are such that Dopgler resolution of 1/100 Hr o

we are tequired. This unplics obaeriation tunes of a few minutes. The use of 2 bistati radar is abwo

contrrindwated,

Submannes proaduce sutfave wshes of ugnifivant amplitude o they are shallow erough and fast

coouph, Current calvulations sugpest that the wakes might be detected tor denths of up to 200 It and for

apeeds greater than 20 kts towet apeeds require smaller depths).

< as low as 1 MHz are tequired. At these frequencies the obtain-

s Al such speeds radar froquencic
« obtainable at higher frccuencies because of the sma!l

able tadat tange is quite larpe compatcd with tho
gound wave attenuation,

)S‘( Provided the wake Doppler can be separated from the clutter Doppler. a radar for detecting wakes
wnll be noise imited, Thus the minimum wake amplitude which is observable will depend only on
ambvient noise levels and transmitter power.

)6!/ { visualize that a radar for detection of wakes would consist of 2 Fuls*d monostatic system with
260" diumination. Pulwe rates should be as high as possible consistent with avoidance of skywave clutter.

tach pulw will be transmitted at a diffesent (hy < 15) frequency from the [-revicus one. Th. complete
T freguemy wan will be completed within half the period of the Doppler shifts expected. Successive

sEnals at the same frequency will be added cobetently,

b J 18‘( After upnals from ane of both varms" of the wake are detected their heaning can be determined

© ty vanous methods. 1t presumed that the received sipgnals will be processed as indi. ated above in

sveral rangc gates.

L 3]
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FLLLT AIR DEFENSE REQUIREMINTS (U) .
L)
Paul T. Stine
Radas Disinion. Naval Revearch Laboratory
Wahingtoa, DO, 20390

I INTRODUCTION (U}

( U) )X( Our Navy s problem an torms of Neet af detense (FADDY requetementfs s nosed by 1he Tact that
ile environment under constant surveillance by trawlens, cubmannes.

fleet units must opcrate in a host
“neutral” shipping seswls, aircaafl, certain types of land-hased sensors. and possibly satellites,
mahing use of swenvng technques available as 2 result of a ramdly advanuing technology. In order to
d improved sunaillance dita providing det=ction, dentification,
remains for defensve reactior. This susncillance
effevtive under FMOON operating

acvuracy and timehrness as to be

each

operate cilectinely, our flect units aee
snvd low ation or travk of a threat while suffivient time
LAty needs 10 e g ailable under 2l weather conditions,
conditions, faghly rehable. and capable of provuding Jata of sufiicient
uw (ul 10 supboard detenuve systems. In addition, the sups adlance system must not olwiate an

appropruate oftensve defenane Balanve withan flect umits,

11 DOCUMENTED REQUIREMENTS (U)

@) }m/ Officrally, the Navy's requirements for Ncet air defense are covered by General Operational
Roequitement (GORY 17 titted “Sutface Anti-Ant Warfare™ which evaentially says that all ships must be
aNe to defend themaelses against short-range misules. and large tactical units must be able to countet
g srae vehicles. Advanced Development Objecing (ADOY 1 723X,
* deals more specifivally with the prohable threat and poauble requine
the-honzon (OTH) detection of the threat.

threats from all sourves incdudin
“Shiphoard Surface Wave Radar
ments tor shipboard suttace-wave radar a3 8 means of over-

il NATURE OF THE THREAT (U}

(()) }JII/ The threat as delined by ADG 17-23X, wimmatized i Higures 1 and 2, 1na low-flyang
140 11 Atude tarpet L apatic of at least 100 nmi range and having 4 radat «fous s tion (RUSHof one




()

wpuaty Wwieran the hagh Huguemy i ahand Fhae RS wonnstabhe i a5 witstantiated by

el ] icasatements sawn i bagute 3 Alung with ovw-fyang altah sineatl annd an bt laum bed
ansaites as the S8 U iSAMLE L the pattol boat-laune hed 88 N-2STY XD massle and the Ingate of
whn:at e aumhed AN HISHADDOURY msale are commonty avepted s bomg e proswntatne of
fendan s thvats 1w o tual range Lapatalitics of dhe §HN 2 8802 and §4N-3 are 22,48, and

Sagl tespra by TEn reasmnable st that thie thicats of the seat 1 ature will b sapahic of

one Lanther, lowel, and Lastey than the abose tentsmed msles.

IV THE REAL NEED U

Q} 9( T vanman, e sy s peal eed seems to e 4 sonablame svm taving the fullowing bas

Jhatactorisine and prtarmaine
o All-weather upersuing vapatihity.
o 1itA tineness snder § MOCON conditions.
o Lavpoearca corvetage upptmnmatcl) 2 JO0-ami tadie trom flect unit).
o Mokulity tocovet operating arcd of intcrvst.
o Compatitalsty with ships defensive and offensive woipons systems.
¢ Vigh rehiabibity.

e Abihly todetet, wentify. and track wmall (RCS = M,
jow flymgtlt =10 1) tarpets.

o Anmuthal soufdy of * §7orbetier tav wen from the flect ut).
e Range avcutay of * § nmi ot bettes (as seeh from the flcet umt)

o Velouty aouracy of © 8 Lnots of belter drclative 1O flect umt),

L I| I—
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. ADO 17-2)X: SHIPBOARD SURFACE WAVE RADAR
-
BRIEF
' wYo accomplirh the development work necewary to prove the military usefulr.vs, technical
feasibility. and financial acceptability of a Shipboard Surface Wave Radar.”
]
i ULTIMATE CBJECTIVES
s. “To provide easly detection of low-flying air targets st 8 nange of
(00 miles or more.™
b.  “To yrovide azimuth angle and time that the threatening aie target will
enter the normal defensive radar envesope.”
¢. “When the objective is achieved. 2 dechion whether or not 10 continue
into Engineeving Develupment will be made by CNO."
|
1
€
"Q" 2 @) y{ Figure 1. ADO 17-23X. Brief and Ohjectives (U - - ] B
: . b T
e N —
3 3
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ADO 17-23X: SHIPBOARD SURFACE WAVE RADAR

AMPUFYING DATA SUMMARY

a. Performance Desired

Devection of low-flying §-m? target at 100-nmi range

Range resotution of * ) _umi
Azimuth accuracy of = 5°

Velocily resolution of = 10 knots
Five frequency bands within HF band

Rapid shifting between frequency bands

b. Constraints

Lightweight and compact

Suitable for instailation in 3 DD or larger ship
Compatible with current shipboard powet limitations
No harmful interference to HF communications sysiems

No physical harm to personnei in expowd locations

Cd> )Sf Figure 2. ADO I7-23X. Summary of Amplifving Data (U
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v POSSIBLE OTH SOLUTIONS (i)

S

=~ / A it oo prnsiile slutions the Navy ylarge-arva sinciblanee probloms am fudes Al W radarl.
freli opter-horne (adar, passive LUM saatelbite wineilanue, shywave radar. satlace-wane tadat, and™

v 1o a8 FAT prapapaling u the vsaparative diwt. Nevdloss firsay . gk hasals advantapes and
anntateons ot AW radar aid heliopter tadar methinds of looking over the honson sutler Ifom
acatiivt and it problems, Pasive FOM s wcdoss agannt 2 non-radhating thicat, Saieihite sut-
actlianie ¢ tae e sete lopiniwes, wedther, and avonifacs problems. Shyware rudar has tange and snmuttial
T acentay inutations along with problems of propagation path alatility as itlustrated in Iipure 4.

AL ot sUtlaew e radan, due 1o high surfavewane attepuation, would reqare powertul trany
it 1 anad large antennas » dlustrated in Fgures through 7. would b Iinsted by practieal vonuder-
ataons e doterhion fAnES of about SO 10 100 nmi and would not be usable undet § MCON vonditions.
A 1o ave Fadaf propapation in the vvapotating Juet would chvo violate FMCON conditions and v
poohably nnuted to ranpes of 0 to 100 nmi. In addiion, much remains 10 tw learned about the ime

apace, and thickness variahilitivs of euaporative ducts.

(3.1) £ other possble solution s hy bad sysfemon which one of mote uptimally designed mobile
Arwag adars each operate monostatically to provide latge-atea supveillanee t £00-nin radans)
around 3 flect unt, the surveillance duts teing transmitted to the flvet unit by repualar communication
ke, Inasmuch as the shy wase radam ate iluminating the arcd of interest, fleet units can he cquipped
to maby bitatic detechion and lovation ol threats coming within a range of about 50 to 100 nmi as

o van in Egures 8 and 9. In this approavh, the ranpe dccursy of the bistatic data is guite dependent
uj on strategw ponitioning of the skywave illuminators relative to the flect vnit as shown in Figure 10.
Although the histatic range accuracy of such a system feaves something to be desired. it would appear
Ly have all of the desired characteristics listed undes Scction IV with a high probability of solving the
total problem.

vi CONCLUSIONS (U)

( )y( It » concluded that the by brid skywav e Ut ewave system sugpested ahone and summarized
w Fypure 11 offen g pravtival solution to the Navy s problem of OTH sunvcillance, and it is recommended

that sieps be takea toward implementation of suich & system.
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CHARACTERISTIC

Ship Sire Req'd.

Frobable Shipbowd
Antenna

Avg. Transmiltoe
Fower

[ Primary Power
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“Below Deck™
Weight
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(On 1-M? Low
Flying Target) \ -
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PROPOSED METHOD OF OTH THREAT DETECTION

Use & remotely located OTH skywave radar to detect and locate 3 threat and porsibly
o communicate this “exly waening™ to the ship or a3k force under attach.

Equip one or more ships in a task force with a bistatic surface wave radr capability
such that they can make use of the illumination of the threat by the skywave radar.

Equip one or more ships in a txsk force with a monostatic surface wave radw

capability to provide improved data on OTH targets which have bren identified
as threats.

J
Q ))Si/ Figure 11. Hyorid Svatem for OTH Surveillance (U)
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~Ath A well cootdinated missile attack in open seas might be exf ected as shown in Figure bl

FLEET AIR DEFENSE REQUIREMENTS 2
FOR EARLY WARNING ')

Richard 1. Hunt

L]
The Juhns Hophins University
Applied Phiysics Laburatory
8621 Ceorgis Avenue
Silver Spring. Maryland 20910

i INTRUDUCTION (W)

This paper dinusws gross Requifements for detevtion and alerting of 4 Naval Task Force against
the primary anti-ship ciuime missle threat. A system which .adcqualrly mcets this threat will almost
cortamly satnfy requisements of Tewer theeats. An cxamptle of a coordinatest missile attack which might |
b expevted aganst a Task Force in the open ovean is discuswed to highlighl‘}lht salient features of the
sanous types of weapons available to the enemy. To provide adequate AAW defense against such an
sttack. the AAW force commandet requires warning of an impending attack with enough time so that

he may use s defenuve AAW weapons in the best way. The actions that necd to be taken to prepare

the defense. together with fzctors affecting devisions, are outlined. Gross requirementsJor threat
reopmition, time ana hearing are piven, Because of the need to communicate early warning information.
+ functional descrintion of an intership communication system bass2 on NTDS is provided (Figure 11

(1 The ensuing discuswon follows each of the charts in the prescntation,

It COORDINATED MISSILE ATTACK (FIGURE 2) {U}

(€1 The Soveet Navy has been growing considerably during the last 10 years with the introduction
of many new types of ships, missiles and aitcraft. The anti-ship missile threat has now reached alevel
of guality, diveraty, force size and geographical deployment that etablishes it as a major constraint on
U * ficet operations. The threat, althuugh developing in detail, is established in general pattem and

cannot be capevied to change radically any more than the U S could easily di\'-:tgei fft'\-l;! the attack .

Camer Task Force concept. |

103
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Q )(l/ This group 1 «apable ot lautihing 48 1o §8 miswles at the VSN furve within a perid of about
€ 1o 10 snutes. At 40 10 48 missdes will be svestully Tl ing obiects and will enter the ai spavy
st the USN toree Approvmately 25-38 hould be operable wehing missles. 1t stiould be noted that
20 1 4% mnsiles are engzpeable tarpets e the defenves cannvt know which sekers are operable. The
Jetenwes ste thus faced with shout & to 11 tarpets per minute of the attock 1 well covgdinated. Thewe
Larpets iy e apptowhung the defense over shout s large as 120" angular wotor.

[,\)) Yy 11 should by noted that roughly half the miwsiles ame from submannes, mesming the surfaed
sann B platiagins Jie cwentislly undetectable until 2 to ¥ minutes before launch.

QJ) ﬂ’( the enemy can be expuated to support wich an attack with lugh Jevels of stand-off barrage

wmnLaee e addition, at traffic demsity will be high and can be expected as a normal part of the en-

urontent, Traffic denuty will be vanable depending primarily on distance 1o shote. Jyprally, on the
ardet of $0-100 fnendly air tracks ¢.n be expected for opetations clone 1n 1o shore and 20-50 fnendly
1o ke LOF OpEn OUean Mtuations.

1t FUNCTION OF EARLY WARNING (FIGURE 3) (U)

Q)) The pamary purpose ot carly warning is to provide timely informahion to the AAW forve
commandet 0 as 10 emure that the actions nevessary for preparing weapon systems 10 best cope with an
atta b have been taken, The actions that arc taken will depend on the information availablc 1o the com-

mander and the level of confidence he has in the validity of the information.

Commuanders are reluctant to take this action unless timely and positive threal recognition van be pro-
vded. Revent fleet excrvises have demonstrated that detection of tarpets with modificd vondition 3
wats hes s the single most limiting factor in defensive capability against simulated high density raids.

(U )Pi/ The most cntical factor in a good Jifensive posture is bringing system manning levels to GQ.

Q)j . M To'hy pass the many normal scquential steps in the processing of targets. SAM and EW syuicms
Jte heing buill today (some clementaty systems have already been installedd with vo~called
“Threat Responsive Modes' of operation. Basically, this system concept depends on adeauate recopuition
ot wentifivation of the threat. Some thoughts on providing positive threat recogmition are shown on the
nent chart. 1 the Nleet has chosen to use EMCON as a deveptive measure and positive thrcat recopnition
<an b ohtained. dovtnine should be established (o remove radiation silence

@) }44 Some of the actions which will enhance detection and target provessing 4re to employ limsted
azumuth warch by the operators of radar consoles, to use fire control radars in automatic sector scarch and
to bang the force PIM to 3 direction which will unmask radza and launchers. These actions depend on an

adequate knowledge of attack bearing.
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o PROVIDE INFORMATION WHICH WILL ASSIST THE AAW FORCE COMMANDER.
IN BRINGING SHIPS EQUIPMENTS & SYSTEMS TO BEAR IN THE BEST WAY

ACTION ITEMS

FACTORS AFFECTING DECISIONS

’ , POSITIVE THREAT RECOGNITION GO MANNING LEVELS

& TIME AVAILABLE

EMPLOY THREAY RESPONSIVE MODES
REMOVE EMCON STATUS

POSITIVE THREAT RECOGNITION

CONCENTRATED AZIMUTH SEARCH
USE OF FCR SECTOR SEARCH PATTERNS

UNMASKING EQUIPMENT

ATTACK BEARING

ATTACK BEARING & TIME AVAILABLE INTERCEPTOR & ASW AIRCRAFT DEPLOVMENT
DISPOSITION OF SURFACE ELEMENTS

) )
. L'J }t/' Figure 3. Function of Early Warning (U
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2 )A The une of anterceptun, doth CAP and 1 1. depemds on sutfivent tine to bong these sy tenn to
Swat apainet & Anoen attah beanng. Intereopiots wan play & PRty rule in dostroy g Jaunch sehinltos
enot ta mewile launch, Jovi uy INg mming i rall and ssanting in the sdenfiin at:0n Precew. Tunely
Aoowledpe of a0 attach beanng van help the Turee comsiander in redeploy ment of sirface elemunts in
away b g dotond the Egh-valug Lopet. Ruedueploy ment may be paris ularly approprdte of ships have
toen dispsmad i minale Sraps of Jte on ASW mesaons and the threat informaunn clearly establishes that
the attacb s s tored to the Jughevalue targel.

‘ IV THREAT RLCOGNITION tHigure $) (U)

(o) :
) G the ey clement i taking ahon- for a good delenvive panture depends on positing threat

, Toveenitun, it is welul 1o evamine characterntios of the thicat appropriate to the system under comadot
dleewy wlich mas be germane to plentification. The ot stnhang Characterntics of the misale threat,
indepondent of radiation signatures, are the Doppler separation from the launch sehicle and the kinemate
profile of the target. The ittaunched missiles current today are discernible by 2 Doppler of about Sti krots
whe i probabhy will net be smaller than thes o the Tuture. Sots will surface pnor to launct for g few
annutes and are subjedt to detection betore mowiles aee Tired so that the Deppler from sirfaced vesels iy
2 threat indication. Obtaning sehwity sector (o withine 10" will pae the force commander an indication

of the sucvess of fadure of minale traps and dictate the aced for ship redepleyment.

Vv GROSS REQUIREMENTS TO ALERT FORCE TO IMMINENT A FTACK (Figure 5) ()

('%/ Tune and beanng reqinrements for the several defensive systems ase shown on this chart, Time
toquitcinents translate Into range hased on current missile spevds of about M1.0 and possibly M2.0in the
fusure. The iminng factor in time is the Jdetay assoviated with hnapng ships to Q. Ten minutes mplics
a 1ange from the task force of the ordet of 100- 200 nmi witici: cormesponds troughly to possible missite
Liunch tanpe and is therelfore compatihle with the requiremeats for positive threat recognition. Time
requirements for poor ship dispusition, however, are not sitisfactory for the force commander te Aer
deceptive deployment tactics.

@) ;(/ Beanng requiremenis for search radats are based on limited cxpericnce in fleet encreises which
* show that opcrators do rot detect targets from simultancous hearings sepatated more than 90". Fire
control radar bearing accuracics should be within the automatic sector search pattems of these radars
which vary from 15° to 20°.
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o SOME CHARAZFERISTICS OF THREAT

. SEPARATION OF ATTACKING MISSILE FROM LAUNCH CRAFY |
AIRPLANE (DISCERNIBLE B% ~ 50 KNQI, DOPPLER RESOLUTION f
s WITH A S0 NM RANGE RESOLUTION.

SURFACED SUBMARINE
SURFACE VESSELS

- TARGET PROFILE
SPEED
ALTITUDE
VELOCITY VECTOR (<10°)

o CAPITALIZE ON ABOVE CRITERIA TO KEEP PROBABILITY OF FALSE
v ALARM LOW

£ v
N ety e ee

(‘j)y( Figure 4. Threat Recognition (U) .-
i <




SAM GUN ¢ EW_SYSTEMS

- ——
TJIME ~%5_.1n0 MIN WITH UNOO SHIP DISPUSITION
TRANSIT
-1-2 HR WITH POOR SHIP DISPOLITION -

-~1-9% MIN WwWITH GOOD SHIP DISPOSITION

ON-STATION
~1 2 HR Wit POOR SHIP DISPOSITION

_BEARING

B FOR SEARCH RADAR ~ ¢0°
FOR FCR WITHIN REASONABLE FCR SECTOR SEARCH -13 - 20°

INTERCEPTOR SYSTEMS

TIME CAP -.3 MIN FROM 100 NM CAP STATION

DLl ~15 MIN
BEARING ‘NITHIN Al RADAR LCAN ~20" -
[ |

¥la

v .
( ) }ﬁ/ Figure $. Geons Requirements to Alest Force to Imminent Mitach 1L
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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
- FOR FORCE NOT IN EMCON USE NORMAL COMMUNICATIONS

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

U
( ) )ﬁ Figure 6. Fonible Communization Control 1L
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FAD HISTORY (U}

J. M. Headrch

Naval Research Laboratory
Washington D.C.

( U) y?( The mivwale threat to ships was the inspiration for comidenng bistatic HF -adar. The method

U

(9

near aship and to detect the tazget:
dar mation  Some sample

was Lo use Temole sky-wave JMumination of low-altitudes targets
wattered encepy by 2 pound-wave pathtoa ship-mounted receiving 13
calsulations were made in 1967 that suggested feasibility. Figure | gives expe: ted mOonostatic sky-wae
gadat performance o1 3 set of assumed radar and target parameters. The joncsphenc model ws per

1TSA-1. Figure 2 pves expected monnstatic gound-wave radar performance for ihrec operating fre-

quenstes speead over 2 greater frequency range than the set required 1n Figur: 1. In Fygure 3 histatw

quired frequency extremes. These computations indicate the bistatie

perform s e I8 gven for the re
n trcated in more deiail in an appendis of the MSDS Group Seurvl

method hes posubilities, the analysiv
Report “Musie-Threat Ship Defense Study " 1L nf 8 May 1968,

avy heen made vsing FSSA transmissions for illumination and the
in an catly example that shows FesOnant ware

A sweries of expenmental testan
MADRE taciht: on Chesape.ie Bas tor recepticn. Figure 4
e -on recened By pround wase Fagure §is a latet example witiy higher powet In addition, some tosts

have heen condacted uang the | LS A receved vignal 3. 2 releh ave.

') The ARPA FAD expeniments were planned to completely demonstrate the hasic teasibality of low-
alttude patats, detes !t coand toevp e hoth ihe capabilities ard reguircd system devgn {eatures

fan et ot ARETAVE ST have d-ii wirated the hasw Pustzla feanhility of detecton ot
the som Myt . <o cpart” Heet .ut such a detection capatulity may have weveral applications How-

ever, the shavman Clamnagts Wb Ly o w48 o monostatic fadar. snd 1t can complement the

foud ot saatom e prattroee Lt tir.n and tab Bhind asmuths, In somic vases it mas he dewrable 1o

fuase thie tleet wnil oper e £ o owe 1 osnentatie diter the Tirst miasic duetectum,

koo i
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NRE DATA ANALYSIS ()

J M Hudnal

Noval Rewwarch Laboratory
washungion, b (

il It was planned that SRE D lluminate tor part of the Fleet Aw Ixtenw (tHAD et Jrdeselop
conmpudet programs tor ugnal analy s unng 1 and Q plus monopulw channcly inciuding m ey o din
plas . amd Vattorthe-fact examine and analy se the data uang bath the MADRE wgnal priseswor and o
et b plus the deseloped programs Ihe contnibution would be s capability tor tine-frequetiny ond

hangatotaps-tuie Jnaly ws plus a vanety ot dunplays,

Wwh Tor avoomplinh task DY NRL requared that the data be revostded on To1rach tape 1nan 18M-
compatinle lormat The toa long series oof vsents, Rt ore feel of e meching the feguitemenis et
Thus oniv Taska | and 2 have heen done plus conuderable uncupeated work an tnang to avhieve Tash }
St the B AD vt of 2 o butter verus frequemy dessiptinn wan to be NRL s some frapments of Jata

w 'l b shown heee that du give pertinent caamples.

"W 1 wutes 1 through 6 are the exampies. In general the signat cnhihited tao of three anphitud

v s a3 tung o of reguemy. It 1 hoped that westhet and wa--tate comditions can be ¢ imparcd with

the eneney dintoibutlaon

s b Uagaie 1, duppler (M2 ume delay tpseudo ranget s shown at in S0 S0 o0 T Eetruan 17
The anatsans bandwidth s 2. 14 He.

/M/ tn §icute 2, a doppler time hators s given log ar 1,25 .ma 1angy gale starting on the ime ek o
e ey s otnd catlioad stgube of Frgure 1A Kot ainetalt 1k s ossdent  The hardwidth 4 141,

W bpure VA wasmade withan U 26.ma tange pate starhing at the earirst sitobe of Figure 1 Hagare

tH was Ataried on the sevitnd stfobe

Wi aure 4\ and B diow amplitude verws D'||‘plsl displays made tor the fast two strobes of
$opare 1. The sesolutson handwidth i L2 2Nh

Wi Figure SA and B show dinplays unular to thine of Figure 3. but made for opcratian on 16 In Miis

U L are 6 hows computer-gencrated spectea toe 27 t chniary 19°0
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FAD RADAR SYSTEM STUDY 1V

Wesey N. Mollard
-~

ITT l'.k\'lm-l’h)'an Laboratories. I,
3385 52nd \renue
Ho attwville. Mars land 20781

t INTRODUCTION U3

v) _

( 4 i a paper Uthed “+AD L apennient ot February. 1970y presented gt thin worhshop.
Thomas DS ottt gave some results of the Flegt Air Delense (FAD) expenments which were arrd out
e Januan and Februany of this year. Those results clcarly demenstrated the feasubiity of the hy brud,

Ahymase suTlaee wane radat vonvept.

(l)) ] b ollowing this demuomiration of Teasibility, ARPA hus directed this contra 1oF 10 undettibye g

prelmunary system study ditevted toward @ potential tactical system employing such a hy bnd mode

radat for et air detense. 1t was Jear at the outset that such a radat system would provide the et

with the ontical function ot MNLANINgE an €arly waming sun aithane e capability while sl proswnany

vomplely Avstromagnetn-radiation alemee. This joint capability would profect e flect spanst g st

prse ttach. and at the sgme ime deny an cnemy the use of Net-penerated fadubion for the putposes

of thevt hn ation of weapons pudance.

(U) )( Toe overal] obgectives of s sudy ate lo investipate the apiie ation of the iy bd mode radar |

tas the problem of Qeet dit detense. and 1o detemine the futufe aciioas peacasary 10 penmat the |

Jusclopmuent of an operationdl system. The it step 1n reaciung thew obed ties s tonteraelate th |

AIVe 3 stemis avaslable to the levtin

muture of e potential threats with the chatactenstive of the defe
by brid-mode tadar. brom thew

catder 11 aw crtain the performance DN whi b must be met by the
gencrate mcamgngful enpineening spectfications fow wvh 3
L peaenste towar b, Jevelopinent

aerformance cntena, 8w ther poauhle (o

radar. 1he above anaboss wall then help o wWentify thawe areds whivh ul

the state-ol-theatl, thow |

« whali seguire further sudy, and. evwanally, the prinaipal arcas of mk. . I
-

tent., and evaiuation LRDTLE) efloris, yndi 4ting the arcas which constitute

Q)) w/ 1 i current study draws upon pasl \udy etfggts to the preatest entent onublc, In partu ular.
. wmaderahle use 18 being made of sertain ol the Results trom a previous 1T PL study of a COSNUS OHB y

cr) aysigm sondudted for the LUSAE, The _(’ONUS s 1 evpex adly usctul 3

wver: The-Monzos Bachwatl
. \
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v et i e st and O g e il fa ot TV T IT B ¥ L TIPS L B
ton el ok LD wath Fesp et mende ol pastat cqnetatunon gnd e o tall peblom the s e
Lov s hav. et banl atvas o Cormmeralitin sl g Tn iy Tugie Tt vl Jorrher b oo

e ts Darecl fapwy, el I abditien,  mavimaim use will ¥ made v vther compected ddudios o
RETITI FTRNTIFTWRLTITY LI thirral mod v ang tonang setoims Tty Jdrawe ooen thisostenoas, hacbhgtor.d
b st g ntormraten st wili v gl e i g mediest N U L UL LT RIS B
Lt G dopth that ealabbatis mcarsepetnd - andsan the ampottant b pnct s e nicrmy il 1t

ptlem

(() / Ureote | oabowa g ponezal outhing of the UAD kot atinds s sb s boang carneet e iy (IR IR R
e oo artan bgure 3 bhistrates moe leativ the nter i stionshigss atnang Lo vafes e patts -l

st catorn The mapse clements making ap the 1 vw Qhatl are s anes d e felbowe et

I KEY STLULY AREAS (W)

\ Threat Conaderations (U1
' O) / The s anvous threat madeis whahoare oftwially postulated to bean enonm ansentofiisn 1

1970 - 19N era ate dang imaestigaied  The threat medels e bude Both spocilin weaee s chara et
and attack wenatun The individual weapons exfend Irem Srorsbt Jtta ke with short-range wey
sircratt emplovang long-range. air- tomsurface misales, and awitfave-tomsurface mesiles launched B
vossels of submannes. The vanety of seenaren will extend from smabl-w alv ane Ak atlan b l‘m- o]
Latge s e enpagements  Thew threat models are bomg integrated to establnh fhreat-m RS 1 I
v clopes wha hodeting such rarametcrs as Sitituder ersuvfanee, Eangea erus e by odonat

Al her vl

B Uelenure Ssatem Considerations U}

(U) ))/ Ihe defenuse syslems asaibable for fect o n the 410 - 1950 v g lude sonsors andaate
deteiie weapens Amuong the sensors sie svhipboard radars for aquisilon, tra kg, and e Lot
aithorne gadafs and othes poavble o Gl as LWIRE The actine defensne weapom NN

a1t to g masules carnied by carnet-aund icd asfopgtl, sittaoe-tos e misales. and antearonatt artlle

The vanous s apabilities of thew respectivg clements of the defensive svalemsare being orgamzcd e s
perineman. e eivelopes whinh indui ade the doculay and tmchness requnted tron an catly warning
watemn v that efles tive use can b made of the defonsive systems. An additional aspedt od the conad
cration of the detensve svatems s the important feature of the “hand-ut™" trom the carhy warmng
ayatein te the shiphoard termandl detens watem. This aned ather spes ik interas fion detween the | AD
system and the other Qeet dofemne systems read 10 2 set ot “intertace fequrements’” which miest he

vt o enange cHo tine conperation among.the van wes defensine ssstems,
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R ST PRI .
] 1 AD Hadat Perboemame Critena b ieoon Lk
: Lo e
2) e
L -// e petborrnam e v o ot The threat sesdeby amd Lhe o foang sy FITY I 1T O
o oot wall then by vned Lo establindy du bt e perhotmanie Nt ot e B ATE st ot

e play anwlhoaing tode vt delenswe
b ket Missien (U

L]
LU)?( b aly the use ot g vl et ot hiested [ g sanghe vasily catvynisi d v ot aprabe

1 e 1 are Lot fveewadfy forcnstiandit s vaticty ol Nevt opetationgl conceplaan ol 1 L Jotermie 8

sl ooty i whi b e DA Goncept can b applicd s e satons citcamsfanoes Amne

e b bt e semanderation i the aewesbien of whether the 1AL svstom shosihd by apaphy atdd

wona terndaeby i aere, of alicther of honld be dephin ed on apeonal purpos dodacated sosadsy o e
At talin, In Do Hhowe ontremies Acother nnportamt comandotation s o oat ol lnwa Lt D AD

woatern ot b cmphaed s speciabpurew communicalion ssalem il anvenady wathodls fadai o

t \1) Radar Funcon (L)Y

t
QJ\ y/ The pature of the shywave dlunupabion an the prewnt FAD concept s aich Gt at i choar ot

e allamminaton can gl et as 3 momastatn radar.  bhe addition of this tuncioa venild provide

cathy warmng mormalnen 3 prealet Rieges thar could be hitssed loein the bivtatn vanfipuratum

wits el howerer, sitening tie wilnontaned vapabilities prosided by the hetats radar  wamports 1

A the study 1o detine the aptenum Toles 106 coch of the two poahle modes of aperation

¥ F AD Radar Engineening Paramcter Values Uy
(E}) 'y The net output of the FALD petlonnatce antord andd the ect mussion fonquisements will tan =
2 mitn e presentation of the aeceswans ¢naneenng apeaificstions ol g F AT s atem whi o an Pt

‘e
v arly wariing to e flect i esent ol attach thzedls onguating bevond the raney ob oy

. et o G wingit may be st phiysially decause of the faddar horizon . of cpatationally buoondi e

o clea tromag et L eatyol

111 CONCLUSIONS AND RECOMMENDATIONS 1L

0\9‘( The outpat of the study will be g reportan which the FAD enpneenng specilnation: see detin d

Sod am w i b recommendations 3re Made 107 achnn i asess [OQnnng additional DT
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SHIP DETLCTIONS (1))

J L. Ahearn

Naval Rescarch Laburatory
Wachington. D. C.

(U)y\t/ Phe it positine HE radar siup detecion by NKL war made on 20 Jupye 196x The detection
was By shbwave at 1S SOSAMHy 228 prL 913 T 7 wath an approvimatye cin shaped pulse about
sonhas fone Tigure |isa st of prturesdlustraniog these obseny atioms, The ship can be seen at - 0.8 Hv.
11 was Jater ndentiticd as the Grotedy k. length $33 11, heam 7 M1 and with 2 KA MME M supetstructure.
The siup was obsened for § houn from 10 AM 1o 3 PM loel time. The masunums of recened venal

cave  Tadat ates of about 1500 m*.

&O) 1/ A weoond evample of dup detecion s gen in Frpure 3. Operating parameters were 18,894 MH,.
S & 083 T 0T Thvarpetwas the Forrestal, length 1034 1t beam ¢y 1. Mavimums in signal

Jeength viclded a tadar arca ot about 13.000 m® . The larget s at - 1.8 Hy and the Jdutter amplitude
Cenn-non tebatng dBrsersus Trequemesy Chatay terintic 18 an example of Low well benased it can br. Note

that 4 10 1 reduction in pulse wadth would make the ship drtes able ot any spevd evaept thet of the

fusmtnant wosys,

oh Fipre ¥ s a grounderase amplitude venus frequency plot madce st 30-rmi range. and the s
Wherw Lo enTuit lrequens v resalving Capababits without wnospherie etfocts, Inthin example &

S0 ond L sample was used,

Lh Anuther evample ot doppier resolvng capabihity s eiven in Fipure 4. This gves Joppler versus

tange 1o 2 $0us pulse length and only 10 s onds dwell tane.

Q)) 3.0 1w tel1 that by adapting to of taking out) undesred wnanpheny clfects there are geauine
pemaat it Jor shap tratln piothing by HE radar.

} !. L ;-??“i‘:"‘:‘
chLadolrEl
119
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HIGH RFSOLUTION SEA BACKSCATTIR 10

J. R Barnum

Radi.wcwenve Laborstory
Staniord. California 9450

- | INTRODUCT'ON (L)

G))ﬁ/ Staniord L nnerits « partan Prowd MAY BEL has been 1o studys the teanbility of detecing
aips OT1E By means ol awerpetrequena v W radar while recuiving un a ven wide aperure antenna
arvan . 1t hosn hocome nevesseiy waow the HF radar cross-seciom of 1vpual shaps at w3, ard
o medsute the prepertins ol sea Jutter uvng shy-wdrve Provagation A 1‘:|rtullp-\.omtolhd \'\'.‘-'nmcm!
was gl ruAL iR wich ine detecteen of 2 SOO-toat cargwe shup was sttempted. The purncse hoere s o !
wmmanse hese topws, and 1o apucity what further wortk 1s nevesssn. Y

11 SHIP CROSS SFCTIONS AT HF (S) ‘

<()) yM/ Undet 4 subvontract from St wnford. Tedmnlogy for Coramunications international tTCHL
measured *he hacks atter feom - ip models at e Naval Blectronus Labs aNFLL

Q))/ui( A total of 99 radar crosssection (o) palterns tora DE- 030 destrover and 2 Forestal Carnet;
wete obtaned 3t frequenvies between 3 and 22 MHz, tor ¢levation anglvs betwert 3.5 and 20 degreen
Bistatic dnd surface wave menuremeals were alvo perfunned at 3 and = A7, e data were obtained

using | 48-wale models at 45 times the HF value. The cortespendence (0 the ralist Gull-wize) c|au|1

at HF should be chime,
. |
Q)),ﬂ{ ‘Fot sertaal polansation, the cross-sectians asc, 10° to 10% m* for the destroyet. and 104 o,

10" m* Lot the camner. Honzontaily-polanzed cross sechions are down X 10 19 dB for the dustroyer
g

1d-pending on ship oneatation), and O dB for the carncr. at & ZO-degree eievation angde. The

squtfane wave * crorvections are of the same magnitude as the above, ard when the.radas hecomes'

Malatie. the saticr wonly 0 to 5 JB lower in amplitude. s !

[ SR |
Lt el HE

su L n iR -
- ¥ € aT. " - o~

14%
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dan The mwnber of nully in gl the pativeos Ik iKa with ftequency, but at 8 faster tate fur the

At Bistate gatterm suntan fewer nulls

AU e duufay 0 menufement of mav #on wsually ¢ 3 4. For 20 to 30 percent of the
cattcrm g sight moderate error an patiemn aull structure oueumn, however, encugh data was taken

ot that futiher measurements of this ty e 3¢ unhecean.

HI SKY WAVE PROPAGATED SEA CLUTTER (U}

CV The radar sroseswhon of 2 sea patch was measured 1n the Cull of Meviwo using 8 portable
epuatet apeerated on boatd 4 v argo shup. Using high atimuthal resolution {Yrdegree beamwidth} and
anall aquis shent pulses {4-10 » 3} the wa crosvsechion was reduced to 104 m2. The sea’s cross-sectinn

pot umt arcd was then cabvulated to hie between 10° and 10-.

Ui taned trequency cxpemments have teen perivrmed 10 awendm the effeet of controlled trany
metter polanzation on backswatter amphitude as a function of tange in the Pacific Ocean. The resulls
how that it 18 posuble to reduce the clutter by about at least 10 dB by switching the transmitter
Potween sertically and hansontally polanzed antennas, while reveiving on the 2.%km Los Banos
array, The effect 1s not observed when using 8 4-degree beamwidth antenna, which was explained
using swept anmuth data and compulcr-raytracing backscatter synthesis to show that polarization
rutation n vty sensitive 1o azmuth changes. '

’))«( f1 i» now concluded that such a control over sea Jlutter magnitude should 2id in ship detection.
The wea tefledts the vharactenstu (ordinany and extraotdinary b waves to the receiver such that tune
Jolay of all receved modes are constrained to be vqual. By contrast. 3 ship reprosents 3 discrete tarpet
a1 d reflects these modes while keeping the ground range constant. Because of this difference. one
could umultancously null out the sca clutter while maumizing the ship's return. ftis thereflore clear
th at vome control over the radat's polarization will help detect ships at sca, i.¢., when the swoundet’s
antenna s larpe cnough, and when the jonosphere permits the polarization phenomena v OCCur,

IV OTH SHIP DETECTION (5)

\tﬂ _;ﬂ On the bais of the results described in Parts | and 11 (above). it is probable that a ship could
ke Jetected on a total power basis using the ARPA-ONR Wide-Aperture Research Facility (WARF)
This follows [rom the measurement of s 104 m< total sea cross section, which is less than o ’s for
teaadude ship=.  The contenl of the soundrr’s polarization may facilitate this dctection.
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)81/ It Bon-onentod evpeaments have showi that oil platiorms tor grougs of them § wete

wen 10 the Laull o Mesie, When e 10Y Mm® Lrovesecion tepeatet was opetaled on d SO0 tinnt -"_.:

cargu shie tetween New Utlcans and Houston, the repeater’s cuhio was visihle 90 perient of the . "' .
unse, Eohouvs trom the shap’s position tothet than the delayed o pested echui weie sl wen :

anadwnmatiy . but thewe may have een trom platiormy. ‘

k\)\)l( ltic expenmental resulls cemomirate that 'eto Vrdepre animuthal, and 410 10§+ ime RS

delay tewolutions are obtamabie unng the WARF system. as predun ted. Targets with crowsa i
compatable to thowe for broadude ships have been detevted on o total power hanis using the system.
1t has ot yet heen pronved. howevet, that a ship was detected.

. ¥ FUTURE WORK (U}

0) - .
L_un’ e Muasure more sea clutter magnitudes and pulmr.llu'm d_u:pcnd::mc at HF
* o Study ways to use polanzation control in OTH ship detection .
) .

e Run several well-controlled snip detection expenments

-

e lnvestigste use of repeatees as pemancnny-slauoned reference targets
3t sea

o Dovelop Doppler-filtenng for sea backscatier data processing on the
SFOCW warveform .

~
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BTEW CONCEFPTS (V)

Allen M. Petervon

Stanford Reearch Institute
Menlo Park. Califurnaa .

!

rk undertaken be‘ore 1950 the

v

( ) oY Sutfacewave beyond-the-honzon radar Caten tack to we
United Kingdom.! Shortly thereafter 3 program was startec by Raytheon
MIT Lincoln® Laboratory untid 1957, The final report by Lincoln Laboratory clearly d:r!'.om‘!med the

feasibility of beyond-the-honizon delection even in the 1950-1960 time frame. |

1 3nd continued hy'

(u) }54 A renewed interest in Surface-wave radars was initisted in the 1968 IDA JASON Surqmcr Study* -

D radar techniques. This study occurred in La Jolla, Californis and 'ht: possbility

dunng a review of OH
= 100 watts) arose n

of uung anchored, buoy-mounted transmittens of relatively low power levels (
discussions with personnel from Scripps Institution of Oceanography. Low power appuared posuble
“fence-line™ of in an array so that the distance !romi the tranv

wnce buoys could be distnbuted along 8
rface v.ave losses could be
|

mitter to the target { sircraft or missile) could be kept small and the large su
limited to the path from target 0 2 land-based receiving installation.

Q‘?)}}l’ Foltowing the 1968 JASON Study ARPA initiated a rescarch program to invn!iplc'lhr
posubilities of the surface wave systems including the buoy-based transmitters. A number of “catamaran’™
buoys were procured from Scnpps and instrumented by APL. Detection expeniments weee ?mplcmcnled

by Raytheon for the BTEW technigue.
|

Q)) T Inaddition, surface wave propagation measurements wef. implemented to study the relatwonshup

of lowscs 10 “sca slate™ conditions. This appeared essential basec on theoretical studies carned out by
Bamck? who found that. under rough sca conditions, 10 dB or mote signal losses would o"L'.-ut wn the
deniteable frequency range near 10 MHe, Loues of this amount, whi h sppear (o have been confumed.

certainly make the system apprcation mote difficult. ‘
\

t)) )81/ Sea clutter caused by resonant or “Bragg™ scattering from sca waves was also raned as 3 SOURCe
of voncemn in system spphcations. Studies now appeaf to sthow that the Bragg-s attered ngnals are
wifiiently confined in frequency sxtent that they will not senously lumit system Pt'ffbﬂ'ﬂ‘ln\‘t for

anralt or misule detes tion because of the larger Doppler shifts associated with these tarpels.

. v ih



v)
( yﬂ/ One potentially demieable feature of sutiace wave techriques 1 thew immunily 10 huclea?
propagatim blackoul 1n Lot sutficweatly widespresd nudlest blackout could vause 8 reduction in back-

gound noise levet and 1onc phens aily projegated interference.

Ld))m/ it yppean rr;rbahle that enough has been leamed dunng {he BTE W eapenmental prognam to
permit mesmingtul system studies 1n the n2er future, Certunly it should be puasible 10 define required

tatute expenments based on the resean h whuch is being reviewed today.

RED T RENCES

A T LAY L]

s. D.E Bamck, “Theory of Ground-Wave Propagation Across A Rough S5¢a at
Dok smeter Wavelengths™ (U), Research Report, Battelle Memorial Institute,
Columbus. Otuo, January 1970, UNCLASSIFIED
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BTEW-1 FEASIBILITY TESTS (W)

Bruce B. Whitehead

Raviheon Company - S
Equipment Disxion ~ * . '
OHD Advanced Development Department
Spencer Laborator)
Burlington, Massachuselts

L

!-_‘ -..""' v

- 1 INTRODUCTION (L)

ca.

y, .

: ( J) }m/ The BTEW.| Frasibility tests were carried out during the period January-March 1970 in the
wicimty of the Raytheon transmitter site on Carfer Cay in the Bahamas. A total of eight fght tests weic
made. one was chosen for detailed analysis. This paper describes that analysis and drawi conciusions that

may be used 10 2 system design unng the BTEW-] concept.
1 NOMINAL SYSTEM AND TEST PARAMETERS (U)

(J) ){’l For the selected test the system parameters are summarized in Fiygurr { The aircralt flight plan
shown 1 Figure 2. The aircrafl made successive passes from ¢'C to G3 and ™tumed at alitudes rangung
from 250 feet 1o 14,00C feet. All passes were made at specds of approximately 250 xncts.

Il OBSERVED AND PREDICTED DOPPLER (U)

(o) )8( Figure J shows the observed and predicted Doppler for the CC-G3 Might at 60U0 feet. This and all
the Doppli predictions were based on the measured true ground speed of the swrcraft. All computed
Dopplers are for 2 ground wave propagation path (rom the transmitter to the target. Two possible

propagation paths have been taken into account for the target to receiver psth. These two refumn paths
result in two predicted dopplers. In Figure 3 only the ground wave prediction 4 shown and it can be seen
that the obse rved Doppler cleatly corresponds to this mode. In Figure 4, s compoulie predicted Dopplet 15
diustrated. The Doppler track with the largest frequency excuraion is the ground wave mode whereas the

183
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NOMINAL SYSTEM AND TEST PARAMETERS

RECEIVER SITE - - CAPE KENNEDY
TRANSMITTERSITE - -  CARTERCAY
AIRCRAFT - =  NAVY P3V (LOCKHEED PROP-JET ELECTRA)
ANTENNAS - - RXANT 16 ELEMENT BSA
TX ANT A/4 MONOPOLE
GG, * 16db
ALTITUDES = 250" —=14.000°
LINE OF SIGHT ~- 17.000°
FREQUENCY ~= 10167 MHZ
TRANSMITTED POWER - - 225KW

VAR

/

@) }A‘lﬂn I. Nominal System and Test Parameters (U)

crw1fTES
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et Do ot trase has been caloalated uang 4 single hop b layer (00AmM) retutn mode  HLcan be ween

Hiat e Lo ol obwned Doppice track s Jeatly due 1o the ground weve nide How-ser, a wmall (1ack

et apernbuig saatly 1o the by wise fEIurn n alar clearly wiuble

(U) y{b P ocute © dlustiates ihe mmultaneous detection of a contruiled aircraft on 1O MHz and 18 MY

Ihiss Jetection way made when there wete tew ulher aircrait in the ared and hence the alnenge

ol vtbhn

Joppht tracks Wath the sddition ol a ranung capatulity amiLit results could be achicved for the previous

lustiation

(0) % UM Tutther interest s the prewene of shy wave on the 10 Mz track whereas 1S MHz show no My

w vy Jdetection al all

C)) )&f The obaenad presenae ot hoth modes reaffirma the fact that a purcly ground wave

Jdeted tion s heing reshized.

mode of

IV OBSERVED AND PREDICTED TARGET SCATTERED RECEIVED POWER th

(\)) ) Predrcted target scattored received power was computed using the following parameters:

Y Path loss attenuation as given by Dr. D. Barnck for Sca State 0.
b System paramcters as shown in Figure |.
<. A refcrence target crosssection of 200 squre meters.

U) ) Fgure & shows the predicted and observed received pow et for the pass from CC-G3 a1 6000 feet
tthe sale on the left has been ref:renced to the input of 2 cahibrated recever and hence does not reflect
the autua! recened power at the antenna). 1t can be obnerved that there is an approx.mate 10 dB div
crepancy tetween the predicted received power fora 200-m° target and the obscrved s'ip\al power (of the

PIV sircraft.

(_U) }V\ Sanve 1t s cxpected that the cross-seciion of an aircraft changes with its aspect, it is instructive 10
clyminate this vanable by plothing 1t aganst the oserved dificrence in received power from a predicion

uung & constant cross-section (e K. 200-m* ).

') The has been done in Fagures 7 and & The abscissa shows the Jifference in the observe

d received

power below that which would ba predacted fora 200-m? target. The ordinate is the angle of illumination

in d-erees helow an anmuthal plane paralicl to the surface of the carth.
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) ,
.( These plots van be lovhed at as correlopami. Assuming all uther patameters 1o be comtant, all

~ecrved poials at s mven angle should yield the same reveived power. As can be vearly seen, wleast
(uares (it of all whaerved points would yreld s line about which the deviation would be only shout

-2 4B. Thas s well within expenimental error.

i&} ) Frgure ¥ shows the least square plot for cach of Figures 7and M. The abscissa has been changed to
Two additional points have beed shown on this graph.

sthect uaereed CTUSIFIELCLION 1N Uare meterns.
odel study by ITT-EPL. They are shown

ey are Momntali cToss-acctions obtained from a jaboratofy m
were (o illustrate the compatibiity of the two independent observations.

. v CONCLUSIONS Uy
V)
A.l/ {2 has been shown the the BTEW- vonvept 18
Might tosts indicate a strong corzelation betwyen observed and predicted valucs of reven ed power and
Duoppler excursion. This implies then that a system design us.ng tiie above technigues should y.»id

phenomenolopedily feauble. The resulis of the

reauits vommensurate with predictions.
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SLBM OBSERVATIONS (U)

Heney M. Baker

Raytheon Company
Equipment Division
OHD Advanced Development Department
Spencer Laborstory
Burlington, Massachusetts

v ,

C J,Jﬁ/ In addition to the detection of aircraft. as discussed wn other MAY BE LL workshop papers. the
BTEW system can be used fc the detection of submarine-launched balhistic and cruise missiles
(SLBM SLUMY. During the data take in Flonda, the opporunity to collect data during one SLBM taunch
ovcured. Ths event, ETR Test 2939, was a Poseidon mussile. 1t was Iaunched from the USS Otwervation
Is'and on 24 March 1970 at a range of $$ km frem the receiver site. During this launch, two cw
frequencies were deing transmitted ($.152, 10.167 MH2) from Carter Cay. BW1. The frequencies were
monitored at the Cape Kennedy teceiving site using the vertically polanzed qualet-wave-kngth monopole

antennas.

(d) The facsimile display of the spectral content of the 5,152 MHz signal is
shown in Figure 1. There are three distinct portions of the missile-induced
signature, These are the hard echo (T + 40 to T +100 sec), wide-band noise-like

burst {(110-170 sec) and an ionospheric echo effect {180-480 sec). The hard echo
is the skin track of the missile; the wide-band naise-like burst is & staging echo;
and the ionospheric pervurbation is standard.

Lo\ }ﬁ‘r The : 15 Hz sideband: observed in the data were prosent during many days of the data
recording. They occured on each frequency being observed and 21 first were thought 1o b assxiated
with the 1TT passzve modulat: £ buoys. ITT penonnel indicated, however. that thew equipment was not
producing the side-bands at these frequencics. A complete 1est wal made on the Raytheon equipment
and the results indicated the sidebands were not produced in the receiving equipment. Therefore. the
source of these sidebands remains an unknown.

(U} }8( A predicted Doppler frequency shift for this test was obtained using the missile post flight data.
As can be seen in Figure 2, the observed tkin track did apree closely with these predictions.

(U ) ;ﬁ" Figure ) shows that the same type of dats was obscrved on the 10.167 MHz frequency. Again
three portion: of the ngnature are present, with s more pronounced hard echo. The predicted doppler
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shuft agn shows good correlation with the feverved hard evho, Figure 4. Nolice that the received
camner mashs the sutial 40 sevonds of the predwied sgnature.

kt))}x( The geometry anisted with the event i shown in Figure S, The tick marks on the trajec loTy

dow the altitude of the vehicle and the time of flight. Note the repon 40 to 100 sevonds where the
hard e ho war observable. At the signatute onsel (T + 40 sevonds) the missle had travciled 3 honzontal
dstarwe of only 5.3 km. By the time of signature drop-out 3 100 seconds, a total range of 87 km had
heen travened.

Q)) }8( The altitude and velooty plots versus time {or the vehidle are shown in Figure 6. Tick marks

Y

o thee curves indicate the onset and the portion of the hard echo seen in the data.

(d)}’f The lowet plot of Figure 7 shows the comparison ol a computed and the observed signature

received powet on the two frequencies. The computed received power isbased cn 2 Im? target
ctoss-sextion and was normalized to the existing system parameters. The $ MHz computed and the sctual
powet received curves agee closely. This indicates that the observed crms-sr'cuon on the $-MHz fre-
quercy was o the order of Im2. The upper plot of Figure 7 shows the measured crozs sevtion on the
10-MHz frequency versus ime. Al signature onset, the crosssection was §7m3 and a1 the missile’s
altitude increased the cross section decreased. 1t is assumed that this decrease in cross-section is due to
the mismalch between the polanzaton of the vertical tranunitting &nd receiving antennas and the

missile orientation which becoties more horizontal as the vehicle moves downrange. This polarization
mismatch was also observed by SR1and has been reported.!

CONCLUSIONS (U)

(J.) LS( A BTEW system is capable of detecting S1.BM missiles at a very low altitude.

(O) }8“ Because the carrier masks the very low doppler frequencies, the altitude of earliest detection s

dependent on the grometry involved. A means of reducing the carrier spread without a loss of system
sensitivity or 3 means of cancelling the carrier would aliow a Doppler signature of less than :2Hzto
be obse-ved and permit the missile to be detected at a lower altitude.

J) }Sf The three observable portions of the missile related signature are created by independent effects.

therefore, the probability of at least one of the three portions of the signature Seing Jetected is very
high and if more than one portion of the signature is observed 8 missile launch waming can be sued
with a very high conlidence.
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vl '
Q ,6!/ With s deployed multi-station BTEW system where the tard echo is observed on three of more
independent paths, missile trajectory information can be derived in rear-tine from analysis of the
Doppler recoeds for the observing paths.
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PROJECT AQUARILS (BTLW-2) (U}

X.D. Snow '

Sy hvania Electronic Systems - Went
Mountain View, California 94040

[

} INTRODUCYION (U
|

ARPA-sponsored ovean swuncillance program under Project
cxpenmentslly demonstrate

[
crafl, and to compare

| work completed lfii dat.

hat *he conuepl
I

Project Aquanus is 4 pant of the
the project as shown in Figure | arc 1o

MAY BILL. The pnmary goals of
d ballistic missles and low flying aif

hmartine Launche
es. The reslts of the expenments

predicted range and t

the feasnihts of detecting su
atally obsencd detechion rang
vted at the theotetically
m the transmatter.

the capwnme
indicate that target aureraft van be dete

W feasible prinvding there i sutfvient radiated power fro

ar conusting of a

11 EXPERIMENTAL NETWORK (U}

HE continuous wave rad
the comt A detection

get such as anfairplane

using a bistatw
{ hugh wpsilivily TECeIvers lovated on

low power ovean-hased bouy transmitter an:
d from a moving tar

i made by otwenang thedoppier-shifted wgnal that is watiere
or an SLBM. The target 18 Wluminated by line-of-sight of groundwave encrgy {rom 3 tnnsmmﬂ‘. The
w attered doppler-shufted return is received by jonosphenc skywave as Wustrated in Figure 2

i

¢ 3 with the bouy trammitie? Ioca:led
o n"lnuh'd

int Hil: Farms Station .

The expenmental system geometry is shown in Figur

0 kidwmeters off the Cape Rennedy voast.
[\lands and the high scasitivity rece

approumately | A tugh power sl of transmit
a1 Carter Cay in the Bahaman

jving system at v

in Virpnia. ,
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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 BTizW-2 EXPERIMENT
RESULTS

® DETECTED TEST AIRCRAFT AT PREDICTED RANGE

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

(d) Mﬁgulc 1. Project Aquarius Goak and Results (W)
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Il RECEIVING SITE /U

o\ The Bovk disgams of the two Feveiving systems are shownan Figures 4 and 3. Ligure 5 sliows
a | 4 hannel revening system, including a DF set connevted to an LUAA stecrable antenns. The tuelve
analog receving channels use R-VH0A reveiven and drive 3 tea-time analog .pectral Juplay and 2 -
twch= hannel analog tape revorder. The othet reveiving system v 3 van-mountcd high dynami range
dipital prwesung system contamng sy nthesrer controlled receiven. Jigital spectrum analysis and both
an analop and diplal POM recording cap.;hnlu.t)-.

IV AIRCRAFT TESTS (WU

Q) )}R( Figure & lists the operations of airerafl fMights and tearability Lests through 10 Februany 1970
On 27 January dunng the controlled tests, the P38 controlled aircralt was detected at two diiferent
umes on two different frequencies. The flight path and the detection regiom for this 27 January fight
ate shown an Figure 7. The data collested in real-time 18 shown in Figure 8. The data at the top of the
figure shows the detected doppler ugnature lasting for a peniod of approuimately 30 secoinds for the
10.167 MHz frequency. The detection is at 3 range of approatmately 9 kilometess from Carter Cay
and custs duning the time when the plane banls following a torn over checkpoint CS. The lower hall
of the I';pm- shows the sweond detection on the 15.598 MHz frequency. again lasting for approumaltely
16 Lilometers from Carter Cay. The same characteristic signature exists and is also present at the t'me
when the plane is banking dunng a turn over checkpoint 4. Both of lhm signatures seem 1o be at
fim = when there is specular reflecnon from the transmatter at Carter Cay lo the rceiver ot Vint hull
Farms Statiow  Frgure 315 an expanded view of the flight path and includes the detection regions for
thew two detsciions. By assuming turns are completed by first Nying over the checkpoint and then
making 3 mavimum tusn rate for the next chechpoint, the doppice shifts predicted from this 1y = of
flight ptan match very closely to the actual observed data as shown in Figure B.

vV SUMMARY (U}

(U) ,../l To sumimanre. the goals of the project have essentially been niet. that of demonstrating the
feas'Mality of the bouy tactica) carly warning system. However, 1o make this system useful for detections
at any ranse beyond a few kilometers, the effective radiated power from' the transmitter will have to
exceed the 2000 watts used for the Carter Cay detections of the controlled ircraft Nights.
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g MEASUREMENT OR e
P FREQUENCIES ~ DETECTION TiMES .
B DATE TYPE (MHz) (GMT =
i 18 DEC 69  AC 5.8 1750-1755 ¢
y4 2000-2005 y4
0 AC 9.259 ND 0
C AC 10. 167 ND g
7 21JANT0 AC 15,595 1656 7
0 21JANT0 AC 10. 167 1712 1)
M SFEB70 HB 20.250 1500 ;r_u
m HB 10. 167 1500 m
0 HB 10. 167 2190 0

~ HB 20. 250 2100

10FEB 70 HB 9.259 1430

HB 5.8 1430

AC = AIRCRAFT ND = NOT DETECTED HB = HEARABILITY

{U) Figure 6. Summary o Operations (L)
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DETECTION

10.167 MHZ  15%5:0
N\

FIRST PASS
DETECTION
15.595 MHz

1658:45

FREQ = 10,167 MHz 15595 Mz
. 2 2
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AIRCRAFT BISTATIC CROSS SECTION AT 7MHz = 40m? o
Approaching Low-Fiying Aircroft P

AT

L

“310 we ;"::"'.;:

-

i/ Rp=135km

6,-20° 300km RN
Receiver Tronsmitter

{{MuIpuod aed niyl)

Loa =Overall transmission loss to aircraft target
Loa = —20! dB

S/C=Lgc~Loa=~57.5dB = Signal to Clutter Ratio

v)
C ﬁ Figure | Sample Cakculation of Overall Transmission Loss for Signal Reflected from Awcvaft Target 31 370 Am Ronge (1)
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Frequency = TMHz
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Loij *157.7 d8 for patch shown (i, j th patch) ) ;
(Up Figure 2. Example of Catlculation of Receved Clutter Power (Eapressed as Oversll Tranumiveon Low) from One Patch of ) ) .?
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THE BUOY TACLTICAL 1 ARLY WARNING SYSTEMCONCEPT. BTEW-1 +S)

L. Edwards

Raytheon Company
Equipment Division
OHD Advanced Development Department
' Spencer Laboratory
Burlington, Mamsachuselts

1 OTH surveillanue aught be ahieved.

l) .
L}»« The BTLEW concept ongpnally evolved [rom the thought tha
aropagation Such a

koul. by using a system hased upur ground wass

even Junng imes of nuclear blac
e of nuclesr hlacioul hecause eawr

wyAtem wauld. n fact, enjoy increased range and sensiivily at im

amounts of o waould reach the recevef vid sonosphenic paths.

ave Radar systems had been considered 1n the Jast. however, i was weil

0) Monostatic Ground W
of very high powt. To overcome

known that such systems achieve long range COVETage only at the cosl

ed that a duoy terrminal in 3 bistalic Mo

Lwvn while power and system gan factors were kept tO levels mote attta Iny LTOM 4 oont vIew point
!

O) }Vf Lacking 3 specifically defined performance requiremcnt it was Jeonded o labe the seproachoof
bilities. of potenhial capabilities. ! the .o epl a8 & lunchior ot syalem g

this disadrantage 11 was suggest je mught pemut Jong range duted-

attempuing to Jdefine the capa
efulness at the vomeept s apphzd

Q) ) ’Sf In generai it s desited 10 dstermine the practr:al us
1 such as the Fleoda straits of

i

|

to the entire ‘

em. a8 well a3 to the delense of spevifin slrategy Jre |

coastal defense probl
the Northeast \ndustnal complex.

(‘))18( The propagation and feanbility tests tha _ast Jemonsirated
that standard radar calcutation techniques. coup!

s CTage ATCas. Actually to calculate coverage ateds, 1t ACLESan 0 Jetine
teing ﬂ.ammed. the vanous system patameters and the threat of capected target

twote vendudted olt the Flondds .

ed witt Barruh s lins madzl, ceuld he used i desenibe

the 5o os Meat conuept
i our ditferent dephoy-

ment concepls were examined:

s The monoslati radar casc

o A shore transmtier and huoy recenes
s A buoy transmitier and shore recener
¢ Buoy-lo-buoy pairs
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COMPARISON OF SEVERAL 81w SYSTEM CONFIGURATIONS (U

1. W Fullin, Jr.

Applied Phyvics Laboratory
The Johns Hophins Univerty
%621 Georgis Avenue
Silver Spring. Maryland 20910

v) .
( )(/! jons can he made without detailed target and

ambient s con

A selative comperison of dilferent system sonfigurat

ditzons by comparison of illuminating power at the target for s:veral prometnes. For |-

example. Pyzure |shows the power Jehvered to a huoy from: a shore rador wiih an aperture of 1 kilomescr

and a0 o c-ape power of 1 mepawatt asa function of ranpge
delivered 1o 2 target (rom 2 buoy tadiating one kilowatt 1v0
which the powsr on tareet is wentical, it is possible to dete
Lenone 4t the land-hased recriver s the sume = both syst
st and henve il radar cross section, may diffe

will 2l ditler.

o5

The weond st of curves in Figure Jshows a compa

<

tropically. By companng these casws for

r- and the Doppier shift expevted. especially for SLBMs.

tranamitteng from land and rece

wing on the buoy. This syste

{0 the target. Alwo shown are the powens

rmine the huoy spaving for which the ugnalk

ems. It must be real 7ed that the target

rnon in which the system is run hackward, |

m has an advantage of 30 dB 1n average power

whale all of the antenna gains are comparahle.

In addition. it is probable that the ambient noiv in the :

wviciity of the buoy s less than thatin t

he vicinaty of the land-hase

shows that, for system range

s of $00 Xilometcrs from shore. 3 huoy

d radar, pethaps h.y 10dB. This
tpacing of 400 kilnmeter gives

compatable pe

adividual buoy locations.

Q)) }({ - For the skywave cawe we O

own 1n Figure 3. Figure

versimphid th
and 1he diumination density, as sh
batatic. 1t 18 apparent that rather high buoy de
kywave vaw.

Ty

rformance directly between adymning buoys,

¢ ionosphetic path to the hincol-ight minus 1048, '

nsitics are required to compete with the monostatic radaf

and ‘mproved petformance closer 1o the

4 shows the comparison ol moaostatic versuy

LA AP S




ﬁ

i

B - ] (-'!
T <
s o S
e
e N
b oy

e ——

|

8
¥

1 WATHIm?

10L0G

POWER - DENSITY ON TARGET
(PO

-150

| | | | 1 1
0 — 100 200 300 400
RADAR RANGE TO TARGET IN Km

-mL

(v
j ) Figure 1. Power Dentities on Target for Ground Wave Transmiwion of Shore Radar (V)

' N AL S, N - n
e AT L“.“ ‘:5"‘*-7'7'.‘."?'::"-"1'“*"_‘.'\!1" '--4:?—“‘5‘1‘7.. ¥ FRTIR PR




414

Car

1000

RANGE OF SHORE - RADAR TO TARGET IN Km

w_ -~
H'-S.(m:n u (=10 MH2
«1,000m #
*SL
20.—
lo 1 1 i 1 1 1 L 1
} 4 5 10 20 50 100 200 500 1000

RANGE OF BUOY TO TARGET IN Km

( )ﬁ/ Figure 2. Comparizon of Various Systems ‘or Ground Wave Tranuminuen of Shore Radar (U)




[ ¥ ]
& AT
o] ! | I 1 T ' P
= | e —s
pr .
.'IQW - ’ - )
o - A
D 0 — — X
g 1
. _;,.-.‘-. t;’-‘!
A |
-

-100 ,_
5 )
120 gé_ '
-140 § n_E_ /o '
=_ E .
-100}- 2 Bl = o
87 £ 10 %0
& 2
-zm.- (- 9
| | | | | i | )
10 20 S0 100 200 0 1. 000 2.000 5 W ]

RANGE INKmM

(¢
//I Figure 3. Compasism of Powet Denvties on ¥ orget U




(‘) . | .

1 000 7 ™ T | ! T T |

d
o

dw 2l .
g

¥

.;._9":.‘,.9

RANGE OF BUOY [0 TARGET VIA GROUND WAVES

. ’ . \;\\/
| 10 | 1 | | A | |

10 20 50 100 200 500 I, 00 .00 5. o0 10, 00
N Km

RANGE OF SHORE - RADAR 70 TARGET V1A 5K VIAVES

{
i
o

(U))I{ Figure A. Comparison of Various Systems at 10 MMz on the B o el S8 qb0




t whethes ol canin
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cardd. and muore detailed waloulations such as those presented by the preq
. However, belore final conclusions can be drawn
ems are useful, but fut the shywave cave Puch

vut the mu-
weded B di € oune watem etfectivene
e oo bision te dtaw that BT W surface wave syt
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PANEL REPORTS (U)
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UNCLASSIFIED

PANEL REPORTS (U2

I CUNLLUSION L)

A Path Lo tlvem Larter Cave (Y

i Avctape dabsute fovened path loss compates woll with prodicted averdge s 1% STt v ikl

w2

W Total apread on recenved path hiss at $ and 10 MHz compares well with prednted vanations
witl wa state by Barnwh.1e., about 3 dB at § MHz and about 9 dB at 10 MHz. At 15 and 20 MHy,

the data paints are town few Lo PRIl 3Ry COnL usIons.

dn Doy -tirday sortelation Between maasuted path loss and predacnions haswd on hindcast wind
and w e data o genernalhy poef, ek ept Lor twe U three days whun there weee sigmificant changesan
wa afate, However day toedday corte it of L 17ree sttt of Bty ast data 18 alss poor Moo

o the sbaenue of Jawud vacan prevtrum mcasupmenty day torday copeclatinn of medwremenis with

predictions i not vapedted 1o hea micanglul est of sea shate dJepuendenmee

iy Cotrelation b oween S, 10, 1€ god 20 MHZ parh foee SR S PO SR PR B P L
shesuld croside some test of dependenie on wd atale If mea data geants can by obta R B TR

i J0 MU sch cortolatieis will he micamingtul

el Day G dday vaftatoens an patt los ddete G0 @ UIPMEnt sy sfomati crnets ate Bolieved by e b

than 2 dB e L Wetsel pronadid Tomgh b wlatien o dooutnent this comdusend
} [

L Condus ivity vatratio s ol e vy water thased on analy s B me gt gl iy ooned
wignig! foess v atnalens

iy

(ML) Ponaable cltests of Juiing dfe ot It by nndmown Nooway IR R R
Lo foor 11OM CRbng MCARICments. nor 410 prodic Hons or vven et 4 ulable T ans e’

Anoaicdge) on The sorousnes of ducing aner the wa 1t

s Thete v wine esdenve ol pevable ditedt agnal spectral broadvmneg Jdoe 1o the minang w4d
il e espes sally At the hagnet fio JUCALIcs However, hingted hueh wa slate v cupences and preaible

ontamination By shy-wave make any final Lonetusions about apes trab broademng imposable.

M|

UNCLASSIFIED



UNCLASSIFIED

] Ses Ulutter (irom the Buuy and Carter Cay) (L)

I

1R Compatisom ot Jlutter Mmeasatements with wase haghts and Jizes s afe meaminglul pnmanly
. I
fog the buoy meawurements, toe mush ol The atca n the vateus fange gates sound Carter Cay cone
ats of Lot shogly or shallve watee, vapevially e ugnibnant bas hw atier repon betund the trany

worter Homee, corteiationy are (o b baved prmatily on huoy dala

A3 Raos measutements were tostinted o anly the $-MHz data for shout 10 days 16 March  Sne

peesarbihits enasty for examining clutter ypwntra at 10 Mz lrom the [ho cmiber measusements
|

s LT s ta pernat detaied anaives only an the P Hestz mesdeoae apread oul vy thet
|
the towenant Bragg watlof onoan wivey whose Dupplen hie within one Herts of the cunes vin be

ot

(U1 Omn the haas of eaxnling measurcments, the predicted mechanim 1. well vonfirmed from the
“ lutter ovcupanyy T oof the spevtrum. The “pedestals” preducted for butatic geometnes are present.
and thar width and poution vano cnacthy as predisted throughout the d:ffcrent range gates. phw}

code rtates, and frequenaes.

Uy Corrclation of $-MH7 spevina with expevied spectra bawd upon o.can wave hoight and direc:

tion Linds ast dats for several days shows evcellent agreement and again vonfirms the predicted

myhanivm ;

i Totsl soatier croas sevhion, a% 2y deduced from muasuremuents on several days with modcrate
was, screes reasonahbly well with predictions and with measutements of Crambe, Headnok and otrlwn
[here reman differences of Jefimtion of # %, but these will be resohed so that more of these inde-

fendent OMpParsons <an e made directhy.

it Lattle van be deduved from the measurements 2hotit the repon between ihe camncr and the

dutter petestalh dunng highetr wa Jates  While some secords for highet sea states show this repon

well Olled 10 compared to similar revords for valm seas. too few such comjanwns afre available

Ao present Lineorder theory offcrs estimates for this region ather,

bt Meawurements at & MHz show ghet lutter levels than wiutd have been deduced from ihe
. 17 ol the wind-wave models. Often the fatter modols on the days in question would have !

FEENTIS P TN hecause of the abswenue of tevnant oucan waves. Thus the measurements show

tteat 15 stamlard waslwave models are mon relsable 1n the lower regions because of the preseme olf

woitie bRgeT cnCan Wwaves, Of wwell

anw
ane
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Q)/ Vgeement hetween theaty, the Raytheun measurements, and the measutements of others
. wr gannd that the theorctnal modeh can e used relably (o syslem desgn pufpoes af iHE Than
e ially true i ainratt o S1EM J e where high Puppler shully dre evpestvd  Use ol the modils
tof o -vehinaty targel syatens tauli @y shap detedtiond must be tempered somewhat by uncrtamnties

on duttet level atound the tint-ordet spetral pedestaby ot the muodel
L} ses-Mate Obtnervations (L)

il IThere wate three ugmhutii tepom ol wa nvulved wn the Carter Cay Cape Kennedy
§ torpapabion path i ahallow water near the Florida casast tabout A0 k), 21 ths moang vufreris
ol the Gult Stream . and 11, the shaad waters neat the Bahamas tabout £S5 km) hstinctly dilieeent

Wwean wase conditions were consitently vhwned (rom the surveying ath ralt i thew thice fopons

Wy Wind speed and direction has been plotted on 2 daily baws 4t both Cape Kearedy and virand
Ruharia Idand. Wave hindcast data showing wavcheight and direction for the general regon of the
Atlantie has also been plotied on ¢ daily bavie.

1N The possible souhes of information about the state of the sea mentioned above correlated

poorty o0 3 Jday-to-day hass

(1N Acnal photographs of the sea wave -vere made for 18 days. The goal of these fights was the
Jitet L onsthu ion of sotrop waler-wave specira wuing the Sulwell voherent optus technigue Due
1o the uw of the wrong 1ype of film. such spectra cannot be coinpuled {rom any of the photographs

Ly The abone photographs van and will be used to deduve rough informanon about ovcan-ware

Jirectionality

(14 | aset profilometer measurements wete also reuorded along the propagation path Junng the IR
Mights, Boususe of un.crtainties iavolving anraft motion contaminating the height data, ro uwble

onean ware 3pecita have yet been avalabie.

v At raft motions were recorded Jdunng the cightcen lights as 37 awcelcromeler outut. NRL
persornel have stated that this acceletometer ontpul will be analyred and the knowledge of the
resulting ancraft motion spevtrum will b used to obtain the true ovtan-wave specinum They have

promiwd that these spectra will be proveswed within one month.

i Hinduast data show that over the three-menth measurement penod. the seas were relatively
«alm with 2 Sea State 6 being seported only once. Avecrage vonditions appea.ed (o be Sea State 1 1o
Sea State Y,

tth Accelerometer and inchinometer dats tel 'metered from the buoy is of insufficeent quantity and

teliatility 10 allow the inferenar of sca state vondifions.
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i1 RECOMMLNDATIONS (U
\ Additional Meawgemenin (L)

1 Nie Computtee on Theoty and Measurcmends reconmends sdditional path Joss measatemoenis
The spggtstion was imhated By D Allen Peterson and dincuswd in wme detad hy the commiticy

Lhe teasons that ddditional path ions medsutements were foil necessan are Inted below.

o (L) Path lons measurements 3t 5, 1% and 20 MHz at present appear (00 few and
sporadic (o peamt conddusions or even frends to be wstabliahed.

e (L) Userlapping dars, s e days on which [ata loss at mere than one frequenyy
was obtaned, sre wen tow. Overlap on the days with liuph sca states of high
wosther vondifons 1 ¢, conduave 10 posuble duching) docs Aol eunt. Withowt
many sl overhapping days. clfects of the casnironment cannot be studicd of
related to megrurements.

o (U1 Spectral videmng of the direct wgnal hy the moving €2 duting high s¢a staies
appeans to te o possitality from one of twe tecords, but agan too Iitthe data i
availabie dunng lugh scas to perrit 2ny conclusions abuout this important pheromenon

s (L) Much of the me the ground-wave ugnal was contaminated by shy-wave.
it was only near the end of the three-month penod that phasecoded emisaons
at S and 10 MHz permatted positive sepantion of gound wave from sky-wase.

o (U} The weather in the area from January through March doces not noraally
undergo preat changes. Temperature and scas appuat to vany less about 1 mean
than Junng v armer summu? months and harnoane La0Ns.

o (Uy Nearly one-tiurd of the path croswy shoais, while much ol the remander
7 »aes the Gulf Stream. Heree, most of the path consts of watct whose sirface
i 001 1y pival of deep-water (voait.

'y The suecested investigation would consist of and emphauze the following parts

o (U) A long path over deep water would be wlected, preferabry with «nd poants
on laad w1 as o reduce expense of the measurements.  The path shouid be 300 to
400 km long A posuble path conndered and recommended stretches between

311 )
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Cape Uil and northern Maine. neat the itay of Fundy, ncj W perient of this
Prath 18 anes waler more than SOUC feel deep Rejusticd scadf in this area are quite
hign and olien inllucneed by NSortheasterly shorms blowing neath praraltiel 1o the
Propagatnm path.

c . Phase-coded. highly stable sgais ot $. 10, 18 and J0 MH7 should be empluyed.

()

Ahe phasemcode v nevesans to ensute sopatdtion ol the ground-wave from the
shyv-wave

(U Path o measusenients should be made twie daily over o prned of five
Mot The mcasutement penod cdusens should aogdude both summier and santcr
weather

(U eldstrengtle probes should be used darly to calibrate the s on ttansmit and
feveive dstennas. The ficld structure trom the main anteana out along the beach
and 1910 the water should alwr de probed. at least once dunng the penod

(U} The main antennas should be kept simple, i.c., vertnal quarter-wave monopoles.
]

} Path-lins uignals for the ground-wave should be measured in Range Gate 0.
1.e.. the 1ange pdte vorresponding 1o the amval time of the direct signal.  Spestral
provesing should be asailadle so as to allow better than 0.01-Hertz resolution.
This will permnt 2 study of direct signal brogdening due (0 wa wave motion and
(ponubly ) atmosphenic turbulence.

(U Range Gates 1. . 3. 4, cte. should alsa e spevtrally ovamined fovcasionally )
1o pemit study of sea clutter and shy-wave signals,

(K_)) '}Y(One wave spar should be used to measure and telemeter the isotropic occan

*

wave spevirum somewhcee ncar the path midpoint.

(U Pulsed swd oadhwatter medsurements should be made near the receiver te,
i the manner reported by Crombie in his papers prosenied in these proveedings.
These measutements appear to allow fairy accurate and ineypenuve calculation

of the wotropic ovean waveheight spectrum.

1 Thndoast wind and wave data should be vollected.  Also, quantitative
meterolopcal data versus altitude and position should be gathered where possible
to nermit caleulanion and study of the refractiaty.

(LY Signal strength versus tange should be measured at least on e dunng the
evpenment. This could be done with 3 transmitter on a smalt host o from
vanous other shore points.

tUY Honzeatal polanization neat the receving antenna should be measured s etal
tumes. cypeaisily dunng ligh scas This wall indicate the presence of any de-
podarizanion from steeply doping ovean waves.
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8. Aduitionai Procening of Existing Date tU)

»
Ut SRL should be ashed 10 ~omplste analyws of wave Cala from theu profilometer tevordy for
the LA tights. This tvcan-wwne Jdata should be plotied bewde the path lins mes urements fur the

wme dave.

U Rastheon should, whete jnsible, provess and plot more points of path loss on 5. 15 and |
20 My

Ly Mhe total number of relable path-low ponts on cach frequency should be calculated.

18 The medn and sanance of the path loss sgnals on each frequency should be valculated.

W Moan and vanance of cxpecied (or predicted) path lou shou'd be calulated for each frequency
Sased on the hindcast waveheight data on the days of observations.
’

w Averages of several clutter spectral records in the I¥+Hertz mode should be made, especially
for days such as March 23 and March 26 when clutter is clearly in evidence, These averages should
he made over a duration for several independent samples (an independent sample in the 1¥-Hertz

mode 18§62 sevonds long).

o
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TASK ABSTRACTS (U)
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TASK ABSTRACTS ) ‘

THEORETICAL STUDIES. CALCULATIONS SURFACE WAVE (14} |
Organization (U}
I

Uy Batelie Memonal Institute

s

Specific Obyective (L) Y ‘

bl

('t Determination of sutface wave attenuation and clutter s a function of sca state, range,

ltyuucnc) and aspect angle.

K

System C oncept-Relation and Importance (U)
|

(" Important to all concepts where surface wave propagation is involved in predicting the clulter

amglitude and Jdoppier of the ses and the range performance. |

UNCLASSIFIED | ‘!
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*  UNCLASSIFIED |

THEORETICAL STUDY-ATTENUATION OVER IRREGULAR INHOMOGENOLUS TERRAIN (1)
-~
Organization (U}
(L ESSA

Specific Objective (18]
t and apphcation of theoretical techniques for determining the surface wave

(U Desclopmen
conductivities.

attenuation over surfsces having different diclectric constants and

System Concept-Relation and Importance (V)
' |

(LN Applicable in predicting system performance where surface wave i used and land sea intef-
Typical examples involve an antenna located on land and using surface wave for trany
surface wave mode must traverse an island. This is *

islands).

faves oucul.
mission ot reception; or where energy used in

inmportant in determining system losses that reduce range of causc shadow zones {e.g.,

g
-
g
-
_E‘
*
%
&
¥
*
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BISTATIC SEA ATTENUATION AND CLUTTER MEASUREM:NTS (U)

Organization (U)
'y Raytheon N

Spevific Objectives (U}

Ay Substantiated the theoretical calvulations of sttenuation and clutter of surfacs wave propags-

on a3 3 function of sea stale, frequency. distance. and aspect angic.

Svstem Concept-Relation and tmportance (U) '

-;8( Applicable in predicting the performance of all systems whe;t ocean surface wave is used

\n propagating to and/or from target.
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MONOSTATIC SEA CLUTTER MEASUREMENTS (Lt

ganization (U)

) ¥SSA

, evific Otyective (U}

j) ) Determine and vorrelate with sea state the monostatic clutter spectrum as a function of range

-150 am? and [requemy.

ntem Concept-Relation and Importance (W)

d) /'Y Important in predicting range performance and clutter rejection requisements of s land
rved of ship based monostatic rader.

A3D . _

————— et




SLBM CROSS-SECTION (U}

Ovganisation (L)
AN Stantord Research Insbitute

Spevific Otgevtrve (U)

|
) yr( C on.pibe and summanye the ulable Jdata o the theoretical caliulation and mclwnmfnn
ol SLBM L ross s tions. ‘

i
|
LO)}“ Required for the design and performance prediction of HF radar systems against SLBMI;.

Syaten Concept-Relation snd Importance (U)




|

] ASSIELE] smna

SHIP CROSS-SECTION MODEL MEASUREMENTS (U)

Organuatwn (U}

Uy Suntord Univeruty

Otyevtnne (LD
QJ) Caloulate theoretically and ineasare espenmentally «tosvsections of two tepresentative wal=
model ships as 2 function of (tequeny. aspect angle and polanzation st HF.

Systemn Concept-Relation and imporiance w

(U) 7 Reyuired to determine ship detevhion system performance calculations.

’” e
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SHIP CROSS-SFCTION MEASUREMENTS (U)

Organization (U

U Navd Peseanch Laboratory

Obtyectne (V)

(U) 14 Megsure ctone-sevtions of actual sbh.ps at .speclﬁc aspect angles and {requencies with the

MADRE tadat.

Syvitem Concepl-Relation and Imputtance (U)

&o )Jﬂ Demonstrates that ships can be detected using pulse Doppler Radar. Provides check points
at speaific frequency and aspects to correl ite wits model mzasure:nents.  Frovides inprat for system

petformance :alvulations.

an

JEELESSIFED
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WAKE STUDY (V)

Organustion (LY

(U ESSA

Specific Objective (V)
({)) Determine theoretically the size, aspect, frequency, and spectral characteristics of ship and
submanne wakes apphicadle to HF radar.

System Loncept-Relation and Importance tU)

k)) )81/ Ship wakes may be of sufficient size and spectral characteristics so as to enhance the nominal
sthips cruss-seclion and increase the capability to detect and track ships

Lﬂ) }8( Under certain high speeds and shalliow depths of travel submarines may produce wakes that
are detevtoBe wath HF radar.

2
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FLEET AIR DEFENSE (FAD) TEST NO. 1A

Organization (U}

(U)  1TT-Eiectro Ph,sics Laboratory/Naval Research Laboratory

Obgective (U) -

()

To condudt an utia) demonstration of the feawsbility of delecting and tracking sircraft with

the Fleet Ase Defense (FAD) concept Jung distant sky-wave dlumination from 2 pound-based

transmitter and recening the target reflected encrgy via 8 surface wave 10 9 fand-based recever.

Compare tne concept yung two dfferent signal (ormats.

System Concept-Relatien and Importance (U)

ﬂ‘f An important initial demonstration to ensure thetc are no maior problems in the basic con-

cept prior to proceeding with a shipborne receiver installation. Ensures that
cross-polanzation croswsection and clutter can be handled by known technol
important in providing a wlent fleet surveillance capability.

dynamic range, larget
ogy. The concept is

e 55
Uﬁth
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MONOSTATIC DOPPLER SEA CLUTTER MEASUREMENTS{U)

Organisation {U)

114 Naval Rescarch Latotstory

Specific OMertive (L
(U) )R( Sctermees the Duopplet charact-ristics of sea clutter using the MADRE radar. \‘

Syitem Concept-Relat'on and linpartance (u)

Q)) yi( Provides typical Doppler sea clutter records for the desien of pulse Doppler ccean surface i
surveillanze radar Meawrements are limited in frequency rangs (10-26 MHz) and at & specific
fired frequency at any one time. '
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ELASSiri

- MONOSTATIC HIGH RESOLUTION SEA CLUTTER MEASUREMENTS (L)

* Organization (U)
W Stnford Univeruty

Spevific Objective (U)

(1) ) ;8( Determine the smplitude and polarization characteristics of sea satter in azimuth and
FM OW high resolution technigues

Systern Concept-Relation snd Importance 1V}

0) ;sf 1t may be possible to detect ships on the surface of the ocean on 8 power basis. That is if
& resolution cell size is reduced in range and azimuth until its cross scction due to sea clutter is Jess
[

than that of the ship.

.
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SHIP AHOY NO. 1A )

Organization tU)

ity Stanford Univeruty

Obgective (V)

( u) ) Investigate the feambility of detecting ships using an FM/CW technique on 8 power-only
~ haes by reducing the size of the range azimuth cell.

System Concept-Relation and Importance (U)

(_.) ,wf The Doppler radar technique will not detect ships with low radial velocities or that are
stationary. This concept will permit detection of ships under such circumstances.

JRCLASSIHED




i BUOY TACTICAL EARLY WARNING (BTEW) TEST NO. 1 (S) i

Organization (U)

W Raytheon

Objective (U) .

: (()) ,VS\/ Conduct n initial demonstration of detecting sircraft and missiles using the BTEW concept,
: transmittet on 8 buoy with a land-based receiver in real-time at short ranges using surface wave 5
propagation. '

System Concept-Relation and Importance (U)

('J) }psf The use of the BTEW concept can provide coverage beyond microwave radar coverage and in ‘
the skip zone of OHD backscaiter skywave radar coverage for CONUS defense and sp-cial tactical
T applications. The technique is not dependent on the ionosphere and can operate after » nuclear
detonation. In fact after a nuclear detonation, galactic and other uset noise will decrease and
E’Bvcr:gc of this concept will be increased. i

USSR
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BUOY TACTICAL EARLY WARNING (BTEW) TEST NO. 2 () ;
) . . . .
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System Concept-Relation and Importance (U) ’
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LJ \ )8{ ‘The use of the BTEW long range concept should extend the ranpe of SLBM and aircraft ‘
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Section 1,

1. @);3)/ INTRODUC TION (U).
) 7

EDL-G-S15

For the jaat year scveral companies have joined in Project MAY
BELL under ARPA sponsorship to investigate the {easibility of detecting low-
flying aircraft and Submarine Launched Ballistic Missiles by use of high
frequency electremagnetic waves, In particular, a number of lests have been
made by Raytheon using a shore-mounted transmitter for generating a surface
wave mode while Sylvania has ¢conducted a smaller number of tests using a
buoy-mounted transmitter with reception being accomplished via sky-wave
@t a remute site in Virginia. The transmitters and surface wave receiving
sites as well as the controlled aircraft flight patterns have all been on or

near the East coast of Florida,

The results of the initial tests of this target detection technigue
were presented in an carlier report written during this project. In that
report it was shown that an aitcraft flying approximately 20 kun from a
2000 wati Jow power HF trancmitier could be detected, While nufficient
detectionsa of aircraft werc accomplished to demonstrate the feasibility of
such a system, insufficient data has been gathered to dute to pernit
development of a proper system concept Lo provide a complete coastal defensive
syctem. Tn marticular, therc arc many parameters that inter-relate the
ground-wa\;e-sky wave mode that have not been examined or tested in detail
These include variations in frequency, path loss with time of day, season, eic.
A firm understanding of how a system can be developed to provide the .

necensary operational capability does not yel exist,

In this report, the basic paramecters that can lead to a system
definition for the surface wave=sky wave miole are considered by first

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

191y 2 aand -
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1.

proposcd that can provide the additional delails necessary to complete the

definition phasr of the program. This will involve measurements of the

variation in tctal path loss with respect to -£
1) Tirae
2) Season
3) Frequency
4) Target Aspect Angle
5) Sca State
é) Distance
7) Propagation Mode

The resultant data, when coupled with suitable analvsis will provide tae

necessary avaluaticn of the following basic system requirements:

i) Probability of detection
2) False Alarm Rate

3) Time Availability

4) Velume of Coverage

5) Number of Sites

b) Power Requirementes

JHCLASSIFED
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2. ;31/ cvSTEM CONSIDERA TIONS (U). ¥

F

Since the purpose oi tnis purtivn ol the prograns iz to detect low
flying aircraft and missiles at low altitude in order to provide early warning
along the sca consts, where the basic method involves both a surface wave
over sea water plus a sky wave to the receiver, it is apparent that a single
transmitter will provide essrntially a circle of coverage; and hence, many such
overlapping circles are nceded for reliable detection as shown in Figure 1.

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

zones are known to exiat for sky wave propagation.

More importantly, {rom a system standpoint, it is nccewsary to
provide a good probabdility of detection for a significant portion of time while,
at the same time, maintaining a rcasonable false-aiarm rate, Thus, the
parameters of the system must be determined in terms of the system
requirements with various trade-offs beirg nossible 0 maximize the cost-

affectiveners,

In order to determine the system paramecters it 1s necessary 10
combine available data with experimentation in such a way that new data 1s
generated with sufficient statistical accuracy to plave bounds on the

parameters. This process consists of the {ollowing stepes:

1} State the problem.

2) Formulate the hypothesces,

3) Devise expcrimental techniques.

4) Exaniinc possible outcomes with relerence back to

the reascn for the problem 10 assurc the experiment

piovides acequate information,

SEERET~ 3

CLASSIFED

[ smppiot
worres i T3
- S
R




UNCLASSIFIED

&
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u.5.
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;

s SURFACE WAVE

L \

Mm“‘:' b / \
AREAS OF CWERAGE

Fd
R \‘““ BUCY MOUNTED TRANSMITTERS

Figure 1, {U} Arcas of Coverage for Buoy-Mbuntcd Transmitters (L)
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5) Consider the possible results as well as the slatistical

methods to be applied, t2 assure that the conditions

necessary for the methods to be valid are satisfieg.

6) Do the experiment. .t
7) Apply the statistical methods to the cuilecied Gaia,
8) DPraw conclusions, with measures of reliability and

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

and results,

While the above sequence appears to lead ir a straight-forward
inanrer to the required rusults {in this case, th: system specifications and
paramcters), a scrious prcblem arises due tov the time-varying statistics of
the various paths. For example, the propagation of radio wives over wales
has been studied in the past by many people {7, 8, 11) however, variations
in the path loss occur because of sea state, wind, etc. and the statistics of
these varistions do not obey any simple lav-. The same problum of statistical
variation will also occur in the radiation patterns {rom the transmilter

antenna, the sky=wave mod» and the scattering cocfficient of the taryet,

1t should alse Le noted that the available data on these problem
areas docs not, in pencral, represent average values, but usually applies only
to the best conditione with 3 non-icr0 mcan associated with the variatiosns.
It should also be noted that mozt of the data concerning prop«gatidn over a
'sky-wave mode is time dependent with very larpe changes occurring both
{or time of day and season df the year, It has also been found that the values

are dependent upon geometry and geopraplical location,
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in sunnnaty v, e pur;;;; of this scl of experiments is to
evaluate the statistical \ariations of the system 60 that suitable parameters
can be sclected to provide a good probability of detection for an accepiable
percentage of time with a reasonable falsc alarm rate. The desired para-
meters will thus have to be selected to accommodate essentially "worst-case”

conditions, and thesc are ubviously not changed by taking more data.
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) Sctlion 3.

N
3. LM/ STATEMENT OF PRONLEM AREAS. (LU}

rd

Consider a modcl which contains a buoy~mounted transmitter
with a vertical antenna, a r2flecting targe? flying over the occun and a
receiving site with a high-pain antenna Jocated sufficiently far from the target

$0 that propagation occurs via sky-wave.

The basic problem is to speciiy the paramieters 79 that & .pre-
determined signal to noise ratio will be excceded with high confidence at

the receiving site. The following six areas should be in\catigated:

1} Effective radiated power and antenna coupling.
2) Surfuceswave losses 10 tarcet.
3) Scattering or reflection coefficient of Larget,
4} Sky-wave lossrs 1O recciver.
5) Effective noisc at receiver.,
6) Receiver antenna gain.

3.1 (L) _ Effective Radiated Power,

The first problem, that of effective radiated power includes the

_ variations of received power due to suotion of the ocean.  Thus, if the
transmitter power, {cedline and antenna efficiencies are known. the far field
car. be measurcd and compared with nume rous {icld intensity charts such

as those of refercence 2. Variations will occur since the sva at these

frequencics acts as & reflector which unfortunately is moving with tine.
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3,2 (L) Surfuce Wave Losses,

v
While the surface wave attenuation must be valuated, it may to

some cxtcnt be inceparzhle from the above antenna cain problem unless a
calm sea and a utable platform are used. A number of theories exist for
ground wave propagation and they also include the effects of an elevated
target or recciver. 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 £0 that rcliable detections can be achieved,

Norton ) has studied propagation over a spherical earth and has
shown that there is significant variation in field strength of a surface wave
as a function of heipght; he considers three regions

h = 0
h = {2000112,3) fect

h > (200071273} teer

where [ is in megaberiz,

3.2.1 {L) Repion | - Surface Wave,

When both transmitting and receiving antenna {or tarpet) are near
the occan 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 surface wave altenuation approaches the values given

(11)

by theory for a peifectly conducting sphere., DBarrick has also included
the cffects duc to roughness and has published detailed data for various sca
statcs and {requuencics as shown in Figure 2, It should be noted that the basic

loss is for a sphere and not agpcriecuy conducting plane.
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Figure 2, (U} Basic Transmission Loss for Ground Wave Along the
Occan. Propagation in Upwind=Downwind Direction, (1)
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3.2.2 (U} Recion I - Medium Antenna Heights.
7 r
In this regirn Norton (N has determined a height-gain function and

it is only neceasary to multiplv the aurface wave ficld by the functions
I(ql). I(qz) defined by Norton for the transmitting and receiving antenna

heights as shown in Figure 3.

3,2.3 (U} Region 111 - Hiph Antenna.

When the transmitiing and/or recciving antenna are high, the
earth's curvature affecte the {icld strength 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-sipht or not. At
sulficicntly high altit: des the ficld intensity has been found to decay

exponertially with incrcasing height.

At points within line-of-sight the earth's curvature must be

considered since the planc wave reflection coefiicient is different for a curved -

guriace than for a plane. Also thr curved surface reflectinn causcs the
energy to diverge more than is indicated by the inverse square law, and
hence a divergence loss factor must be included, 1t is apparent that these
factors affect not only the transmitter to target path but also the target

to recciver path since the target acls asa radiator after reflection Barrick(
has also modelled a surface wave and calculated the path loss variations
with sea state and height for the HF band. His resulls are very similar

to Norton.

UNCLASSIFIED “te-



UNCLASSIFIED

e
(Q) w319 Tuuduy Jed11aquIny Yim Al1sudiuf PPRLY Jo uoneldeA YL () € 2iniltg
¥
.
a0l 0701 ot o'l 0 o to'o 10°0
T T T T T T T ve
= =1L
K3 o o o
2 oL
ﬁ ~ot o
TLIMIVIAR B SRSDE] Lide vealuy - 3 .
« Ho'n
(W0 vl 0é Wilimw) —.nllnﬂ XA jen
* L
T TR0 .Tw.“um.mlu T g 10«
o1 1 1 L 1 1 .| 000}

-11-

UNCLASSIFIED

WA TawA Dowaurt B DAV Y0 asrinliny 0V



Qi;- UwuakubaiLu
3.3 ; Effective Target Arca.

The cvaluation of a meaningful target cross-seclion for an aircraft
[ 4 .

is difficult, since a complex target such as an aircraft may be considered as
madeup of 2 large number of ir}dcpcndcnt objects which scatter energy in

all dircctions. Skolnik!%) has shown that the cross-section fluctuation from
a "simple' scatterer can vary over a ratio of 4 to 1 which would introduce

scintillation in the signal and hence doppler spreading,

Target aspect anple (TAA) can have considerable impact upon the
reflected or scattered RF energy impinging t.:n the target, Some of the
inIormat_ion avajilable at £DL on the HF radar cross-sections of aircraflt
and missiles is contained in references 4 and 5, however, it should be
emphasized that these measurements were made for back-séauered 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 missiles are on
the order of a wavelength at these frequencies that the choice of operating
frequency may be influenced. Thur, appropriate targets must be evaluated

in terms of the goals of this program, Some of their conclusions are:

1. The fine structure (nose cone, tail fins, ectc) with
dimensions considerably smaller than a wavelength has
negligible 2ffect on the cross-scction at any aspect,
except in the direction of deep nulls where the depth of

the null is somewhat affected.

2. The HF broadside cross-sections of rockets and large

aircraft are of the order of scveral hundred square nicters.

2
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-= Continued,

3. The particular cylinders studied showed a deep null end-con
if the length of the cylinder is less than one wavelerrglh
If the length is greater than one wav clength, another null

develops at 20° from broadside.

4. The dcpths of the above nulls can exceed 30 db below

the broadside response.

5. The-cylinder aspect ratios studicd had length to diameter
ratios L/D = 10 to 14. A rotation of the cylinder about
an axis normal to its longitudinal axis and parallel to the
Poynting vector resulted in a slowly varying response

{polarization sensitivity) with nulls not exceeding & db,

Table 1 is taken from Refererce 5 and shows nulls, null depths,
and cross~sections as a function of frequency. Great variations in null
depths are shown - as well as large variations between peaks and nulls.

For example, the peak-10- -null variation of the KC- 135 shows 27.3 » {=15) db
or a total variation of 42,3 b, It is obvious from these resulls that both

aircraft and missiles preaent scintillating targets with wide signal variations.

It is interesting to note tha. only two out-of-plane measurements
were made = these on the KC-135. They showed -15t0 =19 db nulls at the same
frequency. The apparent cross-section did not change significantly, however,
Since the impinging RF energy {rom the buoy antenna will not always be
exactly in-plane for an aircraft target, an ~ven more complex null structure

can be cxpected as the out-of-plane angle varies.

-13-



TABLE l.C MONOSTATIC HF BACKSCATTER RADIO CROSS SECTIONS

. FOR AIRCRAFT TARGETS BASED ON X-BAND MODEL
GE STUDIES (LU). (Reference 5)
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TABLE I {87 -- Continued. GESARHER

YRS
s

1Scwiet
BISON E Pularization 15 1200 (maxF
~18 db.(min)
H Polarization 15 164 {max}
-12 db (min)
BEAR E Polarization 15 1800 {max)
H Polarization 15 1010 {max)
TU-104 E Polarization 13 213 {max)
-12 to =15 db (min}
TU=16 H Polarization 702 (max)
=12 db (min)
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TABLE [ ;s'/-- Continued.
Id

EDL-G-415

MIG 19 E Polarization 15 450 (max)
H Polariz#xion 15 50, 5-(smax)
min at =17 db
MIG 21 E Folarization 6 I8H {max)
=22 db nulls at 290°
H Polarization 8. 50 Bl6 (max)
-25db nulls at =90°
several nulls at
t 90°
MIG 21 E. Polarization 15 2a% (max}
=14 &b nulls)
14 Polarization 13 12.4 (max)

min of -9 db

no nulls

© e . ————— . e - -
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3.4 (U)  Sky-Wave Propa rativi,

The {requency chosen for this experiment must be cxanined
carefully so that the disadvantages of HF propagation arc minimized. Some

of the disadvantages of using HF are: .

n The variability of propagation conditions which could

require changes in operating frequency.

2) The large number of pussible propagation paths with
resulting timc dispersion of tne sipnal due to n-ultiple

modes of propagation.
3) The large and rapid phasc iluctuations.

4) The possibility of high interference rates due o mulliple
modces of propagution.
For example, Figure 4 shows the typical diurnal variation of
the critical frequency at ond specific latitude and season for hich and low sunspot

numbers.,

A low frequency is necded to pel below the nighttime maxieium
uscable frequency tMUFE), and a higher freguency is nevded in the daytime
that is both below the MUF yet above thye rogion of high abasorpiton. Impiicit
in this discussion of first-order inctors is the Jact that a lower uscavle
frequency (LUF) exists and is a function of absorption, incident field strengths,

receiver noise levels, and receiving site noise environmeat.

At medium ircquencics, it is pos sihile tnat the pgrouncwave and
skywave ranpes overlap with the resul® that severe fading car ofour v the
two signals are of comparable amplitude. [he path length is thus a consideration

as well as the irequency chosen for the experiment.
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-= Continued,

r
Where Figure 4 showed diurnal variations of critical frequency at

onv Jalitude

cre ncacen of the year, Fipure 5-shows typical values of

absorption at midday. This is a maximum and depends upon the angle of the

sun in relation to the horizon, On short paths, this is the actu-l path

length and not the distance along the carth,

In order to cvaluate the proper frequencies of opcration, it will be

neccessary to determine experimcntally the variation in path loss with

frequency.

Certain assumplions can be made 10 limit the wmount of

experimentation neered for a managcable proegram. Thesc are:

1)

1)

5

)

H)

The receiver site noisce environment and minimum

detectable signal threshold are accurately known.

The cffvctive radiated pover (EilP) of the buvr=mounted
transmitter and antenna 1s accurately knowa or can Le

predicted,

e HE radar cross=section of tarpetl s3rc rait is at least

>
20 mcters® at oil aspect angles,
The receiving site antenna pain is known accurately.

The midpoint of the skywave path is known or can be

prudirlcd.

The ionesphere midpnint is stable orits varation can be

prvdiclcd.
T'he instrumential inaccuracices are known or can be curtrelled,

Fhe buoy swing or sca r¥tate will pot affect the measurements

of path loss.
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3.4 {L) -+ Conlinucd,

9) The weather effects on the atmospheric refractite index

- b
arc negligible,

3.5 {L} Noise at the Receiver,

Figure 6 shows 1ypical noise ina 6=-kc bandwidth for a latitude of
40* averaged over & year. Summer averages will be a few &b higher while
winter averages will be a few db Jower. The noisc level will vary with
latitude, however, the particular receiving site is fixed so that more accurate
noisec determinations could be madc and a suitable correction factor applied

to any experimental results,

3.0 K‘ 29( Receiving Anlenna,

The transmitling antenna wail be by necessity limited to a simple
vertical and may be quite siort compared to a wavelength so that its
cificiency as a radiator will be low. The receiving anteana can be quite
efficient providing the chosen froquency is not tov low. Dcpending upon the
spatial scparatior of arriving signals from more than one buoy, the receiving

antenna may have 1o he rotatable == or consist 6. a steerable array so that
optimum receiving condilions can exisl. The better the receiving antenna.

the preater the depression of the LUF.
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Section 4. Wik

0% '
4. ) EXPERIMENT DESIGN {U).

/’

Because the end measu rcrne;a; of this experiment is related to
doppler shift, it becomes apparcnt that a slow moving vehicle == such as a
surface vessel -+ is of limited use as a target in evaluating path loss. In
addition, a helicopter platiorm is considered less desirable because of low
speed, unknown cross~-scction, and rotor modulation effects. A relatively
high speed aircraft == up to Mach 1 as a target vehicle -+ appears to be a
viable solution, but is subject to some contraints. The aircraft should be
jarge enough to assure an adeguately large cross-scction, and for over-water
operations it should be multi-engined. Since the target is passive, it necd
not require more than a single scat aircrafl, guch as the F-101. Thec 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 enough during every 24 hours to provide sufficient statistical data. In
addition, scasonal variations require that experiments must also be carried
out over a period of months 80 that seasonal cffects may be taken inte account,
It may be possible to linearly interpolate for valurs over longer period

. effects such as sunspot number variation, but this is mere conjecture at this

time., Additional study is needed to determine the length and {requency of tests.

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

general contours. Cross-hatch {light paths can then be uscd to provide the
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4, p!’( -« Continued,

variable aspect angle data as well as provide check points where the circular
paths are intersected. Again, it should be realized thal these iligk‘ﬁs must
take placc at several different altitudes and should be numerb"ul as possible to
provide a sufficient data base for statistical analysis. Reference to Table ]
included carlier in this report shows the larger valucs of cross-scection are
1809 mclersz 50 that an assumed «".Omz in the equation below represents a

WwWOorst casc.

The reflected power can be cxpressed as

PG
t lo

P = (3)

ref 2

(17 D)
where:

Fref = Power reflected {rom the target
Pt = Power of the transmitter
G‘ = Gain of the transmitting antenna
of = Turget cross section
D = Distance from transmitter to target {same

units as o)

The rellected power {P“_{) is calculatnd for various distances D in Table 11
assuming an cffective radiated power (P‘Gl) of 1000 watts, Table L shows

the large variation in reflected power with distance or volume of coverage.
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TARBLE lI. REFLECTED POWER FROM TARGET. (U)

)

4. L3 -~ Continued.

Distance in Miles Reflected power in dbm_r

1 ) -12

2 -18

5 -26

10 -32

20 =38

50 -46

100 -52

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

below with various portions of the path labelled.

| OHOSPHERE

BuOY RECEIVlNG SITE

Figure 7 {U) Sketch of Basic Propagation Model, (L)

HELISSHED
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4. -- Continued,
The following equations apply to this model. —1
p =T =L +G = ERP (in dbm) r
r P loss t
T = Transmitter Power, L zLine logs, and G =Antenna Gain
P loss t
L = Surface Wave Losses
W
pP. = Power Incident on Tarpet
Pre! = F’.1 times Target Reflection Coefficient (see Table 1)
Lsky = Skywave Path Loss (including jonospheric losses)
Pir = Skywave power incident at receiver antenna
P = pir time Gr=ToLal. Signal Power at recciv:lr{P,"vG; in dum)
= P L +G 4
P ref sky r t4)
P = (P.) (Reflection Coeflicient) where P =z - L (3}
i i r 8w
Note that this does not take into account receiver noise figures, bardwidths,

nor interfersance.

The standard loga rithinic

form {or frec=-space transmission

loss, L between two isotropic antennas is given by:
= + - R
L 20 log |, D+20 lo;loi + 30,581 (6}
where Dis in miles and {is in megahertz, Path loss cannot be less than the
{ree-space loss 80 that one can, after Norton (8), state the following:
s L-"3 =G ¢ A {N)
trans t r
where L - Systcm Transmission Loss
trans

G G - Transrmumg and Rece

A Propagation path loss rela

iving Antchna gamns above isotropic

tive 1o the frec-space value L.

-lu~-
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In cases where it ie possible to determine the cffective values of
transmitting and receiving antenna gain, cquation {7) may be used to
determine the value of A. It becomes impossible, however,, to 5:parate the
antenna gains under conditions of mnultipath icnoepheric nrepagation. With
multipath propagation the only values that can be mcasurcd are Pr and Pa'

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

To see why this is 80, let di denote the distance and a, the volia,e
attenuation factor corresponding to the j=th ionosphuric path, Let p‘tj and
By denote the power gains of the transmitting and recciving antennas fer
this particular path, The average signal power available from the receiving

antenna Pa. is then (from Norton = Ref. 8):

m
2
p = P AL T & gF Jana ) (8)
a r j=1 ) Lr) J

This is the peneralized form of vquation (7} above and is ohtained by sumuming

the signal powers available from the scparate paths. It is impossible to extruct

the transmitting ané recciving pains {rom the summation sipn, and s0 il is
impossible to scparate out cither an inverse distance factor, ERP, or the

received field intensity.

Referring to Figure 2 and Equations (4) and (S}, it appears thal one

could measure (or calculate) both ERP and the surface wave loss, L o' [he
W

figures given ir. Table Il show total reflected power, M itis assumuvd thal

_ this is equivalent to the power that is» reilected toward the ivnosphere an the

direction of the receivsing site, then the target can be cunsidered at A “virtual”
transmitter with those values in Table 1l as e ERIP. The sky wave lues,

L Ky’ can be calculated by assuming no otner ioases tnan the frec-space
sSKY . '




I

W)

4. M() -+ Centinucd.

loss. Lhia would be approximately true for nighttitme conditivns, but an
absorption factor would have to be added fur any portion o1 the path which s

. . r
in daylipght,

Laking the vaiuea fram lalle 1 ue 1om tarret ERP and calcuating
the path loss for 100, 500, 1000, and 1500 n:ile skywave distances for a 5 Mcs
transmission frequency, we vltain the incident skywave sicnal power (diin)}

at the receiving site {sec¢ Fable LI1).

TABLE 1M (U) INCIDENT SKYWAVE SIGNAL POWER tdbhm) (L)

Target ' Iransmission Distance tn Miles
ERP
dbin 100 520 1230 1500
-12 -107 -121 -125 -13]
~1K ~113 =125 =153 -137
=20 -121 -135 =141 -i4:
-32 =129 «141 =145 - 151
- 3H -133 LN =13i -157
-4u =141 -154 -lul -lus
=32 BN ~iut -lo? ~171

Included 1n the abuve table s Ane assunpiion vl o single hop skywase pPrupd-
palinn inode as well as an arbitrary 4 db Joss due to wruspheric reflection,
“his nuinber is consvrvative since it depends upun the redlecuion cucihicient
of the ionospnere, and could Lo siotadicantly Ligher (b In addition any

rec Clb g antenna gain is nol included in the talle,
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Sccotion 5.

U)

5, ps{ ANALYSIS, ' N

As mentioned before, the purpuose of an, experunental progran:
is to develon systems specifications. Therefore, the data taken at best
represents sanple points from the total possible variation for the various
portions of tne model. It will then be necvssary 1o apnly standard statiet:oal
technigues te detea..ina the mean values and the various percentiles aboit
the mvan. This in turn can be readily translated into the miore uscal

paramecters of power, antenna pain, volume of coveraue, clc.

In addition, to the usual analysis, it will be necessary 10 exan.ine L,

dats 1o vvaluate whether dependence exists on the warivus portiuns of the path
and also to determine variations with tune, gropraphical location, etr.,

since it is quite likely that anv system would regquire a coitrol link in order
to maintain optimum paramelers while accommoedating the known varinticas in

the =ystem.
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Seclton b,

(V)

0. j‘{ SUMMARY,

Fhe following paramuters contribute e sust uncertainty o
the experiaent,

1. Fiegueney = saust o chusen to snininmyze interfereace
y-t provide @ sutficiently stuble sipgnal with time. In a.l probability, «t least
tww freguencies will be necessary == unve for daytithe use and one fur pigitthine
3 I &

- Path Length = the path length must be chosen ro an Lu
v.initnize any poasible sclf-interference problems =« bovy, the ground wave
Loverage afve must not inlude the receiving site, Lut tie skywave path

hould e lon s enwuch fur reliande toadoes,

i, Pareddl Aspeat Ancle = e only data wvatlable on FAA .

datu which was taken i the orivontatl plane. As such any inclined plane nulls
are not plutted. excepl i v cases ol Uie BU=13% aircralt. Sinue invident
A energy o6 dhe tareet will not albways fall exactly in tue sorizontal plane

brocdstCel viosaeses iuns will vary over some UNRNOVWNL Tange,

+ Null Deoth Varialions = a d1ven tarpet s stiowt gall

Carlativte Goover 30 dh, tiverefure, aany thignt path wall nave to e catelull,

coprtrolled =0 the effects ol the nulis thay be accounted for,

o, Recciting mte Notae Fovironisent o this as not eapected e

sertausly aftedl Loe eaperiment siee tne tuean Vvalue @1d scasunal variations
U1 wiuaent 1noase anould be available froan LU 822,

[T Ansorpli hoe Uiths 15 o Vvalialle oo ion Jadtor and s
Doy irttonal 1o tne sun's angle worih Lhe Bodidal as s an Welhie IPeQachiod

v e,
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6. ki/ -+ Continued.
. . . I
7. Platfurin = the reconunended platforin is d multi-enpine,

high performance wircraft, and preferably vne wilvar Crops=§€cLion i Krown,

5. Allitudes = several altitudes for the target will be necessary

because the f1cld strenglh is boutl altitude and {reguency sensitive,

9. Veasurcinent lolerarces = some dete nuination of the

possible ranges of tolerance will be necded in all urteas of implementalion,

not only 10 size the ex erimment, bul to judge its 1pact on the collected Gata.
\ gy I

10. Interierence = HF interierence is @ great unknown quantily
since it varies congiderably from haur to hour anu day to-day. It may require
more titan just two frequencies tu conduct the experunent, Using Lhigher power

sources would decrease the interfvrence problem,
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Scction 7.

7. L/c;( RECOMMEXNDA TIONS. -
rd "

In suninary il is recommended that the proposed experimental
program be accomplished in four phases. First, analysis and meascrements
are nceded to evaluate the coupling between the buoy-mounted transmitler
and the surface wave which, of course, is vertically pelarized. To dc this,
a variable frequency trunsmitter will be operated with a shore receiving

station to imminimize the variables.

Second, additional analytis will be made for tarcuet cross-secticnal’
area. This is best accomplished by modelling., Model experiments will also
be conducted to evaluate the difference between backscailer und forward

scaiterl.

Third, the path loss must be evaluated. To do this, an airborue
transputier will be used and both the sky wave via the ionosphere and the
surface wave will be measured. In this phase, sulficient data must be taken
to vaiidate the theoretical results of previous workers (;. 3, 7., 8 andll)
in order 1o all prediction of time availability with reasonable accuracy. Mode

and irequency of propagation will also be optimized durning this phase.

Fourth, a preliminary system will be defined as a result ¢ the
above investications, [his desipgn will include coverage area. control

requirements, and an estimate of detectior. probability and false alarn rate.
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ABSTRACT

Thie report discusses an investigation of the
feanibility of defending surface vesstle against
low-flying threats, Various models an< tech-
niques based on thein for the estimation of
threat trajectories are derived using a poly-
ctatic radar approach wherein targets are il-
luminaced with skywave and sur{ace-wave modes
and reflections are received by a shipborne
receiving system via the surface-wave mode,
Two of the models were tested via simulation:
a two-transmitter, one-receiver {double bane-
line) case and a one-tranamitter, one-receiver
{single baseline! case, The results of the in-
vestigation indicate that of the models tested
only the double baseline approach may be a
feasible method, However, K further analysis
iz needed before a final conclusion can be
reached,

Two configurations that might be feasible for
the shipborne hardware required to perform
the azimuthal and Duppler measurements are
discussed: the multiple-baseline/pattern-
recognition system and the switched linear
array Doppler direction [inding system, It is
concluded that the relative advantages of the
two systems should be investigated to aelect
the one most appropriate to the specific appli-
cation desired,
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Sectlon 1
INTRODUCTION
)
1.1 161/ DACKGROUND.

u&cussmf%

The dstection of low-flying threats to surface vessels at a
range sufficient ta give useful warning time and tracking information Is a
problem which must be solved if the surface navy is to survive. In detecting
these threats the enemy must not be given the opportunity to use simple
direction finding techniques to locate fleet units, Thus, it is desirable that
target detection nat require radiation from the flect and that the fleet operate
under complete electromagnetic coatrol (EMCON),

The feasibility of using a hybrid (ekywave/surface-wave)
systemn to help solwe this problem has heen demonstrated as part of the
MAY BELL Program. In this concept, the target is illuminated by skywaves
from transmitters (either shipborne or land-based) located at over-the-horizon
(OTH) ranges. Suriace waves which propagate from the target to a recaiving
system aboard a skip permit detections to be made even when the target is
below the line-of-might radar horizon,

Experimenta performed at Cape Fennedy, Florida, with
a snhore-based receiving station sirmlating the shipboard environment, a
Navy P3V aircrafe as a controlled target. and illumination pravided by the
MAURE (pulse) ard CHAPEL BELL (phase code) transmitters, located
respectively in Masyland and Virginia, have shown the technique to be feasible,
For most of the flirh%s of the target its altitude was 200 feet, and detections
were made at ranges as great as 10 kilomcters (km) from the receiver,

1.2 Q})}a'r FEASIILITY STUDY.

. &£8 an application of the hybrid-system, flect air-defense
technlque, a feasilility study under Project AQUARIUS has been conducted to

‘determine the practicality of deferdimg the Mediterranean Fleet against low

flying aircraft and cruise missiles wsing over-the-horizon detection (OHD)
skywave--surface-wave and surface-wave--surface-wave techniques, A
parallel efiort withim this study waas t= determine if simple continuous wave
(CW) rather than range code tranemissions could be used which might then
result in a simpler. more mobile system.

1.
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_ It was determined that shore-based HF (CW) sources
could be used for skywave and surface-wave target illumination and shipboard
‘receivers used to detect the surface-wave Doppler shifted signal scattered
by the target, Assuming reasonable powers (10,006 W), vertical antennas

and 150 rrnZ cross scctlens, & target detection range of approximately 100 km
fram the ship is typical,

Although the Doppler detection provides some informatlon
about the target velocity and direction, because of symmetry, targets flying
pear the transmitter may glve the same Doppler shift as those flying near
the ship. Thus a means of dlscriminating between threatening and non-
threatening targets may be as irpartant as detecting the targets themsnlves,
at OTH ranges.

Th_in report describes the derlvstion and presents simula-
tion results for three stralpht-forward techniques which aliow OTH target
detection and tracking while maintaining EMCON, ‘

1.3 k\)) e SUMMARY_.-_

£

Derivations have been made of techniques tc provide
location estimates of low-flying 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 reflectiona from the targets
are received bv a shipborne receiving system via surface wave mode. The
models used have been examined for two configurations' a two-transmitter,
one-receiver {double baseline) case and a onc-tranamitter, one-receiver
{aingle baseline) case, For the double baseline case two models were de-
veloped, one to represent azimuthal and Doppler measurements made at two
diffcrent time points for each baseline and a aecond to rerresent a single
set of measurements for each baseline, For the pingle baseline case a third
rmodel requiring two sets of azimuthal and Doppler meagurements was de-
veloped, '

The second and third modeis were simulated for aircralt
detection in the Mediterranean fos two s.tuations: one in which the aircraft
flies directly at the ship and a secuyd in which it flies at an angle of 10
from the ship, The influences of bearing error measurements on the trajec.
tory 2stimation were examined,

2= '
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Implementation conﬂdenﬁuns indicate that Doppler
resolutions of 0, 1 Hz and azimuthal accuracies of 1, 7 degrees R34S are
feanible,

Two cunfigurations--the multiple-baseline/pattéce =1, »
recognition systermn (MB/PR) and the switched linear array Doppler direction
finding system (SLADI--that might be feanible for the shipborne hardware
requived to perform the azimuthal and Doppler measurerments are discussed,

1, 4 QJ)?‘“ CONCLUSIONS.

The results of the irvestigation indicate that the double
baselins approach wherein a ningie set of messurements is made for each
baseline is superior to the single baseline approach. The necessury
sseumption required by the single baseline method intrnduces larpe errors
in practice and makes this formulation of the method unacceptable, An
estimation accuracy of 1 km in range is achisvable for the jdeal double-
baseline cane where there are no measurement errors, Inaccurate azimu-
thal measurements resnlt in griater errors in range estimates than do
inaccurate Doppler measurements, A preliminary error analysis indicntes

tnat errors of + 2 in bearing measurement »esult in range errorsof | - § km,

From the forcgoiag reaults it is concluded that the doulle
baseline approach appears to be a feasible method for estimating the location
of low-flying aircraft using a polystatic HF system, However, additional
analysis is required in

(a) detailed error analysis of the double baseline
(single measurement) method,

Ab) 2 simulation and error analysis of the doable
baseline {multiple measurement) method,

(c) location estimation of high flying aircraft/
missiles (the case for which a flat earth and
two dimensional model is no longer validi,

(d syatemn design for implementing the double
baseline (single measurementi method, and

fa) analysis of other formulations of the single
baseline approach,
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It 1e also concluded that the two possible shipborne hardware '
systems should be further investigatod to selec. the one most appropriste to the
specific application desired,

1.5 () REPORT ORGANIZATION.

This report consists of four sections, The first presents
introductory background intormatioa concerning previous work done on the
detection of Jow-flying threats to surface vessels. It also introduceu the
feasnibility atudy 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 simrulation and testing
that was performed on two of the models and points out sources of sriar in
each, Estimates of the effects of arcors in the measured parameoters on the
repults arv aleo given, Finally, Sectivn 4 discusseo ways of designing -nd
constructing the shipberne hardware required to provide the azimutk §..d Lop-
pler messurement information necessary to the application of the darived
techniques,
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DERIVATICON FOR AIRCRAFT TRAJECTORY ESTIMATICN

2.1 U}),m’ GENERAL,

U S

As described in Section |, protection of the fleet againat
low flying aircraft and/or crulse missiles may be accomplished using a
bistatic radar with a shore-based transmitter for target illumination combined
awith passive shipboard reception, in fact, over-the-horlzon warning may be
accomplished without active shippoard radiation (i.e.. with electromagnetic
control, EMCON), The techniques considered in this study appear to eliminate
two fundamental problems associsted with CW.Doppler bistatic radar:

a, Target signal amplitude gives no indication of whether
the target is near the transmitter or the receiving .
ship because the bistatic radar range equation is
symmetric about the transmitter-target and receiver-
target Tanges.

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

Three scparate derivations will be given describing techniques
which may be used to locate and track low flying targets which may threaten a
surface fleet.

2.2 {(Uy MODELS USED,

For the two-dimensicnal (flat earth, low flyin,) situation
being considered here, two geometries are worth investigating: a two-
transmitter, one-receiver (double baseline} case and a one-trancmitter, one-
recelver (single baseline) case. For the double baseline case, two rmodels
were developed, One model requires that, for each baseline, azimuth and
Doppltr measurements be taken at two different time polints. The other 11 cdel
requires only one azimuth and Doppler measurement for each baseline. The
geometries for these two models are illustrated in Figures | and 2, The
single baseline model requires azimuth and Doppler measurements at twa
different time points; the gpeometry for this model is ahown in Figure 3.
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(U)

Double-Baselline, Two-M=asurements
Model. (U)
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Figure 2, (U} Double-Baseline, One-Measurement
Model, (U}
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Flgure 3. (U) Single Baseline Model, (U}
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2.2 (Uv  --CONTINUED,

Of the three models, the single baseline case is the most
desirable from an operational point of view because it requires monitoring
only one transmitter. ©Of the double baseline models, the one-measuremeont
cave Is the simplest and the easiest to Implemnent. The {vllowing derivations
describe how trajectnry information may be obtained using each of these
modals, All models assume that the aircraft 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 pointAsituuicn shown
in Flgure 4, where a vehicle is moving at an unknown veloclty U, the distance

between the transmitter and the receiver is assumed krown to be D, and the
transmitter is broadcasting on a known wavelength )., The azimuth angle
of the target at the receiver, o, and the Doppler shift, A&f, are measured,

The received Doppler ohift for this geometry may be
written as

Af = -

»le»

A A
(1'l + 'rz\

= .0
= -3 (cos Bl + cos le
Angles Bl and BZ can also be written:

Bl = Q0+ + &

8, = 90+0.8

Therefore,

af

% [sln (a+ 81 + sin (3-8)]

-9-
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Figure 4,

{U} Variables for Double-Baseline, Two-
Measurements Model, (U}
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2.2.1 (U ~Continued.
Also,

8 = tan-l %)

l- a -1 a tar o
z tan —— = tan ——————
a Dtanoc - a
tan a

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

o [ 1 /al tan a, )
Afl 2 -; sin {al+bl) + sin |tan D tana -2l t {n
1 1 1 1
u i -1 :, tan o,
A[?. s 3 sin (azi‘ 621 + sin {tan rrvrameeall I ] {2)
2 L 2 2 2
and
52 = 51 + ¢ )

where ¢ is the angle between the two baselines, as shown in Figure 1. The
value of ¢ may te 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 At later, then four more
.equations can be written, This set of equations is distinguished by a super-
script prirme,

a’'tano,’
af.' =2 )oin (o, '+8,) + sin Jtan”" ! ' -1 - 5|} (4
ll Il Dl tan al' -3 l

a,'tana '\
2 2 ' }(5\

L] 1 6—
DZ tan a,'-a, I' Z

Afz' = -‘;’z ‘lin (az’ + 621 + 2in un'I
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2.2.1 (;m -«-Continued,
al' = a - v At cos 61 {6}
a,' z a_ ~p At cos & {7

2 2 2

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

Atl = I-'l(u. a. bli

Afz = FZ(“' a. 611

&)

a1’ = Fylv. a;, 8

A‘z' = F4l“a .2- 6]‘

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

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

| S ]
2 and Afz'. The quantities known a priori are
&t, and c. The above set of simultaneous equations may

- W ] -] ]
AERPY Ail. Afl . of
Dl' D?.' l‘. lz.

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

sin o

p =
1

Although this procedure yields 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,

-12-
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2.2.2 {th Double-Baseline, One-Measurement Model,

The varlables for the double-baseline, cne-mcasurement
model are defined in Figure 5. As in the previous case, the transmitter-

rveceiver distances, Dl and DZ' and the transmitter wavelengths, )| and

b} are assumed known a priori, The azimuths, . and @, and Doppler

z'
shifts, Al‘l and AIZ. are the only quantities requiriag measurement,

From another form of the Doppler equation,

af, = Ew (P + i)

=1
af, = )Z ip+ "2’

where p = dp/dt and hi = dn/dt

From the law of cosines,

2 2 1/2
no= {ip + Dl - 2pD| cos nll
80
(pp ~ i:»DI cos v, + pD, :'I sino )
T = (8)
" 2 /

{p + Dl2 - ZPDI con ulil 2

where bl = dnlldt

Similarly
(pp - [;»DZ con v, + PDZ Ty Bin nzl

h, =©
2 2 2 1/2
(p + DZ - Zpl’)2 cos Oz\

(9

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

azimuth measurements an follows:
[n1 W -a, (t-at)] + [uzm -, {t-At)]

24t

-13-
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Flgure 5,

(V) Variables for Double-Baseline,One-
Measurement Model, ({U)
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2.2.2 {(U) --Continued.
r- Now define bl' QT and 5 o fnllows:

*

The quantities h

and {9) ean then

s (pz + Dz - Zle cos nll”z

"
o
n
-]
»
9

= Dl a lluarl

zl
be written as

ph-pr ¢ps

So Al’l can be written

af

Similarly

af

Sol\.ring for b.

p =

hZ
-1 plp-rp+ ch
T — 'P+
1 L hl
a1 b"b(p-rz‘l'*p-zw
2 3, hz
_ (_'.qzhz-f plz\
(hz +p- rzi
15~
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2.2.2 {U} ~-Conltinued.
Also,

- qlhl e 1::1:l + b(p-rll + Pe,
and so

-!q‘ hl + b(hl-rz!]

p = T F : (11)

Equations (10) and {11} form a system of two equations
in two unknowns (p and P! that may be solved using standard iterative techniques.
Note also that, for this formulation, the assumption of constant velocity and
direction are not necessary.

2,2.3 (U) Single Baseline Model,

The final derivation to be considered is that involving the
model using only one transmitter. The variables for the single baseline model
are defined in Figure 6, As belore, the transmitter-receiver distance, D,
and the transmitter wavelength, ), are assumed known, The azimuths, o
and.o', and Doppler shifts A&f and Af', are measured quantities where the
primes signify measurement at some time At after the first {unprimed?
mesasurements. The veloclity, v, of the vehicle is not known.

From the Doppler equation,

f = = (b +h)

y“

l-i‘- Y |
f' = 1 (' + n')

From the law of cosines,

-

n s (pz + Dz « 2pD cns o\”z

A = (pp-pDcesn + pDo alnn

lpz + Dz = 2pD cos a‘b”z

-16-
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Figure 6.,

(m

Variables for Single Bascline Model,
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2.2.3 () --Contlnued.
Simllarly,
B s (p'p' - p' Dcoso' + p' Do’ sino’)

(p'z + Dz -2p' Dcos a')”z

In order to find a volution using only one baseline, two
approximations have to be made

(a) P is constant; l.e., p' = p and, furthermore,

p = p -pot

(o) & is constant; i.e., &' =&

Over short time intervals (small A1) these asnumptiom are reascnable. The
angular velocity & can be estimated as follows:

l-n
———

& = 2
ot

‘These approximations are strictly true if the target is flying on a radial path,
toward or away {rom the ship.

Combining the equations and approximations above gives
“Af) = -q=Ppti -l + p8 |
h

where
- q = Af)
r = Dcosa I

D& sina

= (p2+ Dz-ZpDCOI a)"z !

x
"
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.2t (Uy  --Continued.
Substituting p = p' - p Ot, squaring to eliminate square roots and algebraic
manipulation of the results yields the cubic equation
.3 .2 . .
Ap  +Bp -Cp+ D=0 - (12)
where

A = ZAtz {q-s)
2

>
"

Atz (qz-lzi + At (4qr-4qp') + 234t (2p'-1) + Dz -r

Ot (Zqzr-Zqz p'+2p'lz! + Zp'z (q-st + 2p'r (s-2q) ¢ Zqu

O
[1]

b = p? (qz_._z' v & (D2-2p'm)

This cubic equation can be solved for p and the correct root chosen. Also
note that p s still a function of the single unknown p'.

In similar fashion,
-} . '
Af* = — (p'+ n')
5 (P

or

pi(p'-r't ¢+ p s
h-

-Afy = -q'=p+

Where h'. q', ' and ' are defined similarlyto h, q. r and s,
Now
_qn hn - ‘p(hn_rn‘ = pl ‘h* .l‘

or

. _ jl hl - 'p (hl-rll
= i) o'

P {(In

F.quations (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
target location accuracy to be expected by using these techniques, The results
of these simulations are discuseed in the next section.
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. Section 3 - '
T " SIMULATION AND MODEL TESTING
1 3.1 (U) MODRELS SIMULATED,

The resvits of simulations of realiatic trajectory estimation
situations are detailed below for the double-baseline. one-measurement model
and the single baseline model, The double-baseline, two=-measurement model
was not simulatea,

— —

3.2 (Ul DOUBLE-BASELINE, ONE-MEASUREMENT MODFL.

| An algorithm was developed for solving sets of nonlinear
simultanecus equations such as equations {10} and (11} in Section 2. The
algorithm (s based on a standard iterative procedure for solving equations of
the form p = {(p) (see, for example, Introductory Computer Methods and
Numerical Analysis, by Ralph H, Peanington, The MacMillan Co. . 1965},
This procedure consists of cstimating a solution P, and using this estimate

to get 2 new estimate P where L ﬂpoi. A new estimate P, is obtained
from P, = “Pl“ and so on until lpn' Py l‘ ~ ¢, where ¢ is some small

rumber. At this point the process is judged to have converged with a solution
P =P In practice, cach successive P, is transformed slightly 30 as to

guarantee convergence.

Graphically. this technique amicunts to finding the intersection
of the plots of Y, *© f(pl and Y, = P The point of interaection is where the

algorithm converges. In actual practicc. 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.} (m The Siimulation,

The situation simulated 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 censidered as shown
in Figure 7. [n the {irst casc the liflg:!'l".il merely flying at a 30° angle by the
ship, whereas in the second case it is on an-attack coursc, heading straight for
the ship. In both cases, the speed and direction of the aircraft are constant.
The transmitters are assumed to be located at Rhodes and Athens.

-20-
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CASE ) TRAJECTORY

’97.6 .

RHODES

Figure 7.

wm

Geomnetry of Situation Being Simulated,

-21-

URCLASSIFIED

{m

- ——— -

+ A



.

R —Y

UNCLASSIFIED EDL-M1380

3.2.2 {(U) 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 QUANTITIES FOR

CASE 1. (U
T

Time w o Range, p| Estimated p Estimated

(seconds) | (degreen)|{degrees) (km {km! {km/secil (km/sec)
o 100, 9 44,6 180, 0
60 98.9 42 6 169.7 170, 2 -, 169 -, 171
120 96. 6 40,13 159, 7 160, 2 -. 165 -. 166
180 94.0 7.7 £49.9 150, 4 -. 160 -.161
240 91.1 34.8 140.5 141, 0 -. 154 -. 155
300 87.7 3. 4 131.5 132.1 -. 146 - 147
360 83.9 317.6 123.0 123, 6 -. 136 -, 138
420 79.5 23.2 115,2 116.7 -. 125 -, 127
480 74.5 18.2 108, 1! 108.7 -. 111 -. 112
540 68.9 12.6 101.9 102.5 -, 094 -, 096
600 62.6 6.3 96,9 n7.4 -.074 -, 083
660 55. 8 -0,5 93,1 92.6 -, 051 -, 025
720 48, 4 -7.9 an, A 91,1 -. 020 -, 156
740 40.8 -158,5% an, n an, o 4,000 -. G0l
840 33,2 -23.1 Q0.8 90,5 4,027 +,026
900 25,9 -30.4 93,2 92,5 +,052 +.062
960 19,0 -37.3 97. 0 9,0 +,074 +.075
1020 12,8 -43.5 102.0 ton, 7 +.094 +.095%
1080 7.2 -49.1 108, 2 106, 7 +.111 +.111
1140 2.2 «54,1 115.3 113, 8 +,125 +.125
1200 -2.2 -58.% 123.2 121,46 4,137 +.136
1260 -6.0 -62.3 131.7 130,2 +.146 +, 146
1320 -9.3 -065,6 140, 7 139,3 +,154 +.15)
1380 -12,2 -68. 6 150.1 148.9 +.160 +.160
1440 -14. 8 =71.1 160, 0 158, 7 +, 165 +.165
1550 -17.1 -73.4 170.0 169, 0 +.170 +.169
-22-
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TABLE 2. (U1 ACTUAL AND ESTIMATED QUANTITIES FOR

CASE 2, (U

Esti d

Time a) o) Range, p |Estimated p ¢ ';“"
{seconde) | (degrees)|{degreen) (km) (km) (km/sec? (km/sec)

0 100,9 44,6 180.0
a0 100,9 44,6 168, 0 168,0 -0, 200 -0, 200
120 100.9 44,6 156.0 156.0 -0, 200 .0, 200
180 100.9 44,6 144.0 144.0 -0,200 -0,200
240 100.9 44.6 132.0 132, 0 0,200 -0, 200
300 100.9 - 44.6 120.0 120, 0 -0, 200 -0, 200
360 106.9 44. 6 108.0 108, 0 -0, 200 -0.200
420 1N0, 9 44,0 LT 96,0 -0, 200 -0,200
480 100.9 44. 6 84.0 £4.0 -0,200 -0, 200
540 100.9 44. 6 72.0 72.0 -0, 200 -0, 200
600 100,9 44, 6 60.0 60.0 =0, 200 -0.201
660 100.9 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
840 100,.9 44,6 12.0 12.0 -0,200 -0, 202
900 100.0 44,6 0,0 0,0 -0, 200 -0.202
3.2.2 (M ~.Continued,

The most accurate results were ohtained for case 2. the
attack case. For casc l, the fly-by. errors in the range estimate are on the
order of 0.5 to 1,0 kilometers, The rcasons for these differences are
discussed below,

3.2.3 ) Sources of Error.

. The sources of error include the lincar estimate of rate
of change of azimuth () and mcasurements 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 | at 400 seconds the estimated
value of & is 1.271 x 10-2 radians/sccond, while the actual value is

1.300 x 10-3 radiana/second. Using the estimated value of i, a solution of

p = 118,28 km was obtained, Using the correct value of &, however, yielded
a solution p = 117.5! km. The actual sclutionis p = 117,72 km,

«23-
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32,13 {h --Continued,

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

It is now apparent why the trajectory eatimation for case 2
wae more accurate than for case |; in case 2 the azimuth is constant, 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 (Ul Sensitivity to Measurement Error.

During the simulations discussed above, It was assumed that
the azimuth and Doppler measurements were exact. During normal operation
in a shipboard environment great accurty 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 shilte Al’l -and A!z. The measurement errors and the corre-

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

The errors in measuring 'MI and Afz have the least

effect on the range estimate. The percentape error in the range estimate is
about the same as the percentage error in these measurements, However,
the errors in measuring azimuth have much greater e¢ffect, Herce the errors
In the range estimates are considerable, This is mainly due to the azimuth
errors yielding very inaccurate o 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 b 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), (I

Error in Error in Error in Error in Estimated
o o A'l Al‘z Actual p P

(degrces) (degrees) {Hert2) {Hertz) {km] tkmi
0.0 0.0 0.0 0.0 117.2 1181
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 6.6
0.0 0.0 0,2 0.2 117.2 124.1
0.0 0.6 0.2 -0,2 7.2 112.8
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 0.2 117, 2 127.9
2,0 2.0 0.2 «0,2 117.2 107,.9

NOTE:
Exact v, = B2. 49°
Exact vy ® 26,19°
Exact Afl = 6,174 Hz
Exact Afz = 4,630 Hz
Time = 400 seconds

{U) Summary and Conclusions,

3, 2.6

In summary, the double-baseline, cne-measurement model
yielded reasonably accurate trajectory estimates for two different simulations,
The model was found to be more accurate when the azimuth was not changing
{G = 0), It is much more sensitive to azimuth measurement error than it is
to Doppler-shift measurement error. Since azimuth measurement is likely
to be a difficult task in a practical implementation of thia technique, investiga-
tion of ways to minimize the effect of azimuth errors should be initiated. This
model should be tested further to uncover any undetected difficulties.

-25-

URCLASSIFIED




— ™ ma Gm

UHCLASSIFIED EDL-M1380

3. 2.6 {th --Contlnued.

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

w2be
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DETECTION SYSTEM
&J)

4.1 )5/ GENERAL SYSTEM CONSIDERATIONS.

The analysis and simulativa results discussed in Sections 2 and

3 were developed with the implicit assumptiun that the hardware to provade
the necessary azimuth and Doppler measurements could be made available.
In fact, an HF prototype systemn for tracking low-flying targets at distances
beyond radar line of sight can be built with available hardware. The iten of

’ greatest concern in implementing such a system is the difficalty of building

» an accurate shipboard HF directivn {inding system. The following sub-
sections describe the techniques and hardware that could be used to uuple-
ment the system.

4.2 G)}sa’ DOPPLER MEASUREMENT.

Frecise target Doppler measurements {within 0.1 Hz) have lung
been made by both RLD and operational over-the-horizon {OTH) radar systems.
A block diagram of a typical single channel receiving and data processing
syatern is illustrated in Figure 8. Digitally tuned, synthesizer controlled
reccivers are preferred for their {requency stability., Each receiver output
would be digitally spectrum analvzed with 0.1 Hz resolutivn with approxi-
mately a 50 Hz bandwidth to cover the masximwn expecticed target Doppler
shift. The Doppler shift would be displayed on a hard copy fax in.the stand-
ard time-frequency-intensity format., The Doppler shift as measured from
the direct path carricr could be scaled manually by the operator or scaled

digitally for direct computer Input using a x-y digitizing arm.

4.3 {U) SHIPBORNE DF CONSIDFERATIONS.

Direction finding {DF) from a shipburne platform involvenr
many of the problems encuuntered by shore based DF systems such as
dence signal environment, multimode effects, and reradiation from nearby
obustacles. It is also censtrained by the practical size of HFY DF antenna
arrays that can be employed. The signal eaviruonment varies according to
radio frequency (RF) band of operation and pgeographical location «f the
rlatform. For cperations 1n the middle of the Atlantic and Pacific oceans

e27-
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4.3 (U) -= Cuntinued,

a dense signal environment may nut exist. However, for D} uperation in
the Mediterranean and near urban regions this problem arca can become
severe. Narrow bandwidths (e.g., 300-3000 Hz) can be used on DF
receivers to minimize this problem. In addition. azimuth and ¢levation
discriminatiun can be employed in the antenna system design to extract the
D¥ information from the signal uf interest in a dense eavironnent.

The multimode effect can becume a problem when a skywave
as well as surface wave of appruoximately equal amplitude impinges on the
DF system. Because of the phase shift due tu the diffcrence in path lengths,
reinforcement and cancellation of signals vccur that will make D} measurce-
ments difficult for any HF DF array. DBecause the signal reflected from
the target is expected tu be principally a surface wave, its greater amplitude
will help to minimize any multimode effcts,

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

{a) the size of the antenna array and
(b}  the location/space {or DF system cumponents

The size of the HF DF array i1s limited by the dimensions of the ship.
Decause the principal dimension (lengthl s on the urder of 400 feet (destroyer
class ship) and much uf this length is not available four a DF system, a wide
aperture HF DF antenna array (greater than 200 f[cet) 15 not generally
feasible. The cunventional wide -aperture antenna system has the dualadvan-
tage of achieving a high xignal-to-noise rativ {from the gain of the antenna
array) and high DF resolution {(from the directivity of the array). Sucha
system has the additional advantage that a vertain amount of reradiation
rojection is pussible {from the directivity of the array. The size counstraint
of shipborne arrays prevents these advantages from being realized. OUnc
alternative is to employ a narrow aperture system. For this approach,
which is very susceptible to reradiation effects, a location un the top of a
mast away from superstructurc elements s required. However, the
premium for mast and topside space make this alternative infeasible in

most cascs.
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4.3 {1 --Continued,

The requirements that must be met for shipborne HF DF systems
vary according to application but penerally may be stated as shown in Table 4.
Many of the existing and proposed systeme meet the majority of these require-
ments. The principal requirements that are difficult to completeiy satiafy
are the DF accuracy and the azimuth and elevation coverages, This is duc to
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. Thene are:

(a)  the multiple-baseline/pattern.recopnition (MB/PR?
system and

(bl the switched lincar array Doppler (SLAD) direction
finding system, '

The characteristics of these two systems and their applicability to the early
warning (EW) problem are described below. The references in {ootnotes 1

and 2 below contain more detailed deacriptions of the systems,

4,31 (Ur  Multiple Baseline/Pattern Recopnition System,

The multiple baseline/pattern recognition (MB/ PRI system was
initially suggested by . Marx at Naval Electronic l.aboratory Center {NEL.C)
and employs an array oi antenna elements distributed around the ship. The
phase differcnce between pairs of elements is measured to form an input or
signal vector, This vector is compared apainst a calibration matrix to de-
termine the direction of arrival of the incoming signal, Mode]l measuremcnts
were made by NELC for an HF system consisting of 15 antenna elements.
These measurements have been analyzed using the MB/PR approach, The
results indicate that, for low angle (85,5 from zenith) sipnals, root-mean-
square (RMS) accuracies of better than 3. 3% are obtainable, For skywave
signals unacceptable accuracics {grcater than 10%) resuited. For the surface-
wave mode, for which the polarization is essentially vertical, the RMS accu-
racy improves to 1.8 (or less). For low-flying target detection applications

| K.FE. Spencer, S,N. Watkins, J. Greisser, A Study of the Switched
linear Array Doppler Direction-Finding Systemn, SES-WD M1372,
November 1970, (UNCI.ASSIFIED publication),

2 C. Cornwell, Shiphoard HF NF Final Report, SES-WD G-942,
January 1971, (UNC LASSIFIED publication),

3 NELC Technical Document No, 72.
-30-
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Table 4. (U) GENERAL REQUIREMENTS FOR A SHIPBORNE :

HF DF SYSTEM. (U oo

/-/
Parameter Specification T
Maximum dimension 150 feet i
‘System location on deck , .
; N
DF accuracy 4 degrecs RMS or better
System sensitivity 8-10 pv/m
Azimuth coverage 3600
Elevation coverage 70° (above horizon) -
Dependence on signal independent of modula-
characteristics tion and multiple signals
§§.+
N
- .
Y
1 E-.;‘
N
T
N
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4.3.1 (U) -- Continued.

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

4.32 (U} Switched Linrar Array Doppler (SLAD) Direction
Finding System.

The switched linear array Doppler (SLAD) direction {inding
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 frequencies
measured along the two orthogonal axes. This approach pruvides 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 de by Spencer, Watkins and Greiserd by considering the

reradiation due .0 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 measuremecents are made must be separately
obtained {(e.g., from the reference antenna). These measurements then can
be processed in 2 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.
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'4,4 (U} -- Continued. :
!
Both approaches should be investigated in more detail before {

.uucussmm MU |

one method is selected over the other for a specific application. The MB/
PR technique is expected to be tested using data fromn an experimental

shipborne DF antenna array. A demonstration of this technique is expected !
to occur sooner than one for the SLAD technique. )

P
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SECTION 1.

L)f INTRODUC TION (L)

SolFED

Prujrct AQUARILS is a part of the ARPA spunsored ucean
surveillance program under Pruject MAY BELL. The primary guals ok
Project AQUARILS are to experimentall, demounsirate the feasibility
of detecting uuth submaring launchcd: ballistic missiles and low-flying
aircraft and to cumpare the experi.nentally vuserved delection ran_es to
theuretically predicted detection ranges. The enperimental sct-up
consists of using a bistatic HF conlinuous wave radar with low power
ocean based buuy transnitters and hagh sensitivity receivers lucated on
the Cu‘ast. A detection is made by ovserving the duppler shifted signal
that is scattered from mwoving targets. In this particular experiment
the tarpet is illuminated by linc-of -sight or ground wave energ) from
the trans.a.itter. The scattered duppler shifted tarpel return is received

by an ivnospneric sky-wave as illustrated in Fipure 1.

Tnere has beena cuntinuing requirement for this type of lung
ranve detection uf small tarpgets since a Cuuan pilut flying a MIG
penetrated tie L. 5. radar network and was first spotted by the air

cuntroller at the Aiami airport.

The experimental results of the vontrulled aircrait tests have
been fairly cncoura:in. and indicate that lung ranpe aircraft detection is
pussible using this low power bLisiatic radar concept. There appears tu
ve a fzir agreement between the predicted detection repiuns and tne regions
for which tne aircraft has been detected. During a total of three cuntrulled
aircraft tests, four detections have been 1ade, two uf which are detections
of the controulled aircraft. However, durin, one perivd, that of 18 December,

the detected aircraft dues not appear to correspund in lirue or locativn with
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}
1. 0 wLS‘( -+ Continued.

—
that of the cuntrulled aircraft, It is sarmised that thesc

detections were of an aircraft {lving near the receiver rather than tie ' ! 1

L E

transmitter. ¥ t

1. | (M Repor. Oryanization,

'

Tn Scction 2 of this reporl the basic technique and the hardware
Leing cinplused {or these Lests are described,  Une Lasic geumnelry,
trans:citter and receiver configuration, calivration tec hmgues, propagation
calculatiuns, and a description of the prupagation progrda are given in
this sectivn. Section 3 countains the description of the detection prediction
of Puiscdon launchines frum Cupe Kenendy using tne Luvys lucuted
appruximately 100, 200 and 300 kit from the launch area. For that
particular geometry and tie ranp=s involved, it is vbserved that tne
prubalilit, of detecting ar SLBAM i virtuzll aeplipiole until the taraet
rises into the ionusphere and acquires a substantiall, cnbanced cross
sr-tion. Sectivn 4 cuntains a description uf the cuntrolled aircraft tests,
fliuht plans and the detection vuservaticns made.  Also, in this section is
a tabulation of predicted and ouserved carrier strencths and nuise levels.
The purpose of these comparisons is o vaserve with wihal reliatality tiese
parameters can be predicted wiath the vaject of aecurately pregicling svstem
perfvirmance. Finally, Sectivn 5 contine a swnaaary of the prosdems

and the bpasic results vstained tu date,
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SECTION 2.

)

EQUIPMENT AND I'ECHNIQUES (L)

"

Due tu the nature and the tume irame of this projec., all of the

data collection hardware has baen obtained by using equipnent developegd

by uther Project MAY BELL portiripants or in using hardware aeveluped

fur other programs. Both the buoy and e CW transmilters ot Carter Cay

uscd 1n these tests, are also uged fur the pruundwave incasurvinenhls which

Raytheon is conducting.  The receiving system in use pelunes 1o the LBANA

ficld statiun located at Viet Hill Farins Staticn, Va. and consists of a

linvar dispused antenna array and multi-ctannel HF receving and recurding

equipiment,

A ———

2, ! (o)}él/ Transmitter Characteristics,

Two dificrent types of transmitters have been usedn lm‘: c.periment
to date. Thuse tests conducted prior to Decemuer used a vuvy n:ounted
transmitter of appruximately 10 watts radiating at 5.8 and 9,259 Mlie,

The antenna on the buwy cunsists uf a tepe-leaded vertical munubole cul

fur a quarier wave lencth at 9.5 MHz.  This buoy was anc nured ot the
coast of Florida epproxnmately 120 kilon:eters down range and at an azimul:,
af 113 deyrees from Cape Kennedy.  The tests caonducted in Janvary and
Foo -uar - have used tne CW transiitters on Carter Cave  The puwer of
these CW transmissions has ranged fron: 100 watts up to 2.3 kilowalts
denending upon tune and the particular transn:ilter in use. All of these
transmissions radiate inlo quarter wave vertical munupblcb cul for the

freguency in use,

da
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Recviver Site Characteristics,

Two separate receiving systems have been used at the receiver
site located at Vint Hill Farms Station. One recciving system is a van

mounted kiph dynamic range digital prucessing system containing

synthesizer contruiled roceivers (Sylvania R-27A receivers)idipital spectrum

analysis® using a CDC 1700 general purpose compuler and both analog and
digital PCM recording capability. The second receiver system is lud ated
in two hack-tu-back house trailers, and consists of a DF set cunnected to
an LDAA steerable beam antenna and 12 aralog recciving channels using
R3Y0A receivers, The R390A receivers connect to both a rcal time
analog spectiral display and a 12 channel analoy tape recorder. The block

diagrams uf ther= two receiving systems are shown in Figures 2 and 3.

) -

L4

3
2. J\El) y(} Receiver Svstem Calibration.

Onc of the more important goals of this project is to be able to
predict the detection performance of the buoy tactical early warning systen.
Thus, it is desired to compare pruedicted signal and noise values to actual
mceasurced data.  Then, if there exist significant disc repanties betlween the
actual and vbseryed data, the predictims must be modified to correct

this difference,

The standard calibrations that are performed on the system arce io
measure the received carrier strengtiv and also the reccived noise puwer
referenced to a 1 Hertz bandwidth, Tihe process of measuring the received

. carrier strength is a simple procedure of comparing the receiver 1F output
sianal level wien it is connected to the antenna, to the IF oulpit level wien
the receiver is connected to a synthesizer having the same HF {requency as

tihe carrier signal Leing measured, The average IF outputl level for that

% Digital Spectrum Analysis not available after January, 1970 due to
termination of the computer lease.

-5
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particular carricr signal is noted. Then the synthesizer at the same
frequency is input to the antenna terminals and the output amplitude
adjusted until the receiver IF output signal strength is the same. The
synthesizer sipnal level is then measured, and converted o db with resfect
to a watt. Thus this signal substitution ma2thod gives Lhe received carrier

strenpth in dbw and is measurcd within the narrow IF receiver bandwidth,

The determin.iion of the noisc level at frequencics near the carrier
is donc by AM modulating the on-air carrier signal with an audio frequency
square wave using a very small percentage modulation, The amplitude
of these modulation tones is observed at the output of the recal time spectrum
analysis display. The miodulation percentage is reduced until the
modulation toncs disappear into the background noisc of the display.

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

below the carrier and the spectrum analysis bandwidth is 1 Hz, then the

relative carrier-to-noise power is directly obtained referenced to a 1 Hz band- -

width. Thus, if the calibration tone disappcars into the noise at a level
of 64 db below the carrier, it is assumed that the noise value is also 64 db
below the carrier value. This carrier-to-noise ratio is then added to the

received carrier strength to obtain the measured noise power in dbw per Hz,

LN g
2.4 (‘J ) jé/} Propagation Prediction.
A

The propagation prediction program used to estimate the system
performance basically combines a modified version of the ITSA/ESSA HF
propagation prediction program for mode and mode amplitude prediction;
the Listatic radar range equation to predict the reccived scatter path power;
and an ITSA/ESSA noise prudiction program to estimate atmospheric, man

made, and palactic noise at the recciver site.

8-
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The prediction program package consists of individual computer
programs that {a) compute a targe’ trajectory, (b) predict propagation mode
structurc and mode amplitude; and {c) predict the Doppler and missile

cross-section, v

The trajectory simulation program estimates the missile or
aircraft trajectory based upon fitting the flight prolile to a functional form
using a least-squarcs {it technique. The required inputs lo generate the
model profile arc liftofi and burnout times, launch azimuth, apopee, and
range. The program then computes altitude, range, latitude, lonpgitude,
velocity, the speed of sound, Mach number, Mach angle, local target
bearings, local tarpei elevation anples, and accelceration. The comnputed
parameters serve as inputs to the propagation prediction program to
determine mode structures with a time varying terminal point on the

trajeclory.

*The ITSA/ESSA propagation prediction program has Leen modified
to allow for non-congruent hop structurcs and for propagation to and
reflection from a point above the carth. The propram predicts the mode
aructurces that niect ionospheric prupagation conditions on cach of the
three patns: the direct path, the transmitler-target kalf path, and target-
receiver half path. In addition, the propuagation losses and antenna gains
for each mode are determined. For cach mode predicted on the transmitter-
missite half path, an "incident" (at the target) elevation angle, measurcd
{rom the local horizon, is found. For cacn mode predicted on the target-
receiver half path, the "scattered" clevation angle is also found. These
parameters are then uscd with @ modeled profile to predict Doppler

frequencices.,
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Propagation predictions are based on empirically derived

world-wide numerical naps of vertical ionosonde data. The resulls are
monthly ionospheric cocfficients which can be used with the parabolic

layer assumption {parabolic electron density variations in the E ard F l'éyers)
10 predict monthly average ionospheric conditions affecting a specliﬁc ray

path at any hour of the day.

In the prediction model, all line of sight, E and F propapating
modes are determined between the transmitter and the target, between the
recciver and the target, and between the transmitter and the receiver. The
determination of these "hulf paths'' is a generalization of the ground-to-
ground prediction technique to include the case of ground-to-elevation-point

predictions,

L After the mode structures tnat meet the ionospheric conditions are

identified, (those between horizontal screening and ionospheric penetration)
propagation losscs and antenna gains are determined. The iosses calculated
arc free space loss (inverse square 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 for the half paths.
The antcnna types are specified for the system and the appropriate gain

routines or pain tables are used.

The target scattering model for missile targets above 100 km is

a hyperboloid compresscd-ambient iorization in the cxhaust-plume bow

L4

shock wave. The shock-wave scattering surface is considered hyperboloidal |
from photographic observations 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.

-10=
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S
The direction of the rays 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 ihe
inzident ray encounters a high enough electron density for reflection. ¢
Since little definitive work has been done 1o accurately mode!
micsile cross sections below 100 kin or aircraflt cross sections at HF, a
constant (adjusta’le) cros~ section is used for aircraft and missile targets
below 100 km.
The antenna gain patterns for both the monopole transmitter
antennas and the LDAA receiving antenna are part of the program, The
gain pattern for the LDAA was obtained frora data supplied by ITT by using
azimuth patierns predicted by the array factor technique for 16 monopele
elements and the elevation patterns from scaled model mecasurements.
-11- .
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U) SECTION 3,

' PREDICTED SYSTEM PERFORMAXNCE (L)

r—

o

Propagation calculstions to predict system performance using &
modificd version of the ES5A skywave propagation program described in
the previous scction have been made for both the direct and the scatter-
paths between the receiver site at VHFS, and the buoy transmitters of{
the Florida coast. The purpose of these calculations was to estimate the
feasibility of detecting SLBM missile launchings from Cape Kennedy and
controlled aircraft targsts using the geometry previously establisled of

buoys at ranges of 100, 200 and 300 km {.-om Cape Kennedy.

S—

3.1 '\Ul(j{ Missile Detection Performance.
< <

—

Scveral scts of calculations using the computer predictions were
performed. The receiving antenna at Vint Hill Farms Station uscd for all
tests is a tulip element LDAA built by 1TT with an assumed maximum gain
of 16 dbi. A constant scattering cross section of 100 m?_ was asswmnmed for
the missile at all altitudes below 100 kin, At altitudes above 100 kin the
bisiatic cross section was modclled using a hyperboloid compressed ambicat
ghock surface. The assumed cross scclion then changes {from lOzm at low
altitude to values of 104 10 lOsm2 above 100 k. The three buoy transmitter
locations are at 100, 200 and 300 km directly down range from the 1053*

Cape Kennedy launch azimuth, The Carter Cay transimitters arc approximately
255 km down' range at a 123° azimuth {rom Cape Kennedy., The transmitted
{recquencies for the buoys were the presently assigned values of 5.8 and
9.295 MHz. Thesc frequencics, plus {requencies of 15 and 20 Mz were

assumed for the Carter Cay transmitters. The bucys were assumed 1o have

]2~
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a tranzinitting power of 100 watte radiating from monopnle antennas,

Similarly, the Carter Cay transmitiers were assumed to be radiating 2 kw

inte monopole antennas.

Tables 1 through 5 summuarize the results of the propa'galion .
calculations, FTables 1 through 4 show taryet signaturc-to-noisc.vatio and
carricr=to=signature ratio, bBecause of the low power und reiaiively ivw
frequency {row the buoy transmitlers, the signal-tosnoisc ratio is alimost
wways negligible below 100 km for any time of the day {or cither frequency,
Only above 100 ki with the cnhanced taryget cross section dous there appuar
1o be uny substantial chance of detection usine the buoy transmitiers,
However, with the Carter Cay transmitter using 5 kw and transmitting on
irequencies near the MUF as shown in Tuble 5 the signature-to~noisc ratic
and thus the probability of detection at even low altitudes is guite substantial.
In fact, there are many cascs for which the sipgnal-io-noisc ratio exceeds
15 db. Iius, if the high power Carter Cay transmitiers continue 1o opecrate
and Lrunsmil on frcquencics near the 1 F hop MUF between Carter and VHFS

then low altituce SLBM detections in the afternoon should be possibic.

.
3.2 \\)) U’{ Aircraft Detection Arcas,
77

Even thouph the probability of detecting SLBM launchings from
Cupe Kennedy is quite low (duc to the relatively long ranjie frou the buoy
to the target) it is imporiant 10 determine whether or not aircrait flying
controlled pstterns near the buoys and Curter Cay can be detected. A way
to evaluate this and to clearly display the resulls is 10 compute expected
detection regions around the transmitter position, Variables that must be
considered when calculating detectability regions arc Listatic peometry,
freguency, tran smitter power, lurgel cross gection, skywave hop structure,

sca state. local tinie of day and noisc level. By choosing median values ior

=13

(773339




Altitude

Tahle 1,
(U) Predicted System Ferformance for November, 1969

for Buoy 1 at 100 km Range from Cupe Kennedy (L)

40kum 10k Skamn

119kin

£

P r
S

[¥)

=

4}

=

4

o 00:007 04:00Z O0H#:007 12:007 16:00Z 20:00Z
© S/N -3, 0 D122 -i4.4 <-11.0 =i2.6 -30.3
w PC/SB  80.5 80.5 81,3 82. 1 83.5 82.6
S six 22,3 -B.8 =17 -3.4 -14.3  =5.0
& pc/sp 79.1 79.1 79,9 79.7 29.7 80. 3
® /N «2.5 .iz.1  -14.3  -11,0 ~40.5 =312
W pc/s 79.4 80, 4 81,2 82.0 £1.5 83,6
ﬁ S/N -2.2 -8, 7 -7.6 -3.3 14,8 =5.0
o Pbcisp  19.0 79.0 79.7 79. 6 80,3 80.3
© S/N -2.1 Z11.5  -13,8 -10.7 -4C.0  +3L.9
w PC/SB79.0 79. 9 80.7 81.7 31.0 84,2
o sfN -0.6 -8.0 -6.9 -1.9 -1B.5 «5.0
N pc/sB_ 7.4 4.4 7a.1 72.2 83.9 £0.2
® §/IN 49.9 10.9 B.6 18.5 37.7 -1.4
" pcisa 7.0 57,5 5K, 3 52,5 78.7 59,2
o~

W SIN 31.5 2.8 3, 89 48.) 23.0 24.6
e PC/SB 35.3 67.5 68. 1 28,2 42.4 50, 6

LR,

S/N
PC/sB

H

Target Signai-to-Noise Ratio {db)

Carricr-to=Target Signal Ratio {db)

-14-
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Table 2.

(V) Predicied Systen Performance for November, 1909

for Buoy 2 at 200 km Ranpe from Cape Kennedy (U)

E‘ o
z
-
(7]
R
R
= o 00:007 04:007 08:002 12:007  16:00% 20:007
z % s/N «9.9  «1B.5 «20.7 =17.3 =439.0 36,5
Z & pe/sp _ B4.9 3.9 B4.7 85,0 86,4 T B6.O
EAN
~ SIN -8, 6 «15,1  =14.0 =9,7 =20,6 =11,3
£ pefs 766 T6.6 7.3 7.0 76,7 17,6
23 sIN -B.9 18,4 =20,7 -17.3 =46.9 -37.6
© ~ Pcisnh__93.9 83.9 84, 7 85,0  84.4 87.0
wn
N s/N -8.5 15,0 13,9 2.7 21,2 -ll.4
o Ppc/SB 76,5 76,5 7.2 77.9 1.3  TL.b
E % s/ “Hov =10 -20.3  -1T.2 -4d.4 =335
o _ pPC/SD  B3,6 B3.5 B33 #4.9 81,9 42,9
S sIN -7 1 -14,5 13,4 R4 -20.7 =11.5
<  PC/sB 75,1 76,1 T6.7 6.7 TA.A T
£ %  s/N 20. 6 11,9 2.6 709 «149.1  -18.5
X peysB 54,4 536 544 60,0 K66 680
= & s/N 13.5 3.1 1.15 oo 22,0 2.6
< PC/sB . 58,5 59,2 40,6 34.1 38, 6
SIN = Target Signal-to-Noise Ratio (cb)

re/sn

= Carricr=to=Target wignal Ratio {db)
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Fable 3.

{L) Prudicted Systom Perfurmance for Novenber, 1309

for Buov 3 at 300 km Range from Cupe Kennedy (U)

0V:007 04:007 OK:0Z  12:002 15002 20:004
SIN -20.3 =30.4 =3i.4d =25.3 =70.7 =55.2
I’C/S_ﬂ 89,7 90. 3 91.3 90.0 102.2 94. 9

SIN -19.3 «34.9 -24. 6
PC/sh TR 4 82.0 82,2
SIN -12.5 «22.0 «23. 3 «21.0 =50,5 -31.2

PC/sh 41,9 81,9 B2.H 82,7 82.0 5.0

S/NM [?2.2 =14, 6 -17.5 «13.3 -24.8 =15.0
PC/SH 71.2 71.2 72.3 72.9 #2.5 72.6
SIN -12,4 -21.8 «24.1 21,0 adl, | «37,3
1PC/shB Ri.H Bl,7 82.5 H2,7 i9.7 Kl,Q
SIN -10,9 =]18.3 -17.2 =12, «23, % 15,3
PC/SR 70.0 70.9 T2.0 3. Tlov 7

S/N 12,0 2.3 -0,7 12,7 -by, 9 «27.2
pPC/sh 59,5 57.6 39,1 49,0 H!j.4 10,6
S/IN 3.3 -4, 3 -4, B 16.7 7.7 13. 7

PC/SH 55. 7 56.9 59, O 42. 9 39.4 43,4

7,259 5.8 2.259 5.8 9.257 5.8 9.25% 5.8 Freguency (MHz)

S/N
rPC/SR

Tarpct Signal-to=Noise Ratio {db)

CarrieretoeTarpet Signal Ratic (db}

PRETS
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Table 4.

{L) Predicted System Performance for November, 1909,

for CARTER CAY Transmitters (U) v
,- 3
2
o
- o
o [~
2 5
-
z g
— L™
< W
o 00:007 04:002 O&:002 12:00Z 10L:00Z 20:00Z
z o SIN 0.7 “7.8 <10.1  =6.7 ~38.3  -25.9
P % o PC/SD  84.9 83.9 B4, 7 85,0 85.9 85,1
: S/N 2.1 -4.4 -3.3 0.9 -10.0 «0.7
PC/Sh 80.4 79.5 80,2 50,8 79,0 80.0
- oo ]
3’ w S/N 1.8 .7.8 ©10.0 =6.7 -36.2 =26.9
S _ Pc/sB 3.8 83.9 84.7 85.0 83,9 86. 1
m~ SIN 2.1 w3 =3.2 1.0 «10.5 0.7
& PC/%B  BO0.3 79. 4 £O. ! 50.8 79.6 80. 1
= ® s/N 2.0 -7.5 -9, 7 -6.6 -33,8  -22.9
= : PC/SB  B3.6 83.6  H4.3  84.9 815 821
~ S/IN 3,5 -3.9 -2.8 2.2 -10.1 0.9
& PC/SB  79.0 79,0 79. 7 79.5 79,2 80. 3
, Z o S/N 3.8 27.3  24.8 2.5 30,7  -10.4
s ': v PC/SH 48, 4B. 8 47.8 56, 8 BY, 4 £3. 1
’ A S/N 29.2 21,0 20,1  45.2  24.7 253
o . PC/sp  53.3 54. 1 56, 7 36.5 44,4 54. 1
S/N » Targcet Signal-to=~Noisc Ratio (db)

PC/SB = Carrier-to-Target Signal Ratie (db)

-17-
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FARLE 5.

(U} Predicted System Performance for Novenmber, 1969
for Carter Cay Transmitter Using Frequencies near the MUF, (U)

@IHISSYIINN

E)
o
o c
o o N
3 =
s e
s 3
<t 00007 MUF 0400 MUE_ 0800 MIUF 1200 MUE 1600 MUF 2000 MUF |
' Z|SIN 9.93 13,56 - - - 13.4 21,80 10.4 21.07
5 —~ Z|pPC/SB 60,3 - - - 59. 2 60,7
[ ]
w [3 T|s/IN - - - - 16.5 21,77 11,3 21.03
“| PC/SB - - - - 73.3 74.8
N
- | E|SIN 10.0 13,65 - - - 2,3 22,07 10.4 21,28
g “lpcisn _ 60.2 - - - 60.2 60. 7
w
e lo Z|s/N - - - - 16.5 22.00 11,3 21.21
Nealpe/sy - - - - 73.4 74.8
N
_ |~ Z|s/N 11.3  14.20 - - 19.3 12.99 12,0+ 22,73 9.2 ' 22.60
|~ %|pcisB__ 59 - - 60, 6 60. 6 61.8
e |, Z|s/n - - - - 18.2  21.51 13,2 22.38
N ZIPC/SB - - - - 71,7 72.9
o |, £fs/N 26.7 15.83 - - 47.1 14.70 33,5 14.53 51,1 26,40
g |= Z|Pc/sn 43,6 - - 32.8 39,2 v 20,0
2.‘ HISIN 18.6 15.55 - - - 56,6 28.16 48,7 25.80
~ | Slpc/sp__ 190.4 - - - 33.2 +37.4
SIN = Tarpet signal-to-noise ratio {db)
PC/sSh = Carrier-to-target signal ratio (db)
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all the variables and changing the vulues of a single variablc at a time,

regions where detections are most likely to occur can be gencrated, as well

as obtaining an understanding of how a particular variable alfects the overall
r

detection arca.

Detedability regions have been calculated for various frequcncies,
hop structures and noise levels using a buoy located 127 km {from Cape
Kennedy as the transmitter and VIIFS, Va. as the receiver. A sca statc of
5, transmitter power of 50 walls, groundwave propagation from transmitter
to targe' and skywave propagation from target to receiver and a required

signal to noise ratio of 3 db have becn assumed.

The following technique is applicd to find the area of detectability:

From the radar range cquation

L =L__+L -G -G . 110 log 212 2
R BT BR T R A2
where .l..R = Lotal loss
BT = sprcading loss from transmitter to target {db)
LBR s spreading loss {rom tarpget to receiver {db)
GT = gain of the transmitter antenna {dbi)
G]{ = pain of the receiver antenna (dbi)
v} = cross section of target inm

n

wave length

s

4o
GT' Gl{ and 10 log )2

value for atmospheric noise, adding to it the transinitter power and the

are known and L'R is calculated by assuming a

required 3 db signal-to-noise ratio. Substituting the calculated value for

-19-
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LR into the cquation._ LBT + LBR is calculated. By taking the total spreading

loss, subtracting the loss contributed by the D laycr loss and skywave

propagation loss from target to receiver, a value for the spreading loss in
r

“the target-transmitter leg is obtained. This loss is the propagation loss
incurred by a groundwave and can be converted to the range required for

: : . 1 -
this loss to occur using Barrick's groundwave transmission loss tables.

This technigue was used to calculate the detection arca around the transmitter

for various frequencies and atmespheric noise conditions. The results of

the detection arca calculations are tabulated in Table 6 and a vertical

projection of some of the regions onto the ground 1s 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 RIRZ is egual 1o a constant,

Roferring to Figure 4 we see that the larpest area of deteclion is

for 2F hop cases for both 5.8 and 9.259 MHz, as compared to the 1E nop
situation. This is because there is substantially less D-laycr loss for

the 2F hop mode than the !E hop mode due primarily to the different path

lengths in the D-region itself. With higher modes the incident angle through

the D-layer is higher, thus the loss on these paths due to D-layer absorption

is simaller. For the 2F hop modes the region at 5,8 MHz is larper than

the region at 9,259 MHz. This is duc to the fact that the loss on the Rl

path is smaller at lower frequencics because the spreading loss is directly

proportional to the wavelength and as one would expect the larger region
{or detection exists for the lower {requency. However, on the 1E modes
weé find the situation is reversed, the higher frequency is also the larger

area of detection, This is because the D-layer loss on the 5.8 MHz

frequency is substantially more than the D-layer loss at 9.259 MHz and this

overcomes the groundwave propagation advantage at the lower {requency.

-20-
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Table 6.

{U) Summary of Detection Region Calculations {u)

*+

R Lprtlpg D- Ry Atmos

Freq Hep Ry Lors - loer Javer Lnse Noise

MHz Structure Km db db Loss db Jb dbw

5.8 1E Il 61 2Lk, 7 48. 5 102.2 -180{B}
5.8 2F 67 79,1 211.7 30.4 102.2 «180{B)
5.8 l1E 10 59,5 195.7 34 102.2 =153(M)}
9.259 1E 34 B0.1 210,7 z1.9 108,7 -172(B)
9.25% 2F 48 86,2 210.7 15.8 108. 7 «172{B)
9.259 l1E 44 B4,7 208.7 15.3 108.7 =169(M)
9.259 IF 65 90,8 208.7 9.2 108.7 =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€¢1R)
20,0 1F 65 113,9 231.5 3.1 114.5 =-186(B)
20.0 1F 66 113,6 230.1 2.1 114.5 . «185({M)

B = Best noise case 0800-1200 Local Time

M = Medium noise casc 1600-1200 local Time

«22-
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From Table 6 we =ee that the detectability radii (Rl) tend to

increase with increasing transmitted frequency, However, once the

{requency increases to approximately 15 MHz, the Rl spreading losses cancel

_ the effect of decreasing D-layer loss and decreasing atmospheric noisé 80

that the growth of the detectahility region virtually stops. Note that the
detectable radii are approximately the same for 15 and 20 MHz, Itis
also observed that varying transmitter pf)wcr and transmitter or receiver
antenna gains have the same effect on the size of the detectability regions.
That is a db of gain or loss whether generated from varying transmitter

power or antenna gain enters the radar range equation in the same way.

J
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('l)) SEC IION 4. [Ji;.-

)} DATA ANALYSIS (U)

T

In this section, two events involving a controlled aircrait fligh}
of a Navy P35 aircraft and two propagation measurcnments betweensCarter
Cay and VHFS are prescnted with their specific geometry, precicted and
measured results and conclusions derived from the results, These
opcrations are summarized in Table 7 and a map of the nelwork geomelry

is shown in Figure 5.

i AY ya
4.1 \B)S,E/) Event 1.

Event | on 18 December, 1969, invelved a Navy P3B aircraft
flying at an altitude between 300 to 600 fect, speced between 200 and 400
knots and used the buoy transmitter located 120 km from Cape Kennedy on
an azimuth of 113°. The flight path of the sircraft, along with time {GMT)
is shown in Figure 6. The receiver location for this event, as with all
Aguarius events, was VHFS, Virginia, The two buoy frequencies of 5.8
and 9,259 MHz were monitored by the receiver. A signaturc detectlion was
made on 5.8 MHz between 1750-17552 and 20002-20052, The propagation

conditions are summarized below:

Table 7 (U)
Event 1 Summary (U}

Calculated
Frequency Carrier Noise Transmitter Detection Hop
(MHz) Level (dbw) Level {dbw) _Power (W) Radii (km) Structure
5. 8 - 92 «160 10 3 l1E
_ 6 2F
9.255 130 -157 2.5 11 IF !
. 6 iE

«2d-
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Table 8.

(U) Summary of Operations (U)

MEASUREMENT OR

FREQUENCIES DETECTION TIMES
EVENT DATE TYPE {(MHz) cMT) "
1 18 Dec 69  AC 5.8 1750-1755
: 2000-2005
AC 9,259 ND
AC 10, 167 ND
2 27Jan 70 AC 15, 595 1656
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 70 HB 9,259 ~1430
HB 5.8 ~1430
AC - Aircralt
ND - Not Detected
HB = Hearability
«2b-
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L
It 1s felt that the detected signaturc is not the Navy P30 aircraft used in

this test but on aircralt flying near the receiver at VIIFS. The predicted
detectability region for thas day extends at best to only i km, The P3B
aircraft approaches the dudy aithin only 30 km. The pcrirl.\d of the

first Doppler signature’s s1.r (nande occurs 5.2 minutes laterthan
predicted closest approact and the period oi the second Doppler signature
sign change occurs 2.8 minutes ca rlier than predicted closest approach.
The Doppler signaturcs obtained ghown in Figures 7 and 8 werc of the
proper {requency for an aircraft but were much stronger than could be
expuected from a 10 watt transmitter. Thus, duc tu inconsistant timing,
distances of aircraft from the transmitter, strength of detected signatures,
and the low power of the transmitters, it is concludced that signature
detected was not the P3B aircraft used in the experimcent but rather another

planc flying over the receiving antenna,

\ L
4.2 (U)(s¥" _Events 2 and 3,
=77

|

Events 2 and 3 on January 27, 1970 involved an aircraft {PP3B)
climbing to an initial altitude of 24,000 feet and spiralling down to 2000 fcct
while holding a precise test patlern and maintaining ground spee« between
200-300 knots, The aircraft {lew the pattern described by Figure 10,
Initially approaching the Carter Cay area on its way from CPClioCP C8,
the aircraft proceeded to {ly the pancr.n CB to C7 to Cb to Carter Cay to
D4 to DS to Carter Cay to C5 and repeating for altitudes of 24, 000, 4,000,

12, 000 and 2000 feet. The transmitters were again located on Carter Cay.

* The frequencics monitored by the receiver at Vint Hill Farms Station were

10, 167 and 15. 598 MHaz. Detection was made at 1712Z on 10, 167 MHz and

«27=
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o
at 15,595 MHz as shown on Figure 9. The propagation conditions ior

these events are summarized below:

Table 9. {U) r
Event 2 and 3 Summary
Frequency Carrier Noise Tx Power Detection
(MHz) Level (dbw)  Level {(dbw) {w) Time (Z}
10,167 -112 NA 3000 1712
15,595 NA -145 3000 1655

The signatures detected on this event represent the scattered and doppler
ghifted energy from the target aircraft during th.e time of close approach to
Carter Cay. However, accuraie 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. Th= present doppler modelling for aircraft is being modified to
handle cut of plane maneuvers and {rom this improved model, accurate

doppler matches will be possible.

We observe from Figure 10 that the detections for both passes on
Carter were slightly late with respecl to the time that the aircraft indicates
it was directly over the transmitter. There is a good possibility that the
sircraft flew exactly over the transmitting antenna and thus was 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 r~aneuvers over Carter Cay.

’ Signatures for both detected passes of the aircraft are almost identical

in both timing and frequency. Thus, the {requency excursion, time

correlacion, nearness of the aircraft to the transmitter, radiated povrer from

the Carter Cay transmitters, and the weak signature strength make the
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4,2 -- Crntinued.

identification of the signature as the target P30 sircraft. The conclusion is
that aircraft below 2K feet and within the predicted detectability regions can
be detected using this buoy concept if sulficient power is transmit-ed (3 kw

in this case). v

4.3 (u) Event 1.

Event 4 was a hearability test, performed on 5 February at 1600
and 1000 hcurs local, measuring the propagation characteristics from Carter
Cay transmitters to the Vint Hill Farms Suation receiver. The purpose of
the hearability test was to determine how accurately present prediction
techniques correlate with measured values and to estimate the hop structures
{or various {requencies. Tests were performed for two frequencies 10. 167
and 20,250 MHz and at two times during the day. It was found that for an
assumed 1E hop structure at 10,167 MHz and an assumed 1F hop structure
at 20,250 MHz good agreement between predicted and observed carrier
levels was obtained. However, the noise predictions werée 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 signiicantly higher than atmospheric noise.

Table 10 (U)

Comparison of Predicted and Observed Carrier and Noise Levels (L)

Frequency Assumed Tx Power Carrier {dow) Noise (dbw)
Date/Time (MHz) Hop Structure {kw) Pred. ©Obs. Pred. Obs.
Feb 1600L 10.167- -~ 1E 2.1 =79 -76 -162.8 ~l44
Feb 1000L 10, 167 1F 2.1 =58.9 =90 =163 =158
Feb 1600L 20,250 1F 2.1 -62.7 -66 «179.1 =134
“34a
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4.4 (U} Event 5.

Event 5 was also a hearability test, performed en 16 Feb. at 1430
local time, with the same geometry and purpose as Event 4. Tests were
performed for 5.8 and 9.259 MHz. As shown in Table 11, best correlation
bet ween measured and observed carrier levels was obtained for an a:numed
2F hop structure at 3. 8 MHz and an assumed 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 from this limited data base that the propagation prediction
is fairly accurate for predicting the received carrier levels, but due to high
co-charnel interference consistently predicts lower noise levels than are

measured.

Table 11.

Comparison of Predicted and Observed Carrier and Noise Levels (U)

Frequency Assumed Transmitter Carrier (dbw) Noise {dbw)

Date/ Time {MHz) Hop Power Pred. ©Obs, Pred. Obs.

Feb. 1430L 5.8 .E T5w -128,2 =110 -160.3 =160

Feb., 1430L 2F 75w «124.6 110 =162.3 =160

Feb. 1430L 9.259 1E 75w - 93,2 - 95 =162.8 «139

Fekt. 1430L 2F 15w =104 - 95 =162.8 =139
=365-
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The operations covered to date include both controlled aircrafs tests
and hearability tests. The remainder of the operations have not been
analyzed because all dat2 on the events including flight paths and trane s:ter
power have not yet becen collected at Sylvania for analysis., The most
significant conclusion is from Event Z which seems to demonstrate that

the buoy transmitter concept works {with sufficient transmitter power). \

The predictions of carrier levels made for the hearability tests on
5 February and 1{ February seem Lo align rather well with measured
values. Predictions of noise level is not as successful, being consistently
weaker than measured values. This is probany.' due to local interference and
the assumption that the receiving’ site at VHFS is a "'rural” man-made radio
noise area, ldentification of the receiver site as a "suburban'’ area is
probably more accurate. This would raise the predicted noisc tevel by
approximately 20 db thus making it align with measured values much more

closely.
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Section 1

INTRODUCTION AND SUMMARY

1.1 (0>/‘ GENERAL. (U)

Project 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 reasibility of detecting and tracking aircraft,
missiles, and ships at over-the-horizon distances using high frequency
(HF) monostatic and bi-static radars, Concepts using the basic geometric
configurations shown in Figure 1-1 have been explored. The MAY BELL
program emphasis has been directed towards determining the attenuation,
clutter and propagation aspects that apply to concepts using surface waves;
and investigating the basic feasibility of detecting and tracking aircraft and
SLEBM 's for Fleet Air Defense (FAD) and Buoy Tactical Early Warning.

Sylvania's primary efforts under Project AQUARIUS have been
to determine the feasibility of:

(1) detecting both submarine launched ballistic missiles
(SLBMs) and aircraft using surface wave propagation to
the target and sky wave propagation {rom the target to
the receiver, and

(2} providing detection and tracking information under
electromagnetic control (EMCON) conditions for
FAD using shore-based HF (CW) sources and shipboard

receivers,

Both analytical and experimental work have been accomplished to arrive at
the conclusions included in this report. The principal results of the
investigation are summarized in the zemainder of this scction: 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. Based on these findings recommendations are made in
Section 4 for subsequent experiments and investigations associated with
aircraft tracking under EMCON conditions using a polystatic configuration.

The concepts explored under Project AQUARIUS can be applied
to tactical early warning systems employed against aircraft and submarine
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1.1 (U) ' e=Continucd,

-

Jaunched ballistic missiles {S1.[IM ) and fleet air defense (FAD) systems
that must cope with hostile aircraft and missiles unuer buth iriendly and
eneny EMCON cunditions. : '

1.2 LU) @  EARLY WARNING SYSTEM - SUMMARY. (U)

The early warning system configuration considered under Project
AQUARIUS is depicted in Figure 1-2. It consists of low power buoy and
Jand based transmitters that illuminate the target {an aircraft or SLBM) via
a 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 cxperimentally observed detection ranges to theoretically predicted

detection ranges. The targets were detected by observing the scattered
doppler shifted signal from the moving targets,

—

1. 2, 1(0)“ Predicted Detection Performance. (V)

. ‘Propagation calculations to predict system getection performance
using a2 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 Florida’
coast and the Carter Cay transmitter {(see Figure 1-3). Separate prediction
analyses were made for SLBMs and aireraft,

A constant scattering cross section of 100 Mz was assumed for
the SLBM at all altitudes below 100 km. Above 100 km altitude enhanced
crose section values of 104 1o 10° mZ were used, Because of the relatively
low (10 watts) powers {and low {requency) of the buoy transmitters, 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
frequenc'es 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 transmitting on frequencies near the MUF, the signal-to-noise
+atio and thus the probability of detection even at low altitudes is generally

above 0.8. Thus, the Carter Cay transmitters operating on frequencies near

the IF hop MUF between Carter Cay and VHFS, should provide low altitude
SLBM detections in the afternoon.
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The predicted detection performance for low flying aircraft was
also examined because it is important to deterinine whetner or not airc raft
{lying controlled patterns near the bucys and Carter Cay can be detecterl.
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
{requency and time of operation and hop structure.

l.Z.Z((D/ Experimental Results. ()

The principal experiments consisted 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 Station receiver.
Figure 1-3 describes the network geometry.

“The first flight employing a 10 -watt buoy transmitter resulted
in a detected aircraft doppler signature. However, it was not the P3Bb
aircraft used in the test but an aireraft {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 buoy. 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
pover constraints, the detected signature is not considered to be due to
the test aircraft.

The second flight test employed the higher powered (3 kw) Carter
Cay transmitter to jilurninate the aircraft {lying at several altitudes {rom
2, 000 to 24, 000 [eet. From this test it was concluded that ajrcraft below
2, 000 feet and within the predicted detectability regions (approximately
11 km 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 techniques correlate with measured values and to estimate
the hop structures for various frequencies. Tests were performed for two
frequencies and at two times during the day. It was found that there was
good agreement between predicted and observed carrier levels for lE, 1F,

and 2F hop structures. : J
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1.2.3@) ' System Parameter Considerations, (V)

P . . : . . . .
Whiie tne eaperimental results described herein indicate the

basic {easibility of the ground-wave/sky-wave configuration, there remains
a need for additional information to design a complete coastal defensive
system. In particular, there are many paramelers that inter-relate the .
ground-wavel;ky-w‘ve mode that were not examined or te sted in detail
during this experiment. These include variations in {requency, path loss
with time of day, season, etc. To perform an adequate design of an early
warning system an examination of six areas was required:

(N effective radiated power and surface wave {rom a buoy
mounted antenna,

{2) surface-wave losses to the target,

(3) scattering or reflection coefficient of the target,
{4) sky-wave losses to the receiver,

{5) effective noise at the receiver, and

{6) receiver antenna gain.

These areas were examined and the specific parameters that contribute the
most uncertainty in specifying system design values were jdentified. They
include frequency, path length, target aspect angles, null depth variations,
receiving site noise environment, absorption, target sltitude measurement
tolerances, and interference, A proposed experimental program was
recammended that could be accomplished in four phases. First, analysis
and measurements are to be made to evaluate the coupling between the buoy-
mounted transmitter and the surface wave which is vertically polarized,
Secand, additional analysis using modeling experiments is to be carried out
to evaluate the difference between backecatter and forward scatter target
cross section. Third, the path losses for both sky wave and surface wave
are to be measured for an optimal set of frequencies and modes of propagation.
Fourth, a preliminary systemis to be defined as a result of the first three
phases. This design would include coverage ares, control requirements,
and an estimate of detection probability and false alarm rate.
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FLEET AlR DEFENST - SUMMARY. (U)

*

on the Fleet Air Defense (FAD) problem.

The detection of low-flying threats to surface vesseis al a range
sufficient to give useful warning time and tracking information is a
in Getecting ihese
threats the enemy must not be given the opportunity to use simple directiun
Thus, it is desirable that tarpet
detection not require radiation {rom the {leet and that the fleet operate

which must be solved if the surface navy is to survive.
tinding techniques to locate fleet units.

under complete electromagnetic control (EMCON).

The feasibility of using a hybrid (skywavelsurface-wnvc] system
to help solve this problem has been demonstrated as part of the MAY BELL
In this concept, the target is illuminated by skywaves {rom
transmitters (either shipborne or land-based) located at over-the-horizon
Surface waves vhich propagate from the target to a receiving
system aboard a ship permit detections to be made even when the target is

program.
(OTH) ranges.

below the line-of -sight radar horizon.

Experiments performed at Cape Kennedy, Florida, with a shore-
based receiving station simulating the shipboard environment, a Navy
PIB aircraft as a controlled target, anc illumination provided by the MADRE
(pulse) and CHAPEL BELL (phase code) transmitters, located respectively
{n Maryland and Virginia, have shown the technique to be {easible.
of the flights of the target its altitude was 200 feet, and detections were made

at ranges as great as 100 kiiometers (km) {rom the receiver.

’ Sylvania's inve stigations in this area were divided into two parts.
. The first was to examine the feasibility of using transmitters of opportunity
as sources for a polystatic doppler radar system for FAD in the Mediterra-
The second part consisted of examining target tracking methods
Recommendations for follow-on
experiments were then made to verify the tracking techniques (Section 4. 2).

nean Sed.
for use with sucha doppler radar problem.

In lieu of pursuing the experiments needed to specify 2 cuastal
tactical early warning system, Sylvania was redirected to focus attention

problem

For most

1. 3. l(q ' Polystatic System Detection Fel.sibilitl._ (L))

The polystatic radar system that employs HF broadcast transmitters
of opportunity and a shipborne receiver (pee Figure 1-4) was examined to
determine the svajlability of sources for illuminating airborne threats to the
1.5, {leet so thata shipborne receiver can be employed to detect the target
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1. 3. l(‘)) ’ --Continued,

Mediterranean region.

Mediterranean Sea,
the transmitterT.

the time.

at over-the-horizon {O'1'E1) ranges.
The sources were examined to determine the effective
radiated power of the transmitter in various directions,
the propagation modes,
Propagation losses {rom the transmitter to the target,
loss due to the scattering geometry,
receiver were examined to determine predicted detectability regions.
results indicate that the sources studies can provide sufficient coveTage
{or the {leet OvVeY approximltely one half of the Mediterranean Sea some of
More study is needed to evaluate other sources with different
transmission schedules to provide round-the-clock coverage.
pumber of known transmitters that have not yet been evaluated and tentative
knowledge of their characteristice and schedules appear to be sufficient to
provide the additional coverage needed.
ranges on the order of 100 km from the fleet should be possible.
contains the details of this analysis,

Thia study was consirained 1o the

especially over the
and the operating schedule of

and losses {rom the target to the
The

The large

The studies jndicate that detection
Section 3.1

Target Location Methode. -

(v}

1.3.2[-0) L]

were examined.

receiver {double baseline) case,
- baseliné} case,
{inder), For the double baseline

- ments for each baseline.

For the four-transmitter,

and a four transmitter,

To provide tracking information for FAD, target location
techniques using the basic polystatic configuration described previously
For low-{lying aircraft (below 3000 {eet) and surface-wave
propagation {or the target-receiver hall path, the Jocation estimation problem
can be ccnsidered to be a two-dimensional problem,
estimation were developed for three configurations: & two-transmitter, one-
a cne-transmitter,

Models for location

one-receiver {single
one-Teceiver case {doppler location
case *wo techniques were developed, one in

whict. azimuthal and doppler measurements are made at two different time
points for each baseline and 3 second to represent & single sct of measures
For the single baseline case 8 third technique
requiring two sets of agimuthal and doppler measurements was developed.
one-receiver case,

four doppler meas urements

- are made to provide an estimate of target Tange and agimuth, Section 3.2
- contains & detailed description of the techniques.
!
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1.3, 3(‘0) Q Error Analysis, (U)
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A detailed error analysis was conducted of

techniques. This effort excluded an examination of the JirEtl techniyue
{double baseline, couble qxeasuremenll Lecaure the other techniques are

simpler to implement.

For the double baseline, single mecasurement technique it is
ghown that although the technigue is not completely satisfactory under all
circumstances, it is fairly succes sful for certain geometries and paramecters.
Both bias and random errors arise becausc of the need for approximations
and measurement errors. For RMS measurement accuracies of 1 degree in
azimuth and 0.1 Hz in doppler frequency rarge 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

three of the {our

—— e = s %

mbd—————-

bearing and doppler measurement accuracies {1 degree and 0.1 Hz). e

However, the error is especially sensitive ¢o transmitter-target-receiver

geometry for this technique. Errors in excess of 80 percent can arise -

when the shipborne receiver is located between the target and the transmitter.
Bias errors are eliminated for target trajectories aimed directly at the ship.

The errors associated with the doppler location finder technique

were examined for a doppler measurement accuracy
RMS range estimate error is less than 15 percent in
RMS bearing estimate error is less than 6, In one

error is less than § percent.’ This latter case assumes that four transmitters

are distributed at the corners of a square centered around the ship with the

target approaching {from outside the square. This technique results in no

bias errors and the random errors are generally less than those for the !

other techniques. If bearing measurements with 1 degree RMS error are e

used with the doppler location finder technique then the Jocation accuracies '
'

are quite good.

The principal conclusions that can be drawn {rom the error

of 0.1 Hz RMS. The -~
many cases and the -
case the range estimate

analysis {s that target location can be estimated with reasonahle accuracy '

{15 percent of true target range) using a number of techniques for & variety .
of FAD operational conditions. The most promising approach for implemen-
tation is a hybrid of the technigues considered, For example, for a given:

transmitter-receiver geometry the doppler location
range and azimuth {rom four doppler measurements

scparate azimuthal measurements to estimate a target's location. Because
each of the technigues is sensitive to transmitter-target-receiver geometry,

finder that estimates
may be used with
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1. 3. 3(0) . -«Continued. d

.would be selected to minimize the errors for targets from different

the target location system should include an algorithm for selecting the j
estimation method(s) for a set of operating conditions and combining ~he
estimated results using tests for saccuracy. The estimation method(s)

quadrants around the ship for a given tranemitter-receiver configuration.
The results of the different estimation methods would be compared and
combined to provide the Thest" estimate.

Section 3. 3 contains the details of the error analysis.

1.3, 4 {v) Prototype Aircraft Detection System Design, )

The results of the jnvestigation of transmitter sources for the
FAD systemn and the evaluation 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 tor FAD. In addition, the prototype systemn can be
used to demonstrate the accuracies of the various target location techniques
and seiect parameters for a final FAD system. Section 3, 4 contains the

details of the prototype system design.

1.4 Q))' RECOMMENDATIONS. (U)

Based on the early warning and Fleet Air Defense (FAD)
investigations under Project AQUARIUS recommendations are made that
apply principally to FAD systems. They include the development of a
prototype aircraft detection system, the experimental testing of the FAD
polystatic technigues using this system, ané the conduct of subsequent
investigations necessary for system implementation.

_ The prototype system and experimental tests are necessary to
demonstrate the detection range of the polystatic technique and tn 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 for {inal system parameter
selection, expecially in the areas of man-machine interface. In addition,
it can be used to evaluate hardware and software tradeoffs prior to the

final system design. :
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1.4 ((}) ' --Continued.

1,

The zubasquent FAD investigations recommended, based on the
results of this study are to evaluate transmitter sources for use in the
{leet operations 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 fleet early warning when the fleet operates in
other areas of the world. The target location technique refinement study is
intended to ¢ mploy the resulte of the four methods examined under Project

polystatic system for

-AQUARIUS for the development of a hybrid target location system that will

der a greater variety of {leet operating geometries.
The study should incorporate the four techniques to develop a composite
method for reducing the sensitivity of target location esiimation accuracy to
transmitter-targnt-receiver geometry. The experimental tests that are
secommended rhould be closely coordinated with this effort so that the refined

target location techniques can be tested.

perform satisfacto rily un

The multiple signature discrimination problem consists of the need
hreats to the US Fleet and to distinguish them {rom other eircraft,
Investigation of methods to efficiently discard
hostile needs to be conducted.

to identify t
objects, and false alarm.s.
the false alarms and to verify that an aircraft is

A more detailed description of these recommendations is included
in Section 4, :
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Section 2

EARLY WARNING SYST EMS

=

b" | R

3P |

(L()) ' As described in Figure 1-2, the early warning system con-
figuration considered for investigation under Project AQUARIUS consists of
Jow power HF buoy and land-based transmitters that illuminate the tarpet (an
aircraft or SLBM) via a ground oT surface wave and a highly sensitive receive
er lorated on the coast that detcects the sky-wave target reflection from 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 predicted detec-
tion ranges. The early warning system jnvestigation was divided intc three

parts:
a. a predicted detection performance evaluation,

b. experimentation ip the field to meet the primary poals of
demenstratior and verification of theoretically predicted
detection ranges, and

c. evaluation of early warning system 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 Q?)’ PREDICTED DETECTION PERFORMANCE. (U)

Y

Propagation calculations to predict early warning system perform-
ance using a 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-
mate the {casibility of detecting SLBM missile launchings from Cape Kennedy
and controlled aircraft 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 results.
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2.1.1(&) ' Missile Detection Derfurmance, (U)

) Several scts of calculations using the computer predictions werc

perfnrmcd. The receiving antcnna at Vint Hill Farme Sielicn weed far all tests

is a tulip clement LDAA built by 1TT with an assumcd maximum gain of 16 dbi.

o A constant scattering cross scction of 100 m? was assumecd for the missile at

) all altitudes below 100 km, At altitudes above 100 km the bistatic CTOSS sectivn

T ~ was modellcd using a hyperboloid compressed ambient shock surface. The
assumed cross section then changes from 10° m at low altitude to values of

b 10* to 10° m? above 100 km. The three buoy transmitter locations are at 100,

200 and 300 km directly down range {from the 105° Cape Kennedy launch azi-

ynuth., The Carter Cay transnitters are approximately 285 km down Tange

= at a 123* azimuth {rom Cape Kennedy. The transmitted frequencies for the
buoys were the presently assigned values of 5.8 and §.295 MHz. These {re-
. quencies, plus frequencies of 15 and 20 MHz were assumed for the Carter Cay i
_— transmitters. The buoys were assumed to have 2 transmitting power ef 100
—— watts radiating from monopole antennas. The Carter Cay transmitters were ‘
B assumed to be radiating 3 kw into monopole antennas. L.
- Because of the low power and relatively low frequency from the buoy Ve
. transmitters, the target signal-to-noise ratio was generally found to b= nepli- i
- gible when the target is below 100 km for any time of the day for either {re-
quency. Only above 100 km with the enhanced target cToss scction does there a
- appear to be any substantial chance of target detection using the buoy trans- o

rmitters., However, with the Carter Cay transmitter using 3 kw and transmit-

) ting on frequencies near the MUF as shown in Table 2-1 the signature-to-noise r:
. ratio and thus the probability of detection at even low altitudes 48 quite sub- ‘3
; stantial. In fact, there are many cases for which the signal-to-noise ratio ,-
e exceeds 15 db. Thus, if the high power Carter Cay transmitters continue to I
A operate and transmit on frequencies near the 1 F hop MUF between Carter !
- ‘ and VHFS then low altitude SLBM detections in the afternoon should be possible.
. 4 ,
Sy 1 2.1.2 (U) ' - Aireraft Detection Areas, (U} c
: : Even though the probability of detecting SLBM launchings {rom Cape i.

' Kennedy is quite low {due to the relatively long range {rom the buoy to the tar-
- get) it is fmportant to determine whether or not aircraft flying controlled pat-
terns near the buoys and Carter Cay can be detected. A way to evaluate this
and to clearly display the results is to compute expected detection regions

- around the transmitter position. Variables that must be considered when cal-
L culating detectability regions are baistatic geometry, frequency, transmitter
i power, target cross section, skywave hop structure, sea state, local time of

day and noise level., By choosing median values for all the variables and
changing the valuss of a single variable at a time, regions where detections. '
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TABLE 2-1.

() Predicted System Performance for November 1969 !
for Carter Cay Transmitter Using Frequencies near the MUF. {U) ;

b
. U '
i 3 S
g g
'53 M) . -
. 4w 000z MUE__ 0400 MUF 0800 MUF 1200 MIUE 1600 MUE 2000 MUF . ~
| ., BIS/N 9.93 13,56 - - - 13.4 21.80 104 2107 %
5 —~ Z{PC/SB__ 60.3 - - - 59.2 60,7 -
' 3
w |5 E|s/N - . . . 6.5 21,77 113 2103 %
Z|lpc/sB - - - - 73.3 74.8 -
"
v o S} S/N 10.0 13.65 - - - 12.3 22.07 10,4 21.28
v 3 PCISB _ 60.2 - - - 60, 2 60,7 Z
-7 “ -
o °§ SIN - - - . 16.5 22,00 11,3 2121 E
, N Z1pC/SB___ - - - - 73.4 4.8 ]
o B|SIN 1.3 14,20 - - 19.3 12,99 12.0 23.73 9.2 22.60 =
3 |~ =|pcisB__ 59.0 - - 60, 6 60. 6 61.8 o
e |, ZIS/N . - - - 18.2 23.51 13.2 22.38
~ Z|PC/sB___ - - - - 717 72.9
o T|S/N 26,7 15.83 - - 47.1 14.70 33.5 14,53 51.1 26,40
: g |2 Slpcisn  43.6 - - 32.8 39.2 20.0 .
: 2 I 18.6 15.55 - - - 56,6 28,16 48.7 25.80 BN
E_ - S z NISB 190" - - - 33.2 37.4 . f_,.'_a
v ' | 7 el
e SIN = Target signal-toenoise ratio (db) s I
PC/sB = Carrler-to-target signal ratio (db) . ..:2
w0
e
. T




UE%E’-E Salutmiag
LRl

2.1.2 Q))_! -- Continued. | _

are movt likely to accur can be gencratcd, as well as obtlaining an understand-
ing of how a particular varisble afiects the overall detection area.

hop structures
" as the transmi

Detectability regions have been calculated for various frequencics,
and noise levels using a buoy located 120 km from Cape Kennedy

tter and VHFS, Virginia, as the receiver. A sea state of 5,

transmitter power of 50 watts, ground-wave propagation {rom transmitter to

target

to-noise rat

is:

where:

¢ v W M

m

and sky-wave propagation from target to receiver and a required signal-
io of 3 db have been assumed,

The following technique is applied to find the area of detectability.
Fromthe bistatic radar equations®, the total power loss over the scatter path

Lo
W m oM

r

GT
GR
-]

pT-pn=L¥+ L +Lg- Gy -ck-xoxogf—{;-"- (2-1)
power transmitted;
power received:
Joss over transmitter half path, T:
loss over receiver half path, R;
system loss;
gain of transmitter antenna;
1

gain of receiver antenna;

target crou-ujction (meters); and

1
A = wavelength (meters). ~
1

Assuming a minunuma.ﬁowable scatter path signal-to-noise ratio
of 3 db, the required power received would be at least N + 3 db, where Nis
the noise level at the receiver.

#See Skolnik, Merill 1., Introduction to Radar Systems, McGraw-Hill Book
Company, Inc., New York, New York, 1955.
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. of the regions onto the ground is shown in Figure 2-1. The reason for the

| G

PR = N 4 BQb . ) (2-21
From {(2-1)
L = P.r-PR
and herice;
- - . 12-
L = PT N-3db 2-3)

Substituting equation (2-3) into equation (2-1) and solving for I.,r + LR’
renults in: .

4ng

LT+LR=PT—N-3-LS+GT+GR410103T:— . (2-4)

Equation (2-4) provides an expression for calculating the total allowable scatter
path Joss between a transmitter ané¢ receiver while still maintaining sulficient
signal strength to detect the target. Using different values for D-layer loss
and sky-wave propagation over the transmitter-target half path, ¢ = 100 m%,
and the appropriate transmitter /receiver gain parameters, the maximum loss
associated with the target-receiver half path (LR) can be obtained for various
conditions. These L losses 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 frequencies and atmospheric noise 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 R, Ry is equal to a constant (see Section 3.1.3 for a more detailed
description of the evaluation method}.

Referring to Figure 2-1 we see that the largest area of detection is
for 2F hop cases for both 5, 8 and 9.259 MHz, as compared to the 1E hop
situation. This is because there is substantially less D-layer loss for the 2F
hop 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 the D-layer

{s higher, thus the loss on these paths due to D-layer absorption is smaller. ’
——

*Barrick, D. E., "Theory of Ground-Wave Propagation Across 2 Rough Sea
at VHF/UHF", Battelle Memorial Institute, Draft Report {(1970).
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Tablc 2-2

ction Repion Calcﬁlations (m

Freq Hop R, 1..:::: Lfy-cr L::s LBE:::‘P R J;:’f:':i
MHz Structure Km db Loss db db db dbw
£, 800 1E 11 61.0 4B.5 102.2 211.7 -180(B)
5. BOD 2F 61 79.1 30.4 102.2 211.7 -180(B)
5,800 1E 10 59.5 34,0 102.2 195.7 ~-153tM)
o259 1E 34 801 29 108.7  210.7 272
g, 289 2F 48 6.2 . 15.8 108.7 210.7 -172(B}
9.259 1E 44 g4.7 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 4.0 112.0 216.9 -174(M)
15,000 1F 67 103.6 5.9 112.0 221.5 -176(5):
20,000 1F 66 113.9 3.1 114.5 231.5 -186(B)
20.000 1F 66 113. & 2.1 114.5 230.1 -185(M)
B = Best noise case 0800-1200 Local Time
M = Medium noise case 1600-1200 Local Time

See Figure 2-1 for Ry

and Ro definition

g
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For the 2F hop modes the region at 5.8 MHz is larger than the region at
9.259 MHz. This is due to the fact that the loss is greater at higher frequen-
cies, However, for the 1E modes the situation is reversed. The higher fre-
quency also results in the larger detection arca. This is because the D-layer
loss on the 9.259 MHz frequency is substantially Jess than the D-layer luss &l
5.8 MHz and this dominates the ground-wave propagation advantage at the
lower frequency.

From Table 2-2 we see that the detectability radii (Ry)tend to in-
ercase with increasing transmittcd frequency, However, once the frequency

target half path cancel the effect of decreasing D-layer loss and decrecasing
atmospheric noise 80 that the growth of the dctectability region virtually stops.
Note that the detectable radii {R,) are approximately the same at 15 and 20
Mliz for the best noise case, It is also observed that varying transmitter
ower and transmitter or receiver antenna gains have the same effect on the
size of the detectability regions. Thatis a db of gain or loss whether gener-
ated from varying transmitter power or antenna gain enters the radar range

increases to approximately 15 MHz, the spreading losses over the transmitter-{

equation in the same way.

2.2 (U) @” DETECTION EXPERIMENT. (U)

z.z.l(u)' General. (U}

]

Bue 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 {or other programs.
Both the buoy and the CW transmitters at Carter Cay used in these tests, were
also used for the ground-wave measurements which Raytheon was conducting.
The receiving system in use belongs to the USASA {ield station located at Vint
Hill Farms Station, Virginia, and consisted of a linear disposed antenna array
and multichannel HF receiving and recording equipment.

in the description of the detection experiment the transmitter and
receiver site characteristics are first described. Then the receiving system
calibration and experimental geometry are discussed. The results of the
experiment are then presented.

2. Z.Z(U) - Transmitter Characteristics, (m

Two different types of transmitters were used in the experiment.
Those tests c_onducted prior to December 1969 used a buoy -mounted trans-

mitter of approximately 10 watts radiating at 5. g and 9.259 MHz. The
N 2-8
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2.2.2 L\)) ' -« Continued, .

antenna on the buoy consists of & top-luaded vertical monopole cut for a
quartcr wavelength at 7.5 MHz. This buvy was anchored off the coast of
Florida approximalely 120 kilumecters downrange, and at an azimuth of 113
degrees from Cape Kennedy. The tests conducted in January and February
1970, used the CW transmitters on Carter Cay. The power of these cw
transmissions ranged {rom 100 watts up to 3 kilowatts depending wpon time
and the particular transmitter in use. All of thesc transmissions radiate
into quarter-wave vertical monopoles cut for the frequency in use. J

2.2.3 (U) ' Receiver Site Characteristice. {v)

Two separate receiving systems were used at the receiver site
located at Vint Hill Farms Station. One receiving system was 2 van-mounted
high dynamic range digital processing system containing synthesizer controlled
receivers (Sylvania R-27A receivers); digital spectrum analysis® using a
CDC 1700 general-purpose computer and both analog and digital PCM recording
capability. 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 R390A receivers, The R390A
geceivers connect to both a real-time analog spectral display and a 12 channel
analog tape recorder. The block diagrams of these two receiving systems are
shown inFigures 2-2 and 2-3.

vl

2.2.4 (U) ' Receiver Systern Calibration. (U)
L

One important goal of this project is to be able to predict the detection
performance of the buoy tactical early warning system. Thus, it is desired to
compare predicted signal and noise values to actual measured data. Then, if
there exist significant discrepancies between the actual and observed data, the
predictions must be modified to correct this difference.

The standard calibrations performed on the system included a Teas-
urement of the received carrier strength and also the received noise power
yeferenced to a 1-Hertz bandwidth, The process of measuring the received
carrier strength was a simple procedure of comparing the receiver 1F output.
signpal level when it was connected to the antenna, to the IF output level when
the receiver was connected to a synthesizer having the same HF {requency as
the carrier signal being measured. The average IF output level for that

— g

# Digital Spectrum Analysis not available after Jenuary, 1970, due to termin-
ation of the computer lease.

2.9
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particular carrier wignal was noted. Thea the synthesizer at the same fre-
quecncy was {ed to the antcnna teaminals and the cutput amplitude adjusted undil
the recciver IF output signal strength was the same., ‘The synihusized signal
Jevel was thea measured and converted to db.with respect toa watt. This
signal substitution method gave the reccived carricr strength in dbw and v.arn
measured within the narrow IF receiver bandwidth,

The determination of the noise level at frequencies near the carrier
was done by AM modulating the on-air carrier signal with an audiov {requency
square wave using a very small pcrecentage modulation., The arr.plitude of
these modulation tones was observed at the output of the real-time spectrum
analysis display. The modi-lation percentage was then reduced until the
modul_tion toncs disappear into the background noise of the display. Because
the modulatirn percentage is easily converted to signal level in db below the
carrier and the spectrum analysis bandwidth was ] Hz, the relative carrier-
to-noise power was directly obtained referenced to a 1 H= bandwidth. Thus,
if the caljibration tone disappeared into the noise at a level of 64 db below the
carrier, it was assumed that the noise value was also 64 db below the carrier
value. This carrier-to-noise ratio was then subtracted from the reccived
carrier strength to obtain the reasured noise power in dbw per Hz.

2.2.5@ ' Results of Experiment. (V)

S
. .

-

The principal experiments consisted of two separate conirolled
aircraft Dights of a Navy P3B aircraft to examine the detection capability of
the bistatic configurations, and two propagation measurements between the
Carter Cay transmi.ier and the Vint Hill Farm Station receiver. The two
fiights, denoted as Events 1 and 2, are shown {p Figure 2-4 and 2-5, respec-
tively. The network geometry is shown in Figure 1-3. '

The first event on 18 December 1969 employed a 10 -watt buoy
transmitter (instead of a 100-watt transmitter as qsnmined in the prediction
analysis®) located 120 :m {rom Cape Kennedy on an azimuth of 113, A
Navy P3B aircraft was flown at an altitude between 300 to 600 feet, and speed
between 200 and 400 knots, along the flight path shown in Figure z-4. A
signature was detescted on 5. 8 MHz between 1750-1755Z and 2000-2005Z.

The ,ropagation conditions are summarized below--

RF: 5.8 MHz

Transmitter Power: 10W,

Carrier Level: -92 dbw

Noise Level: =160 dbw

Calculated detection radii: 3 km (1E Hop), 6 krn (2F Hop)

®The 10-watt buoy transmitter was built after the anelysis using the 100-watt
value was comnpleted. 2-12
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_
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Figure 2-5 - @ Predicted and Observed Detection Regions. (U)
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The detected signature is not considered to be the P3D test aircraft, but an
aircraft flying ncar the receiver at VHFS. The predicted detectability

repion for this day ‘extends at best only to )} km. The P2B's closest appraach
to the buoy is only 30 km. Alse, the period of the first Duppler signature’s
sign change occurs 2. B minutes earlier than the predicted closest appruach.
In addition, the Doppler signatures obtained (although consistent with those for
an aircraft) were much stronger than could be expccted from the test aircraft
using a 10-watt transmitter to illuminate the target. Therefore, because of
inconsistent timing the distances of aircraft from the transmitter and receiver,
and the strenpth of the detected signatures using a 10-watt tranamitter, it is
concluded that the detected signatures were not the P3B test aircraft, but
rather another aircraft flying over the receiving antenna.

The second event on January 27, 1970, employed the 3 kw Carter
Cay tranemitter and a P3B test flight ata speed betweea 200-300 knots, The
aircraft flew the pattern shown in Figure 2-5 at successive altitudes of 24,000,
14,000, 12,000, and 2,000 feet. The propagation conditions are summarized
below: .

Receiving
RF (MHz} XMTR Power (watts) Antenna Gain {db) Noise Level {(dbw)
10.167 3,000 17 =137
15,595 3,000 25 =145

The detections for the first and second passes of the aircrait near
the transmitter at 15,595 MHz and 10,167 MKz, 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 aircraft flight in the vertical null of the antenna. Both signatures were
obtained for aircraft flight below 2, 000 {eet. Therefore, it can be concluded
that aircraft detection below this altitude and within the predicted detectability
regions can be detected using the buoy concept if sufficient power is trans-

mitted (eu EB+» 3 kw,-

2-15 e
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2.3 (U) ' CONCLUSIONS OF_EW STUDY, (U)

e ——

The conclusions derived from the early warning system study are:

t Detcction 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 is enhanced) detection appears possible.

b. For buoy (or landbased) transmitters with 3 kw power
and transmitting near the MUF, SLBM detection is
probable {for the network geometry in Figure 1-3 at
both low and high altitudes.

Aircraft detection regions 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.

Ce

The conclusions indicate that it is basically possible to detect air-
craft and SLBMs using a 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-
ever, transmitter power on the order of 3 kw or more is required, Ip addition,

it may be necessary to judiciously select the frequency of operation t= mini-
mize the D-layer and spreading losses for target detection under different
transmitter-target-detection geometries.
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B FLEFET AIR DEFENSE . :

(9) The detection of Jow-flying threats to surface vessels at a range :
sufficient to give useful warning time and tracking information is a prublern
for which over-the-horizon detection {OlIiD) systems can offer a solution.

" A polystatic system such as portrayed in Figure 3.1 is especially desirable
because it not only provides greater lead time for fleet air defense (FAD)
by detecting targets at long ranges, but also provides the detection infor-
matinn without requiring active radiation from the {leet. Thus, the enemy
is not given an opportunity to locate the fleet by employing direction-finding
techniques against & fleet monostatic radar transmitter.

_i ' LU) The results ot the investigations for FAD are presented in four }
parts, The first describes the feasibility of using a polystatic system to
protect the flect in the Mediterranean Sea. Aircraft detection regions are
examined for transmitters of opportunity that presently exist, and receivers
located in the Ocet, 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. Equations
are derived for each technique to show how the target Tange can be estimated

[ SR [ ]

Jl using measured and known parameters. The third part is the results of an
error analysis of those target Jocation techniques that are feasible. The

- bias and random errors associated with each technique are discussed. The

j fourth part describes the design for a prototype aircraft detection system.

This system can serve as the test bed for experimental verification of poly-
static techniques and system evaluation to select the parameters for the final

l_ system design.

s.1 (V) @@ POLYSTATIC SYSTEM DETECTION FEASIBILITY. (U)

3.1.1(0) ¥ General, (U)

The polystatic system for FAD consists of HF broadcast transmitters
of opportunity for {lluminating the target and a shipborne receiver (sce Figure
3-1) for detecting the target-reflected Doppler signature. The detectability
of this system was investigated for FAD operations in the Mediterranean Sea.

Two types of propagation mechanism were considered. The first
consists of ground-wave propagation between the transmitter and the target

3.1
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311 LO) ' -- Continued. r

and also between the target and the shipborne receiver. The second cunsisty
of sky-wave propagation between the transmitter and the target and ground-
wave prupapation between the tarpet and receiver, These two types are
denoted as pround-ground and sky-ground modes, ‘respectively.

To accomplish this feasibility study the efforts considered three
sspects: source availability, the operating scuedules of sources, and the
coverage provided by available sources. Thesc are described below.

=

;L

(..

v T ey |

3. 1.2 LU) ' Available Trnnsmiue.rs. (U}

~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 a ground-wave over sea
water is very large, The vertically polarized signals, on the other hand,
were considered for both sky-wave and ground-wave propagation for the
transmitter-target half path.

Table 3-1 lists some of the transmitters in the immediate vicinity
of the Mediterranean which have been evaluated along with transmitter
location, selected frequencies, transmitter power, beam information and
polarization. The locations of the transmitters are displayed in Figure 3-2.

Transmitter scheduling is also an important factor in the evaluation
of these transmitters. Historical records of scheduling were examined along
with current information from FBIS to determine the schedules for each
transmittey, Figure 3-3 shows the scheduling for the transmitters in Figure
3.2. Transmitters are available around the clock for coverage of some areas
of the Mediterranean, but more sources must be Jocated to provide complete
around-the-clock coverage of the Mediterranean.

tpirm .
oo tE AU T T

et

3.1.3(0)' Coverage. (U)

) LI ad )

o

Figure 3.4 {llustrates the geometry for a bistatic radar detection.
Several requirements must be satisfied in order to make a detection. First,
the received scatter path signal, T-R, must be above the noise level present
at the receiver. Second, the direct path signal must be received. (In the
case of transmitters with sufficient frequency stability, a synthesizer signal
can be used where the direct path signal cannot be received, ) Third, the ratio
of the dirct path to scatter path signals must fall within the dynamic range
limitations of the receiver,
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MEDITERRANEAN TRANSMITTERS (U},

City Latitude Longituds Freguency FPower . bw Animuth Felarira:. oo ]
Caltsnissenis 3% 14° o4’ 6040 - 2 ND VI N
N s ND VEK !
» ' (] ¢ . . l
Roms PILIPTY 12° 3 5960 %0 ND Vi :
040 $ ND ViR -
" $ ND VEN
Athiaal 32° o2’ n° e’ 6048 s ND VEK .-
Leanaina 3° o 20° oy’ 6090 ) KD ViR :
1240 |} KD VEXR .
. 1
Kuzan} o° 2v 21% o8’ 71 1 ND VER
Lariss 3’3 2% 28 5922 : ND VER '
.
Bhedor 32 FYSETY #0158 ” XD VEP “e
128 » ND vER !
1260 b1 ND vLR C
. ! ...t i
Sarral o 23° 38 40 1 nD VER <
1148 2 ND vER !
. [
Tripolis 37° s’ 22° 2y’ 4005 1 ND VER | ¢
Beruit 31° 52 35® 28’ 5980 100 ND HOR
Demascus 33° 30 3 or s168 so ND HOR [ :
. . J
Tol Aviv 32° o 34° 50 6310 20 ND HOR
TiNY 10 ND HOR -
Caire '-IOSﬂ [ .
2013 ;
Teipall 32° 4 1312 T1es 100 ND HOR i
Tuale 34° 5o’ Ty sons $0 102282 HOR
Algiers n* 4080 50 WD HOR P
810 0 ND HOR X
Tangior s a’ $® s 6170 100 ac® HOR .
4190 100 «® HOR .
1218 100 pro HOR l i
° . Py . L
Lishos 3% s P’ w 6028 80 5 HOR
Madrid e® e »a' 6130 100 300 1on i
Tirane «1* 30 10* 8945 | ) RD ND .
020 :
7040 ]
Sofis "’ 2¢* s920 s0 b Np
8020 .
%10 '
ND: Nm-ﬁr.cﬁ—nt ‘
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Figure 3-4 (7i). Typical Geometry. {v)
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Actual propagation josscs for cach half path have been caleulated
for sclected tnnu;nitl»-r-ur;ct-recuivcr peometrics to evaluate the coveTage
available to the flcet. Four sky-wave propagation, thic losscs were calculatetd
usinp the prupagatiuri prediction packape by ITSAESSA®. For gro\ind'-wavc
proﬁagation. the losscs are taken {rom Barrick's table®®.

Figure 3-5 shows an example of one of Barrick's tables. This
particular table is for 7 MHz, Sca State 4, 20-knot wind, and propagation in
the upwind-downwind direction. The effect of each of these parametc}s is
that increasing frequency incrcases the loss, rougher sci state increascs
the loss, and propagation in a crosswind direction hac less loss than upwind-

downwind propagation.

For organization ease¢, the Mediterranean was divided into 5
sections. Each section was evaluated jndividually te determine the amourt
of coverage protection afforded to a ship while it was located within that arca.
Evaluatiuns were made for repreuntative tummitter-aircr;!t—ship positions

to see if the detection system was feasible.

———

—

3,1.3.2 (U) _C_;lound Wave-Ground Wave Propagation. {U)

For the case in whi =h ground-wave propagation occurs over both
hal{ paths, the coverage ptovidcd by transmitters with vertically polarized

sipnals was evaluated using the followirg pararaeters:

a. target cross-section O % 100 M* :
. b. GT = GR = 0db;

c. N = -150 dbw a=d -170 dbw;

d. frequency-~1 MHz, and

e. system loss Ls = 3db.

* Barghousen, A. F., etal, Predicting Long-Term Operniona'l Parameters
of High Frequency Skywave Telecommunication Systems, ESSA Technical |
Report, ERL 110-1TS 78, U.S. pcpartment of Commerce; May 1969.

¢s Barrick, D. E., “"Theory of Groundwave Propagstion Across s Rough Sea
at DekameteT wavelengths'’, Battelle Memorial Institute, Columbus

Laboratories; January 1970.
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of the receiver. Tie {requency of TMHz w
to provide reasonable ground.wave losses a
low noisc levels {or the detection of aircraft.
coverage provided by this p
were assumed to be 200 km from the transniitters.
a contour of constant sensi
the transmitter and receiver which determines the

a

UNCLASSIFIED

3.1.3.2 (U) e- Countinucd.

The two noisc levels account fur diurnal changes in the nuisc level
as selccted since it is lov enouuph

nd high enocugh to have reasounably
To dctermine the repivn of
the shipbusrd receivers
With this assumption,
tivity (Oval of Cassini}was constructed arovund
region of detectability of
ombination, This was done ina
results (Figure 3-5) indicate
tral part of the Mediterranean

ropagation mechanism,

n aircraft for that transmitter-receiver ¢
number of transmitter-receiver cascs and the
that coverage is quite good in the northern cen

Ocean.

3.1.3.3 (U) Sky Wave -Cround Wave Propagation. (U]

Tor each of the five areas in the Mediterranean, propagation
ade for selected transmitters to evaluate the use of

Target illur  ation by line of sight and one F-hop
t hop structures with more

predictions were m
sky-wave propagation.
propagation is feasible for detection purposes, bu
than 1 F-hop for the date and time evaluated incur too much loss over the

transmitter half path to afford any reasonable protection. Noise calculations
and propagation conditions were calculated for 15 Septemnber 1970 at 0BOOZ
(N = -165 dbw).
c-rpaft positions were evaluated with shipboard receivers
~sitions around the aircraft. The regions of detect-
~itter-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. Fora specific air-
crait position (altitude 3,000 feet), loss over the transmitter-target half
path was evaluated from Ly was then
calculated and converted into a distance DR'
the target scatt:rs equally in all directions,
drawn around the aircraft of distance DR'

circle should detect the aircrait.

Five
ljocated at select
ability for each tr.

the ITSA ESSA prediction program.
using Figure 3-5. Assuming

a circle of coverage can be

Any Teceiver 1ocated within the

consider transmitters Jocated at Algiers and Madrid,
and & receiver located at 18N, OE.
path are 116 db for the 1 F-

For example,
an aircraft located at 17-99N, 2-07E,
The predicted losses over the transmitter hall
hop mode from Madrid and 91 db for a line -of -sight mode from Alpiers.
Solving for "'n and converting to a target-receiver distance from
gives 70 km for the Madrid signal and 205 km for the Algic~s

3.10
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3.1.3.3 {u) s LURNNUCU,

signal. Any recciver within these distances from the aircraft should be able
to detect the aircraft. Fipurc 3-7 illustrates this example. In this example
the shipboard receiver located at 38N, OFE, would detect the aircraft on the
Algiers frequency, but not un the frequency from Madrid. As the aircralt
closed 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 arca one, transmitters
jocated at Lisbon, Madrid, Tangier, and Algiers were evaluated fur the
receiver and target position given in the example., The transmitters affurded
protection at distances from this aireraft of 10, 20, 70, and 205 km, respec-

tively.

For area 2 transmitters located at Algiers and Rome were eval-
vated for two different ship positions, Algiers provided detectability at
70 km from the aircraft while Rome provided detectability at 100 km.

For area 3, transmitters were evaluated at Caltanessetta, Alma

Ata, Rome, Tunis, Tirane, and Tripoli. Tripoli provided the greatest
detection range at 80 km 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 evaluated, a great number of pos-
sible transmitters at other locations still remain to be evaluated around the
coi ot of the Mediterranean., Table 3-2 is a partial listing of these locations.
Transmitters with power as low as 1 kw can be used for line-of-sight cover-
age along the coast and 1F hop propagation into the interior of the sea.
Development of theee sources is necessary for round-the-clock coverage
as well as multiple channel coverage {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. Houwever, 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 Tranemitters (U)

Malaga, Spain
Cartagena, Spain
Valencia, Spain
Barcelona, Spain
Marseille, Frances
Nice, France
Pisa, Italy
Naples, lialy
l1zmir, Turkey
Latakia, Syria
Port Said, UAR
Alexandria, UAR

Tobruk, Lybia
Beida, Lybia
Benpazi, Lybia
Apnaba, Tunesia
Safagis, Tunesia
Cran, Algeria
Melilla, Morroco
Balearic Island
Corsica
Sardinia

Crete

Cyprus

——

cetemn  manad febeamr b
.

L2~




— — o

Yy i g
ST Eovmire
i ¢

3.2 (U) @ IARGET LOCATION METHODS, (U) v

As described previously, protection of the {leet against low-flying
aircrait and/ur cruise misgilen may be accomplished using a bistatic radar
with a shorc-based transmitter for target illumination combined with passive
shipboard reccption. The tarpet Jocation methods considered in this scction
appear to eliminate two fundamental problems associated with CW -Doppler
bistatic radar:

a. Target signal amplitudes gives no indication of whether
the target is near the transmitter or the receiving ship
because the bistatic radar range equation is symmetric
about the transmitter-target and receiver-target Tanpges.

b. Single L'oppler measurements alone cannot provide
unambiguous target location since single Doppler
" yeasurements have a fourfold location ambiguity caused
by the geometric symmetry between the transmitter,
receiver and tar;et.

Four separate derivations are given describing techniques which
may be used to locate and track lew-flying targets which may threaten a
surface fleet. They all assume a two-dimensional ({lat earth) situation that
{s reasonably accurate (see Section 3.3.4) for low-{lying aircraft and cruise
missiles. The four techniques are:

a. the double baseline, douhle measurement range estimator,

b. the double baseline, single measurement range estimator,

C. the single baseline, double measurement range estimator,
’ and

d. the Doppler location finler.

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 Tange estimator} two target-scattered Dopp.-
returns and their directions of arrival are measured at two different points
along the target's flight trajectoly. Eight measurements are employed te
estimate the target's location.  For the second method (double baseline, single
measurement range estimator) the estimate is essentially made using the two
Doppler returns and their associated directions of arrival measured at one
Nlight point. The third technique (single baseline, double measurement range
estimator) uses two sets of Doppler returns and associated direction of arrival

3-16
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Figure 3-9 (V). Double-Baseline, Two-Measurements
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3.2 (U) g <« Continued.

and a single transmitter source to estimate the target’s range. This methud,
which uses the configuration in Figure 3.11, is operationally preferred to the
first twe becsuse of the need for fewer measurements and transmitter svurces,
The fourth technique {Doppler location finder) employs the Doppler returns
from the target Bluminated 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
below.

3.2.1 (V) Double-Baseline, Two-Measurements Ranpge Estimator. (U)

Consider the single haseline, one time point situation shown in
Figure 3-12, where a vehicle is moving at an unknown velocity 3, the distance
between the tranrraitter and the receiver is assumed known to te D, and the
transmitter is « reodcasting on a known wavelength A. Tha azimutb angle of
the target at tua rozeives, a, and the Duppler shift, &f, are measured.

“he £ec.ive.? “:oplar nhift {or this geometry may L written as

Y -%H, + %)

3 -"‘i,'(l:ola‘ + cos B)

Angles 6, and @, can elso be written:

6, = 90+a 3 - . .
o. = 9 + 8 - [ . .
Therefore, |

A = {sin (a +a)+'m(s§'.a)]

»jc
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Figure 3-12. {U) Varlables for Double-Basellne, Two-
Measurements Model. (U)
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3.2.1% J) -+ Continued, '3

Also,

8 = tan” (})

1- a -1 atar o
= tln - taﬂ . ———— ———
D - Y Dianuv = &
tan v/

1f there are two transmitter geometries, which shall be distin-
guished using subscripts, then the following thrce eguations can be written:

o 8, tan a, (3-1)
- H - H - T ——————— - -
A{l = 11 sin (al+ul) + gin [tan Dl tan o, - 5 61

az tan az

v . Y2t }. .
A{z =-iz ‘sm (92462\ 4 sin [tan Dz tanay - 5, 52} {3-2)

and

b

where € is the angle between the two baselines, as shown in Figure 3-9.
The value of ¢ may be calculated because the coordinates of the two trans-
mitters and the receivers are assumed known,
' !
! 1
1f additional azimuth and Doppler measuremcnts arc marde for
these same two geometries at some time Lt later, then [vur more atpreat o,

can be written, This set of equations {s distinguishcd by a supurserip patirne,

at.'= % bin (> '28.) 4 sin lan-l .1' il -8 ' (3-4)
1 A 1 7] D, tano,'-a' |
1 } |
a,'tana,?
L I T . . -1 2 2
Atz' e -;z ‘lm (a2 1 62} 4+ sin [tan B, tan “2.-.2.}. 52} {(3-5)
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3. 2.1 (V) «= Countinued. r
[ ]
- st = a, - v At coa 51 (3-6)
]
4
..zl = .2 - “A[ cos bz (3-7)

ot

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 & from the equations.
The results are;

=3 =

Afl e Fl(u. 3,4 61)

£

Afz = FZ (v, 3, 611

m/

a1t = Fylv, a0 4

=1

Al’z' = F4(u. 8y 61\

where the F;{*) are different functions of the argument parameters.
The unknowns are U, a,, &g and 63+ The measured quantities are a, ,
al . o, ¢, b6y, of,', bf;, and by’ The quantities known a priori
are Dy, D, Ny, g, 8t , and €. The above set of simultaneous equations
may be solved for the unknowns and the ground range from the receiver to
the target could be calculated by

L 3%

P * ina

o =

Although this proceduré yields four independent equations which
may be solved for the target position, a slight reformulation of the problem

3

Because this reformulation simplifies the double baseline, two measurement
technique, this first target jocation technique will not be examined further,

—
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can reduce the number of equatiors by two as described on the following page.
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3.2.2 {(u) Double-Baseline, One-Mcasurement Range F.llimalor.rﬂ'l

The variables for the double-baseline, one=measurement model
are defined in Figure 3.13. As in the previous case, the transmitier-
recciver distances, Dy and D, and the transmitter wavelengthe, 3, and
A, are assumed known a prieri. The azimuths, @,, and oz, and Doppler
shifts, Af, and Ay, are the only quantities requiring measurement.

From another form of the Doppler equation,

«} L.,
Afl = X (p#nl)

3.
Af, = ™ (b + iy

where p = dp/dt and hi = dnfdt .
From the law of cosines,

2 2 1/2
nl = {p + 1')l - 21:!.')1 COF crl)

so
(pp - le cos o, + pD, a, pin ol\

B =t
+ (3-8
! (p?’ + Dlz - 2pD, cos all”z (3-8

'a’he.fe -al = da;ldt .

Similarly

. Eﬂ) - i:DZ cos az+ ;:d')zlrz sin "2‘
2 2 1/2 (3-9)

2
(p ¢ l:)z - 2pD, cos 02\

Note that &, = & & « . The quantity & can be estimated using the pre-
vious azimuth measurements as follows:

[ul(t] L (t-At)] + [aztt) -y (t-A1))
it

& =
3.24
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Figure 3-13. (U} Variables {oyr Double-Baseline,
One -Measurement Model. (U}
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1.2.2 {Vv} -~ Contimued.

Now define hy o G0 T1» and s, a® follows:

2 P 4 172
h‘ r {p *HZ&-ZpDn cos "l‘

q, = A'l‘l

L3 = Dl cor o‘

s = Dl & &in e

“The quantities hz , 9a. T2, and s; are similaTly defined.

and 3-9 canthen be written as

& gPi"i“'l"’Pi‘

Similarly ]
-1 b (P-rz‘ + ps,

2 b,

A‘.’z =

Solving for P,
b .- (qzhz'l psz.\
3.26
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3.2.2 {v) -+« Cuntinucd,
’

Also,

-qlhl z bhl-ri)(p-rll-&pnl
and so

-la, b, +p(h, -1 )]
p = L L ! (3-11)

ll+p

Equations (3-10) and (3-11) form a system of twu equations in two
unknowns (p and p) that may be solved using standerd iterative techniques.,
Note also that, for this formulation, the assumption of constant velucity and
directions are not necessary. : »

3.2.3 (U) Sinple Baseline Model, (U}

The third derivation to be considered is that involving the model
using only one transmitter. The variables for the single baseline model are
defined in Figure 3-14, As before, the tranpmitter-receiver distance, D,
and the transmitter wavelength, A, arc assumed known., The azimuths, o
and a', and Doppler shifts A{ and &f', are measured quarntities where the
primes signify mieasurement at some time Ot after the first (unprirmed)
measurements. The velocity U, of the vehicle is not known.

From the Doppler equation,

f == (p+n)

2
]
rl.'_. >-'|

"pl + i‘l,
From the law of cosines,

n = (PZ + Dz = 2pD cos a\l,z

. (pp-pDeosc+ pDé& sino)
nE T2 /2
{p ¢D

- 2pD cos a\l

3-27
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Figure 3-14. (U) Variables for Single Paseline Model. (U}
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' 3,2.) (U} - - Countinued,

similarly,

—— e Aim v e - o ————————

B = {p . - W Deosat+p D' sino')

(p'z + lZ)z - 2p' Dcos a')“’z

mations have te be made

In order to find a solution using only one baseline, two approxi-

- () P is constant; f.e., $' = p and, furthcrmore,
_ L p - P -Ppat
; E ) & s constant; l.e., d'eé
_ Over short time intervals (small &t} these assumptions are reasonable. The
E angular velocity & can be estimated as follows:
i o= o' -t
L. !

toward or away from the ship.

L drm 1 ol S Bt ke sk e ee &

AfN=-q=p+ plp-7} *+ PS8
h

E where
ﬁ q = B
' vy = Dcos o
E e =t Désine
| 2

h = (p + Dz - 2pD cos al”z

3.29
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These approximations are strictly true if the target is fiying on a radial path,

ations above gives
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3.2.3 (U) ° -- Continued,

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

Ap® ¢+ Bp? -Cp +D =0 {3-12)
where
2

A = 24t (q-8)
B = Atz (qz-lzl + Ot (4gr-4qp’) + 254t (2p'-r) 4 Dz - l'2

2 .2 ,...,.2 2 . 2
C = At (2q r«2q° p'+2p's )+ 2p' (g-s) ¢ 2p'r (s-2q) + 2qD
D= p‘z (qz-szl + qz (Dz-2p'rl

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

In similar fashion,
= T
F.XL — {p'+ n")
= 1 p

or

- A‘l = -ql = i,.‘. ﬂE'_;_.fl‘_ﬁ_u'
Where h', q', r' and s' are defined similarlyto h, q, r ands.
Now

.ql h! - ﬁ (h'-r'l = pl (b+ 'l)

or
-q'h' - b (h'-r"l
ps

p' = (3-13}

Equations (3-12) and (3-13) form a set of simultaneous equations in the two
unknowns p' and p which may be solved for the target position.
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y.2.4 (V) Doppler Location Finder (DLF). (U)

’

The rangc estimation +echnigqucs discussed in the previcus sections
all utilized measurcments of target bearing and Doppler {requency. The
Doppler Location Finder (DLF! described in this scction uses only Doppler
measurements and yiclds both range and bearing information.

The variables for the DLYF are defined in Figure 3.15. The trans-
mitter-receiver distances, D;, Da, Ds. and D, andthe transmitter wave-
lengths, Xy, X3, Ay, and Ay, are assumed known a priori. The angles,

8,, Ba. B3, and 8,, formed by the reference baseline with the transmitter-
receiver are also assumed known a priori. The only measured quantities
are the Doppler shifts, of,, biy, b5, and bf, . The variables estimated
by the DLF technique are Tange P, bearing a, range velocity, p, 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:

l. - - '
hfi = - (p+nil {3-14)
i
where
i;i = dnildt . i=1,2, 3,4 .
From the law of cosines,
3
2 2 /2
n = [p +D, -ZpDicoo(a + Bi)]
so

{pp-pDcosta B) +pD, & sinla+ )]

il = T . (3"5)
i [p® + Di'- 2pD, cos (a + B‘)] /s

Thus, from {3-14) and (3-15) it can be seen that

A‘i = bi(p, a, P, &in‘u Bi' ‘i, (3-16}

where h is a function of the argument parameters.
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3,2.4 (v -« Cuntinucd, r

The desired parameters (p, @, p, and @) can thercfore be estimated by ti
solution of the following system of cquations.

&L, = hip, @, : Py B, %)

e
-

o
L. = hip, @, P, &; Das 8s, 3;)

-a*

i3-171

b‘: h(P- a, 'Po a: D:h ?a- l.1‘

Afl = h(Pn a, .Pa .ﬂ; D‘a e‘- 1‘, .

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 previvus measure-
ments. Also, the equations are exact; they require no assumphions as to
the constancy of p or & .

The Doppler Location Finder can thos estimate target range and
bearing using only Doppler {requency measurements,

3.3 () ERROR ANALYSIS. (U)

The target location estimation technigues discussed in Section 3.2
result in two kinds of errors, One is a bias in the estimate that ariscs
because of one oF more approximations that are employed in the technique.
This is a systernatic 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. Thase two
kinds of errors generally limit the accuracy of an estimation technique.

[
In Sections 3.3.1 through 3.3.3 the error expressions fur both
kinds of errors are derived for:

9 the double baseline, single measurement range estimator,

b. the single baseline, double measurement range estimator,
and
<. the Doppler location finder.

Some assumptions on independence of error sources have becn made. In
Section 3.4 the several other possible sources of error that do not signifi-
cantly alter the estimate are described.
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Figure 3-15. {v)

Variables for Doppler Location Finder. (U)
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3,31 {U) Error Analysis of Duuble-Baseline, Singlr-MrasurcmM
Ranpe Estimator. (vl

The range estimate given by the Double-Baseline, Single-Measure-
ment technigue {Section 3.2.2) is dependent on the mecasurcd values of target
bearing and Doppler frequency. An cxpression is derived below relating
RMS measurement exYrore of azimuth and Doppler shift to RMS estimation
errors of target Fange. This error expression is valid at specific target
locations and has been evaluated for several configurations of target, ship-
board receiver, and transmitters using reasonable values for RMS measurce-
sment errors. The bias of the rangc estimate {s also computed. The results
indicate that for certain system geometrics and paramecters, total ranging
errors of less than 15% car. be achicved.

3.3.1.1 (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 equations:

[aihy ¢ p(h - (2%)
P F S, +P

. -(qz hy + pS2)
P ® T(hy+tp-rTa)

where hy, ha, Q1. Q2: Tae T2 S, , Sz are functions of &y, Gz, &, &,
b{3. The expression for p canbe substituted into the equation for p
and it is seen that P {s the sclution of

G = (p:ay @z 6, af,, 813) = © (3-18)

where G is a monlinear function of p and the coefficients {nvolve «,,
@z, &, 81y, bia- The parameter &, however, is estimated by

1
o« -~ m(&; +ﬂ|-ﬂ;-u‘,

where

ay = Ot~ At)*

sAlthough the technique i described a3 8 single measurement technique,
it does require o and ag vales at time t-24t.
3.34
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3.3.1.1 (W) = Countinued,
’.
and
Uy = ap{t - 8t) «
Thus, instcad of (3-18) an equation of the following form is solved:
H{p: oy, @, Oa, &, BN, 8f2) 2 0 (3-19)

where § is the estimated rangc. Since the estimated value of & may be
in error, the solution p of {3-19) may be slightly biased away {rom the
true p.  Let P, be this bias in the Tange estimate, Thus,

Poias -~ P P °

As mentioned previously, this bias from the use of an estirnated
value of & is one of the two important types of errors in this range esti-
mation technique. The other (random) error arises {rom using measured
values of bearing and Doppler. The true &, and Af are not available;
the measured values &i and Afi must be Lsed instead. Thus, the estimate

of range is takento be the solution of

H(ﬁ:&‘. &3, &3. a‘, h.fl‘, b?ﬂ’ = 0 .

The measurements & and h?. wil} generally have mean values of a,
and Mi , and standard deviations MG)RMS and M“’RMS' respectively.

Note that p is implicitly a function of the 61 and A?i: 2s
these measured values change s$o does P in order to keep H = 0. Thus,

P = p (&4, &a, &5, &.. Ail- IYAR

The change in § due to changee in the &i and h?i is given by

& -

spre 3B b8+ 3, i) L R AL

2P ?

3.35

UNCLASSIFIED




e gk 2t

UNCLASSIFIED

3. 3.1.1 (U‘ - - Contin\JCd.

The preceding equation is the deterministic form of the error *
equation. Because the measurement ¢F7OTs ATC random, we must employ
a modified version, At each target location the partial derivatives bﬁlbai
and aﬁlabfi are constant. Using two relations from probability theory¥®,

a. The RMS value of a gero-mecan random variable is the
standard deviation (0 ).

b. 1 x= T A Y , then
4 i i
s o
o= (I A o 1
i L

we can derive from (3-20)

3
25 * (28
* (a&, “a=’nms) *(a&‘ “&"m.f.s)

B - s
-3 ’ _8p )
* (35{1 8 oh; )RMS) +(a af, 6 (Ar',RMS (3-21)

Equation {3-21) simplifies when a(&.) = (&) and b(af)} =
2(88)g g for alli: i RMS RMS i RMS

st [0 <) T ][]

J2n @) eenme] 1"

*Piecilfer, P. E., Conce ts of Probability Theory, McGraw-Hill, N.Y.,
1965, pp. 230-2.
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3.3-1.‘ (U) - (.'nntinut-d.

- =

The only remaining step is the vvaluation of =L and -a—P- .

s &, o Lfi L
1f the function p(&,, &, &, &, Lfy, 2%5) were known explicitly, this
calculation would be direct. However, the p-function is only known implicitly
and thereforce the Implicit Function Theorem® must be invoked, By this
theorem from calculus: :

- 3H
2H
- da,
2 = i
B&i 2H
p
and
. 23H
- abf
2P —
aal = SH,
) ﬁf)

where the function H(p: &,, &z, Oy, &,. bf,', 4fy) is known explicitly:

H‘.P:ah ﬂz la’la‘lbfll b‘a,

(ry-hyYqz ha ¢ (p)Dal(sin as)(‘zl_mﬂag 40z - 03 04) ]

= + h, +
P [q\l ha-p = %2

[((D, ) {sin &) (z—;:) (o, +az -0y~ a‘l)

( Qs hs + (PNDaN(sin @) (353} (0 + a2 - 03 - &) )]
bhg - p~ %2
where Ty hi' q. are functions of a,, as bf,, 41, and &t is the time

between measurements. Finally, the abeve equations can be evaluated
{for A(ﬁ)RMS:

’_Protter, M. H. and Morrey, E. B., Modemn Mathematical Analysis,
Addison-Wesley, Reading, Mass., 1964, p. 492.
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3.3.1.1 (W) .- Continued.

L 14 "\ 3 . 7 .
- 1 H 2N\ oH
a(p) = —-——\ Ka_) 4(-——) +k—— +
RMS 3 H 2 &, Y- Y
rl |

8

(
IRy, (Y A LI
‘M&)RMS‘ |\t 2 Fyra 8(efiz s . (3-22)

1n the next section, both the bias (Pbiu) and the RMS error of

range estimate for the double -baseline, lingle-meuurement tezhnique are
evaluated for typical cases.

3.31.2 (V) Results of ETTOY Analysis. (U}

in this section the bias and RMS error of the range estimate of
the double-baseline, single—meuurernent technique are preunted for seve
eral different system geometries (locations of radar transmitters and
recciver and trajectory of target) and systern parametlers (operating {re-
quency and time between measurements). 1t is shown that although the
technique is not completely satisfactory under all eircumstances, it is fairly
successiul for certain geometries and parameters.

All numerical caleulations for the erro¥ analyses were performed
on an IBM 360 general purpose digital computer. For any given case,

Puias (the range bias caused by using an approximation for & ) was found.

- by solving for p and subtracting the actual range P b(ﬁ)RMS. the RMS

error of the range estimate, wWas caleulated using equation (3-22); the
partial derivatives of

a2, 3 2H
2p ' o0 'azs[i

wove determined by use of standard numerical differentiation algorithms*®.

*Southworth, R. W, and Deleeuw, 5. L., Digital Computation and Nurmerical
Methods, MeGraw-Hill, N.Y., 1965, pp- 352.363.
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2.3.1.2 (U) -= Continued.
r

The computed range cstimation errurs for the double bascline,
single measurement techmque are displayed in Fipurcs 3.16, The labeled
dots indicate the location of the transmitters (T, and Tz2) antl the shipbvard
receiver (8). The various trajectories of the tarpet are represcnted by
dashed lines. The errors arc reprcsented by solid-linc sepments at various
puints alang the trajectory. The lengths of these segments are scaled tu
twice the RMS errour, while the offset of the center of the segment from tke

trajectory repreacnts Pbias’

The varicus system parameters, such 25 operating frequency
of the radar (f), time between rmeasurements (dt), and standard deviations
or RMS errors of the measurements (GG.OM\ are listcd on the figures,
along with the scale of the drawing and the velocity of the target. Lt is
not necessarily equal to the spacing of the displayed error segments.

For all the figures of displayed errors, the measurement uncer-
tainties, MQ)RMS and MAHRMS were assumed to be 1 degree and .1 Hz,
respectively. If these measurements errors in a particular ase are larger,
then the RMS error in the range estimate would be proportionately greater.

Several conclusions can be drawn from the figures. First, a
particular confipuration of transmitters and shipboard receiver may be
fairly effective against certain target trajectories while much less successiul
against other trajectories. Also, performance may be acceptable at certain
points in a given trajectory but not at others.

An interesting observation can be made {rom Figures 3.16. The
geometries and parameters for the two configurations in Figures 3.16e and
{ are the same as for those in Figures 3-16g and h, respectively, except
that &t, the time bstween measurements, is 20 seconds for the former and
120 seconds for the latter. The interval &t enters into the estimation of
range in only one place: the estimation of & from the formula

. 1 r
& = -z_a'; {a"’ﬂg-a":'ﬂ‘)o

As At is increased, the RMS errors of the «, are divided by a larger
constant and thus the RMS range eTTOT should be less. On the other hand,
for iarger Ot, 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 (Ul Range Estimation Errors {or
Double Baseline, Single Measurement

Technique--Geometry No. 1 (U)

V4 sy - W
L3 +«+ B

RE e
4 1, « 8.0% M

4y - &.0v5 W \
LY BN ]

\
Figure 3-16b (U). Range Estimation Errors for

Double Baseline, Single Measurement

Technique--Geometry No. 2 (1)
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Figure 3-16¢ (L) Range Estimation Errors for
Double Baseline, Single Measure-
ent Technique --Germnetry No. 3 {U)

Figure 3-16d (U). Range Estimation Errors for
- Double Baseline, Single Measure-
ment Technigue--Geometry No. 4 (U)
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Figure 3-16e (U). Range Estimation Errors for
Double Baseline, Single Measurement

Technique--Geometry No. 5 (U}

L]

Figure 3-16f (U). Range Estimation Errors for
Double Baseline, Single Measurement

Technigue--Geometry No. 6 (V)
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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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Figure 3-16h (U). Range Estimation Errors for
Pouble Baseline, Single Measurement
Technique--Geometry No. 8 (U)
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3.3.1,2 (V) = Continued. ,

Buili thesc cffectz are observed in Fipurce 3-16. The RMS errours
in Figures 3-16p and h (B8t = 120 sec. ) arc generally much less than in
Fipurcs 3-16 ¢ and f {8t = 20 scc. ). Yet, also as predicted, in the one
trajectory in each pair of fipurce where the tarpet 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 smallcr for &t = 120 sec.: for several target trajectories, range
estimate errors of less than 15 percent are achieved,

3. 3.2 (m Error Analysis of Single-Baseline, Doublc-Measurement
Range Estimator. (U)

The accuracy of the Single-Basecline, Double-Measurement range
estimating technique (Section 3.2.3) is also a function of the accuracies of
the measurements of target bearing and Doppler frequency. Expressions
relating RMS measurement errors to RMS ranging eTTors are derived and
evaluated for several target trajectories. The biases in the estimate arte
also computed, and it is shown that for several trajectories, the total range
estimate errors are less than 15 percent.

3.3.2.1 () Derivation of Exror Expressions. (U)

As shown in Section 3,2.3, the true range can be estimated by
the solution of the set of equations (3-12 and 3-13).

The following approximations are also used to evaluate the RMS
range error for this range estimation technique:

& = & +bbt {3-23)
and
g' = P tpbt . (3-24)

Equation (3-12) is used to find an expression for p which is then inserted
fnto (3-13) to yield:

F(p':a', a, 81", 81)=0 {3-25)
a single equation for p' which depends on the present and past measured

values of target bearing and Doppler frequency.
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3,3.2.1 () -« Continued. .

The cstimate p' has, jn general, bothe bian error and RMS
error. The bias arises from the fact that for linear trajectories, &' and
ptare exactly true only when that trajectory is radial with respect to the
shipboard receiver. Thus, in most cases, even if the exact valves o',

a, b1 bf are known, the solution p' will be inerror by & Ppiac’ Thus:

] ¥
Phias = P "F 7

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 equations for the double-baseline, single measure-
ment technique and (3-25). Thus, analogous to {3-22), it {ollows directly
that

- 1 T AN AT AY 2
B8 s ={l RE || |\ 2% MY’ (88 )
ap'

J(25) (35 )] ledonel I -

The next section presents the results of evaluating the bias and
RMS errors of range estimate for the single-baseline, double-measurement
technique.

3.3.2.2 (U} Results of ETTOY Analysis. (U)

The expected errors are presented for two typical cases using the
single-baseline, double-measurement Tange estimator. From Figures 3.17
and 3-18 it can be seen that for two target trajectories (one {or each case),
the range estimation errors are less than 15 percent. The detection system
parameters are the same in all cases. As in the previcus section the
trajectories are shown by dashed lines and the errors by solid line segments;
the length of segment equals twice the RMS range errorw, 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 is not aimed at the ship. This result was predicted in
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Yigure 3.17 {U). Range Estimation Errors {or
Single Baseline, Double Measurement
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Figure 3-18 (U). Range Estimation Errors for
Single Baseline, Double Measurement
Technigque. (U)

3.46

UHCLASSIFIED

ey - e, g
o o= . ] -

——y
“. .

-_ 3 /1 e 0



| quows BN oo BN S— NN (.

s
]

~t 3 £ £/

=y &= £

[ g

L-J

c

UNCLASSIFIED

3.3.2.2 (V) -= Continucd,

r

the last section, because bias errors are caused by the variation of a and
p between measurements. These variations oceur 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. Anouther
cbservation from the figures is that the estimator's performance depends on
the location of the target with respect to the trans=nitter and shipboard
receiver. For example, Figure 3.18 shows a trajectory in which the ship

§{s between the target and tranamitter and the target is headed directly at

the ship. For this trajectory the range errors are greater than 80 percent,
In contrast the two trajectories of Figures 3-17 and 3-18, in which the

target is on a fly by trajectory or headed toward the ship in a different
geometry resulted in errors of less than 15 percent.

3.3.3 {U) Error Analysis 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 {requency. An
expression is derived below relating measurement uncertainties to esti-
mation errors. Results are presented that demonstrate for a wide class of
system geometries range errors of less than 15 percent and bearing errors
of less than 6° can be achieved. In addition, for one particular system
geometry the range errors are shown to be less than 5 percent.

3.3.3.1 (U) 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:

AI L htpl a' -P. .a: Di. B ] 1 , i = 1'2.3.‘-

i t U |

Because &f will always be measured with some error, it is denoted as
81, ;: the est{mtel of p, @, P, and & are similarly denoted by p, &, b
and '4‘:! so that

81, = hip, G b BiDy By WE 1=1,2,3,4.

As done in the previous sections define
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3.3.3.1 (U -« Countinucd.

r
. ah 3h dh N LA
a8l = (aﬁ) Y *(a&) 2 & *(ap) AD *(W\; ta.

Letting the vectors m and v be defined as

NE
35), e,
L e
(), el
(A

then m = A Vi assuming A is invertible, v = A'm .

o

o/

o

5

=

Evaluating just the first two components of ¥ and expressing
them in RMS form yields

4 » . 2 e
hpms © (it (“""’1,1) : (Amg) ms) '

=]
II’

(Bélpys * (i;il (‘A-' }Z.i).- | (A(Mi))'RMS) .
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3.3.31 (U) -« Continued.

Assuming (b “"i”RMS is the same for all i,

4 /s
- - -1 2
Bilpys = (B1eR)pps iz=1 [((A lm) ]
4 s 2
(béloys * (88D vy if, [((A.”z.i) ] :

These Jast two equations relate the RMS errors in Doppler fre-
quency measurement to the RMS errors in target range and bearing esti-
mation. The other type of estimation errcris a possible bias. For the
Doppler Location Finder there are no biases since the equations are exact
and use measurements from only one time point, Thus, the RMS error

describes the total range and estimation errors of the DLF techniques.

3.3.3.2 {(U) Results of Error‘ﬁmalysis. (u)

The expressions for range and bearing uncertainties derived in
Section 3.3.3.1 for the Doppler Location Finder were evaluated for a number
of conligurations. It is shown that with reasconable Doppler measurement
errors (i.e., 0.1 Hz) the range error is Jess than 15 percent and the bearing
error is less than 6° in many cases. The error results are presented in
Figures 3-19 to 3-28. As 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
systern parameters for each case are included. The Doppler measurement
RMS error for all cases ie assumed to be 0.1 Hz; no value is 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 are 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 are
shown. The one major observation that can be made is the good performance
of the DLF for a variety of receiver-transmitter 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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3.3%3,.3.2 (U} -- Continued.

arec less than 5 percent, This confipuration can reprcsent the use wf trans-
mitters on picket ships to proutect a fleet aircraft carricr,

3.3.4 {U) Other Possible Sources of Error. (U)

The previous sections have discussed the RMS errors caused by
measurement uncertainties and the bias crrors duc to equation approxi-
mations for the various estimation techniques. In this section several other
possible sources of error arc discusscd; it is shown that errors from these
sources arc not significant compared to thuse described previously.

One of these sourccs of error is due to the period over which the
bearings in the double and single baseline technigques are measured in prac-
tice. These are taken over a time duration of about ten seconds. The
average value calculated is assigned 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 crror was less than 0.1°, significantly smaller than the one
degree uncertainty that was assumed for bearing measurements.

A second source of error comes from the use of a two-dimensional
model for system geometries. In practice, targets may fiy at higher altitudes
above the ocean surface although the principal threats are expected to employ

‘Jow altitudes to avoid line -of-sight radar detection. For these situations the

actual Dopplers and bearing angles will not be the same as those used in a
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 3 6* elevation angle. According to the Doppler equation,

“the actual Doppler would be cos 6* times the Dopplerif the target were indeed

flying in the plane of the transmitter and recelver. Because cos 6° is greater
than 0,99, the Doppler would be in error by less than 1 percent, which is
about the accuracy of Doppler measurement. In a similar manner the slant
range would differ from the planar range by less than 1 percent.

th Another source of error is the determination of distance between
the {  transmitter and the ship (D). The accuracy of this measurement )
depends on the accuracy of the shipborne navigation system. Because the
typical accuracies for the LORAN C and D systems are less than 1 km and
this represents less than 1 percent at a target range of 100 km (compared

to approximately 15 percent range sccuracy for the location estimation tech-
niques), the associated errors can be neglected,
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almm mier

The measurement of transmitter frequencics (i} camalss Qive
risc to crrors in the estimation techniques, However, with an RMS meas-
urement accuracy of 0.1 Hz, the errors ate less than one part in 107 in the
HF band and is dominated by the limitations in cnmputational accuracy.

Thus, the errors that arise {rom these other sources Can be
neglected compared to those examnined in the previous sections,

3.35 {u) Conclusions of Error Analyeis. (U)

The principal conclusion to be drawn trom the error analysis is
that all three techniques analyzed, the double-baseline, single-measurement
technique, the single-baseline, double -measurement estimator, and the
Doppler Location Finder, performs to within 15 percent range error for
classes of target trajectories. The DLF, in particular, performs well
over a wide range of trajectories and attains 5 percent accuracy for one of
the geometries examined, In addition, it estimates bearing to an accuracy
of 6°.

For all the estimation methods, however, expected errors strongly
depend on both system geometTy and system paramcters, Because the
three techniques perform reasonably well under different specific conditions,
it appears thata hybrid location technique that employs the basic methods
contained in the three techniques {nvestigated can be developed that will
perform satisfactorily (better than 15 percent accuracy) over a wider range
of fleet operating geometries. This hybrid technique 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 target
range, but incorporate tests to discard estimates baving large RMS values.
Those eatimates within an acceptable accuracy may then be weighted to
provide the thybrid'' estimate of target range. Based on the potential of

"deriving a practical target Jocation estimator for a wide range of transmitter,

fleet and target geometries it {s recommended that & hybrid target location
technique be investigated.
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Section 4 .

EVDPERIMENTAL, TFESTING OF FAD
POLYSTATIC TFECHNIQUES

T

g (d) In the previous sections the investigation of a pulystatic radar tech-
nique that can be employed for FAD was presented. This investigation included
an examination of detection regions, target location methods and a detailed
error analysis. Because the results have becn derived analytically therc is a
need to verify them experimentally and to demonstrate that 8 FAD early warning
system using transmitters of opportunity is feapible. Experimental tests are
therefore recommended for the FAD polystatic techniques.

Q)) This section describes the experimental design considerations and a
system designed particularly for these tests. The specific objectives of the
experiments are {irst discussed. Then the factors that impact on the test design
and the system design are described. Based ona tradeoff analysis of these

factors a specific set of experiments and hardware are recommended.

T

— = = = = 3 =

=

s |

1 (V) @@ oBIECTIVES. (V)

.

The objectives of the FAD polystatic techniques experiments are to:

|

a. demonstrate the detection Tange of the polystatic technique,
and
b. verify the predicted accuracies of the target location esti-

mation raethods.

£ 1=

The first objective is to show that the target detection ranges derived
analytically using surface wave attenuation values and nominal radar ¢ross
sections agree with experimental values. This objective has been met partially
when experiments were conducted for the early warning portion of the Aquarius
study. (In these experiments & P3B aircraft was detected with a bistatic radar
system using propagation modes comparable to those expected for FAD.} Also,
target detection is necessary before the other experimental objectives can be
met. Therefore, tests to satis{y this objective can be included with those to
meet the other objectives.

) O

1

The second objective is to verify that the target location accuracies
. of the estimation techniques agree with the analytic results. The majority of
l the experiments will be devoted to satisfring this objective because it includes 4

- 4-1
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. . v
the moust tenuvus arca and cuntains pumercous random variables {¢.g., trans.
mitter-tarpet-receiver geometry, measurement accuracies, etc. }

4.2 m EXPERIMENTAL CONSIDERATICNS. (U)

In the design of experiments care must be taken to include all those
system parametcrs 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 snd systems where possible. 1In the experi-
mental design there are & number of factors that need to be considered. A list

" of the primary ones are included in Table 4-1. The majority of the factors

(e.g., transmitters, targets, receivers) deal with the equipmenthyneml
needed for the experiment. The use of existing equipment for the tests reduces
the cost of the experiment. For some test elements {e.B-» 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-
ment is rectricted to the availability of theee systems.

4,2.1 (lj) ' Transmitter Sources. (ﬁ)

To conduct the teats, sources of opportunity (i.e., broadcast trans-
mitters) or cooperative transmitters {(e.g., Carter Cay transmitters) can be
employed. A partial list of candidate transmitters for the experiment are
included in Table 4-2. A substantial numbeyr of HF sources are available with
established trapemitter powers and operational schedules. Lists of these
sources can be found in the World Radio and TV Handbook.

Experimental HF transmitters and other radars may be employed
to track the target during the tests and for calibration purposes, and iono-
spheric soundings and propagation measurements are desirable during the test

to verify the use of 1F propagation mcdes.

4.2.2(\))' Targets. (V)

For Fleet Alr Defense the primary targets are enemy aircraft and
missiles. The P3B aircraft has a radar cross section which is typical for
enemy aircraft, Air-to-surface and sutface-to-surface missiles generally
have a smaller cross pection and should be tested separately. Table 4-3 sum-
marizes the estimates of operating characteristics for some of the Soviet
aircraft and missiles that ave threats to the U,S. Fleet.
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TABLE 4-1. (U) EXPERIMENTAL FACTORS. (U)

1. Transmitter Sources

a. Location

b. Operating Frequency

€. Schedule of Operation

d. Eff{ective Radiated Power

2. Simulated Targets

a. Type and Size
b. Availability

C. Number

3. Receiving System

a. Platform: Shipbornell..andbased

b. Antenna Arrays

c. Receivers

d. Processing and Data Storage Equipment

€. Test Equipment

4. Test McationlConditions

a. Sources l_wailability

b. ‘l‘arget(.s) Availability

c.  Receiver Ability

d. Similarity to Ope rationz] Environment

c. False Alarm/Noise Levels

.
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; : TABLE 4-2. CANDIDATE SOURCES FOR FAD POLYSTATIC

EXPERIMFENT. (U)

2.

Atlantic Coast

a, Broadcast Transmitters
CBC -+ = Sackville, New‘Brunlwick
WHYW - New York, New York
VvOA - Greenville, North Carolina

b. Experimental HF Transmitters
MADRE Radar - Virginia

Carter Cay - Bahamas

Pacific Cnast

a. Broadcast Transmitters
VOA - Dixon, California
VOA - Delano, California
KGEI - Belmont, California

b. Experimental HF Transmitters
Stanford University - Palo Alto, California

-

i ————

§
E';: a ,_“:'A;-" )

r—

|

. e b ——————tsew e

v 4 l._.;:)

i

t

ot .o 3 3 kJ



- q o Lol
g S
o .2
—l ok

(N} *SLVAYHL TTISSIN QNY LAVHIHIV TVIIdAL ‘t-¥ 374VL

IR OEE T s [ e N o TR Gt N (e R -~ S e JEN - Y o [ &5 TR SR SR I




v [ RN diis

4,2.2 - -« Continued, . -

In the eaperimients the aircraft and missiles peed to be evaluated
for a varicty of uperativnal prufiles, including a number of scattering peoni-
etrics and tarpet altitudes. Soviet air-tu-surface missiles, for example, asv
known to be capable of being taunched at a ranpe of altitudes but follow a low
altitude profile for minimum detection. The typical aircraft approach is 10 fly
close to the ocean surface to avoid line-of-sight radar detection. The tarpets
uscd in the experiment should consist of two sizes (aircraft and missile) and

- be operated at velocities comparabie to those of the expected threats. Turns
" and other aircraft maneuvers should be tested. Should the tests be constrained

to a threat target, then the usc of a P3 aircraft flying at 300 fect above the
occan surface for a varicty of transmitters-target-receiver geometries is
recommended. Should a number of test aircraft and missiles be available,
single and multiple ajrcraft/missile signatures should be obtained for multiple
signature and location evaluation,

Besides the intended targets, there may be commercial and military
aircraft that are operating in the vicinity of the transmitters and receiver sites
during tests. These aircraft will provide false alarms during the experiments.
Schedules of such flights need to be obtained where possible for the evaluation
of the experimentally collected data.

4,2.3 (v Receiving Site. {U)

In the FAD polystatic radar system concept the receiving system is
Jocatcd on one or more of the ships of the {leet being protected. However,
for experimental testing the receiving system can be located on a shipor ata
landbased site. The use of a shipborne platform necessitates a ship having
an accurate HF direction finding antenna system. It also would entail the
assignment of a ship for the calibration and collection of experimental data
and possibly the processing of ship navigational data to evaluate location esti-
rhation accuracies. In contrast, the use of a Jandbased receiving site simpli-
fies the conduct of the experiments because the normal operational problems
are circumvented and attention can be {ocused on the key {acets 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 Jandbased sitee include the following:

a. Vint Hill Farm Station
b. Madre East Coast
[ White House
d. Eastern Test Range
. 46

b .
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r
e. Stanford Antenna Array l
f. Los Banos Antenna Array ‘ West Ceast

Of the two types of sites the Jandbased site is recommended bucause of
operational simplicity in conducting the tests. For this alternative there
is greater access to test equipment and the scheduling of data collectiun is
_not as severe as for shipborne operation. In addition, the collection and
processing of ship navigational data is not required for experiments using a
landbased site.

4.2.4 (U)  Test Location/Conditions / Evaluation. (U)

The specific test location, conditions and evaluation depend un a
combination of the factors described above. The availability of sources,
turgets, and receiving sitcs dictate the seasibility and cost of conducting
tests on the Atlantic and Pacific coasts. When all three factors are consid-
ered, the principle test locations for consideration are the Pacific coast,
Northern Atlantic area, and Southern Atlantic region. Of these regions the onc
that appears most suitable is the southern Atlantic region.

4.2.4.1 .LU)-rm Location. (U)

P

The southern Atlantic region is recommended for the FAD poly-
static tests for a number of reasons. First there are a number of broadcast
stations available. Second, forward-scatter geometry that is most represen-
tative for FAD can be achieved by using transmitters from Costa Rica, San
jose, Cuba, Paraguay and a receiving site at Vint Hil] Farms Station, the
Madre radar site, the White House site and/or the Eastern Test Range site.
Thie sllows a landbased site to be employed instead of a ship for the receiving
system. The test region contains a sufficient amount of non-hostile aircraft
so 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 Government personnel from
the Washington, D.C. srea. These reasons, plus others such as the avail-
ability of HF calibration equipment (e.g., fonospheric sounders), make the
southern Atlantic region preferable to the others,

4.2.4.2 -(U) Test Conditions. (U)

Once the test location is selected the test conditions that need to be
delineated include primarily the transmitter {requencies to be used, tarpet
test trajectories, the equipment to be utilized, and the data to be collected.
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4,2.4.2 -a Continued. R
-_‘_—7 "
1 As mentivned pruvivusly, the tarpets must include buth uircraflt a'nd missiies, l

The aircratt-should be flown ot varivus ranges, azimuths, and altitudes fron.
the Teceiving sites Various aircraft mancuvers such &v turns and dives
showld te included, A head-on approach to the receiver site as well s @ fly-
by-trajectory should be conducted. The time and location for cach aircraft
maneuveT ahould be noted for correlation and with the colleetsd experimental
data. Missiles cuomparable to the Soviet AS-2 throuph AS-5 scrics should

be fired, if possible, to obtain missile signatures at various Tanpes, altitudes
and oprrating conditions. At least thrcc sipgnaturcs of missile trajcctorics
should be obtaincd at different {requencics for the extrapulation of experi-
mental data from aircraft targets and to demonstratc the system's ability to
diffcrentiate between aircraft and missile signatures, Table 4-4 summarizes

the rqcornx_ﬂended transmitter source and target test parameters. 1

'fhe recciving equipment system required to perform the experi- .
ment include an antenna 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 experimente exist. Only the commitment of the equipment {for the
tests is required by the responsible agency to conduct the experiments.

"~
-

Lt |

"The experimental data that nceds to be collected include gignal and
noise measurements, Doppler sigratures, and the DF jnformation associated
with the signatures for aircraft anu ..asriles under various conditions. This
data can be processed to:

T 3

- -

a. demonstrate the detection range of tha polystatic technique,

and .
b. verify the accuracies of the target location estimation

method. i .

o

v I

4.3 'Lgvs'rzm DESIGN, (V)

in order to demonst'rate the FAD target detcction range capability
and the.accuracy of the location techniques described in previous sections of
this report, a system as shown in the functional block diagram in Figure 4-1
may be used, By using both cooperative and noncooperative HF CW trans-~
mitters, this receiving 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:

o B

!r-
i
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TABLE 4-4. ‘., TEST PARAMETERS FOR EXPERIMENT. (U}

1

Transritters: Cooperative HF, and Noncooperative
HF Droadcast
Target Types: . Aircraft, Missiles
Transmitter- Target Ranges: 50, 100, 200 N. M.
Target-Receiver Ranges: 50, 100, 200 N. M.
Aircraft Altitudes: 200, 500, 1000 feet above ocean level
Approaches: Head-on, Flyby
Maneuvers: Turn, Climb, Dive
Target Velocities: 250-400 ft/sec. {Aircraft)
700-7, 000 ft/sec. (Missile)

* At least three missile signatures at 100 NM range, 200 ft altitude
with a head-on appro:ch. .
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- il
a. the double bascline, single measurement mode;r
b. the single bascline, double measurement mude; e
c. the four Doppler location mode.

Target tracking using the double-baseline technique would be accomplished

by measuring the Doppler shift on two paths and the apparent angle-of-arrival
to the target for each transmitter frequency. Both rcal-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 two successive arimuth measurements
separsted by at least 10 and no more than 100 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 this system are to--

a. measure azimuth to 1* and Doppler to 0.1 Hertz;
b. be easy to operate by an untrained operator;
c. be ultimately suitable for shipboard shock and vibration

environment; 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 transmitter
frequency of interest. During an event he observes and records the displayed
Doppler and displayed azimuth signature for the target, Finally, the operatoer
scales the Doppler and azimuth data, and inputs this information back into the
computer to solve for range. The basic hardware itemns 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 (uv) DESIGN CONCEPT. (U}

The following subsections discuss in detall the block diagram, tech-
niques for Doppler and azimuth measurement, the required data displays and

eneral operational procedures. LY Yatot
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4.4.1 v

Systeny Deacriptivn,

(v)

Az shown in Figure 4.1 the antenna array
-half of the array connected to one of the twu dara

disposed antenna with onc
channels.

1SO-T's are use
channels, In cach data channel the 8i

produces sum {T; and diffcrence {&) output signals.

mitter to be spectrum analyzed is

The paired reccivers are
The
using high dynamic range

s 20 Hertz bandwidth to prevent aliasing

consists of & lincar

d to divide the signal power between the two
gnals are combined in 2 hybrid which

The particular trans-

tuncd up using standard R390A reccivers.

gain matched to provide necessary monopule DF

IF .output of cach receiver
AM detector, s low-pass

is cnvelope detected
filtered to approximately

during the sampling process in the

A/D converter. Following sampling and A/D conversion the data is input

in a recirculating buffer in the Varian 620/ computer.

buffers are used to store

Hertz resolution required, One channel at
using the FFT algorithm and the voltage spectral density is calculated.
sum data signal is logrithmically compress

A total of four input

each 10-second duration signal to provide the 0.1

range of the display and finally output to the display
process is used to automatically adjust the average
to the most sensitive range of the grey scale on the

Doppler channel appears in the conventional time

on the display.

4.4.2 (V)

a time is spectrum analyzed

The

ed and matched to the dynamic
. The display matching

level of a spectral data
fax display. Each

-frequency-intensity format

Azimuth A.ngle-of-Ar'rival Calculations. {(U)

‘The magnitude

with the previous spectrum {rom the sum channel t
arrival of each time frequency cell for that spectrum.

of the spectrum {rom the delta channel is combined

from boresight for each time frequency cell may be

sin }

where

A tan? (ailr,)
ndcos E

L is the operating wavelength,

o compute the angle-of-

The angle-of-arrival
expressed as:

d is the physical separation between phase centers of the
LDAA antenna,

E is the elevation angle-of-arrival,

4-12
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4.4.2 (U) -« Continued.
Ai is the ith frequency in the celta spectral array,
r.‘ is the ith member of the sum spectral array, and

@, is the azimuth angle-of-arrival of the i‘h {requency time
component.

Thus, we compute for each spectrum and each frequency, the anglc-of-arrival
of that bit of data. The o« datais then formed into an alpha array, is
amplitude compressed, digplay matched and displayed on the fax inatime-
angle-intensity format.

The function ealt.,f.) is also stored in a mass-storage disk for
later operator vecall. This data is stored also in a recirculating buffer
format so that the most recent 10 ininutes of data is available to the.cper-

‘ator. This same time-angle-amplitude data is computed for both channcls

and is displayed on a fax paper as well as being stored on the disk.

4.4.3 (V) Data Extraction. (U)

When a target detection is made as noted by observing 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-measurement technique is under test, measurements are made for
both data channels. U the singie baseline, double-measurement technique
{s under test, the operator first enters the time, frequency 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, if the four Doppler target location technique is being employed,
one frequency measurement is made for each of the four Dopplers. The
appropriate data is then entered by the operator into the computer system
via the teletype. For each set of data entered by the operator, the computer
will solve the target range-atimuth algerithm and print oui the results for
the operator to Teview. )

Although the operator has displayed for his viewing the computed
target azimuth 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 is stored on the disk and can be displayed on the fax display.
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4.4.3 (V) -« Continued.

An artist's concept of what this system might look lilr.re is shown
in Figure 4-2. The rack at the left shows the four R390A receivers, The
next vack contains the computer core memory, power supply, disk, A/D
converter and other associated electronics. The operator {8 shown seated
in front of the electrographic display with the teletype shown to the right.

4.5 () DETAILED DESIGN SPECIFICATIONS, (V)

4,5.1 {U) Spectrum Analysis Specifications. (V)

The specifications for the spectrum analysis pertion of the system
are given in Table 4-5.

Table 4-5 (U). Spectrum Analysis Specifications. (w)

INPUT
Sample rate (per channel) 51.2 samples perT second
Number of channels ‘ 4
Fast Fourier Transform size 5)2 points
Number of seconds of data
per transform " 10
OUTPUT
Frequency resolution 0.1 Hz
Bandwidth ({folded) 0-25.6 Hz
Displayed bandwidth 0-20 Hez
Approximate time required for FFT
and angle calculations (per
channel) 500 msec
pDUTY FACTOR 500 percent

The requirement for a displayed bandwidih of 0-20 Hz {s set by the back-
scatter radar. Thus, the Doppler frequency shift equals-~

2vi
¢
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4.5.1 (U} ee Countinucd. -
where ¢ = 3 & 10* meters per second, If we assume v = 600 MPH, the

maximum airspeed for the P3  aircraft recommended for the experiment
and { = 10 mHz which will be a typical tranemitter frequency used in the
experiment, we get a frequency shift of 18 Hz. The backscatier case pru-
duces the largest frequency shift and shifts of 10 Hz or less are expected in
most cases, Thus & displayed bandwidth of 0-20 Hz should adeguately dis-
play all data collected in the experiment. The receiver output will be divde
detected and the sidcbands will be folded about zero Hertz in the 0-20 Jiz
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 opcr-
ator. The chiel advantage to the folded spectrum i{s that the time required
for the Fast Fourier Transform and the disk and core storage arc all
halved by using the folded spectrum.

The requirement for 0.1 Hz resoclution is set by the nature of the
range estimation techniques.

Using the requirements {or resolution and bandwidth, the A/D
sample rate is %y,2 sarmnples per second. The time samples aTe stored for
J0.secnnds and a Fast Fourier Transform (FFT) is performed on the 512
samples. The output of this transform is 286 frequency domain points which
represent a bandwidth of 0-25.6 Hz with a resolution of 0.1 Hz. Since the
low-pass f{ilter used after the detector in the receiver is not an ideal low-
pass {ilter, there will be some attenuation on the skirt of the filter and

- geveral frequency points will be affected. The displayed bandwidth has

been set at 0-20 Hz {or this reason.

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 sssociated data manipulations is

. estimated to be 300 milliseconds. The FFT esimate was obtained from a

relative computational power and speed comparison between the SEL 810B
computer and the computer proposed for this system, the Varian 620/1.
Programs written {or the 810B require 260 milliseconds to do the transform
and the slightly slower 620/ should require 350 milliseconds or less. The
estimate for the azimuth calculations was determined by coding a sample
Joop which computes the azimuth, and calculating the time to perform this
operation on the 200 frequency domain points {rom each of the twe channels
used. A factor is then added to cover the overhead involved in the data

manipulations.
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4.5.1 (V) ee Cuntinued.

This total of 700 milliseconds for the two FFTs and the 300 milli-
scconds for the azimuth angle calculations for each uf the twu receiver pair
gpives an averape of 500 milliscconds per Cata channel. Thuu, the system
is able to process each sample of data with & duty factor of 500 percent.
Duty factor is defined as the time duration of the transformed data divided
by the time required to process that data for all the channels. Thus for
« channels of data at 500 milliscconds per charnel the duty {actor is:

10.9_. £ 10.9 = 500 percent.

(0.50) 14) 2.0

Simply stated, each time sample of data is proccesed 5 times. Storing the
time samples in a recirculating buffer permits the processing of the moust
secent 10 seconds o. d2*a, The higher the duty factor, the more smouthing
and averaging of the u.'a results, and the longer 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. Fynamic
range is also approximately the dynamic range of the R390A receiver that
is to be used in the experiment. In addition, atmospheric conditions are
gererally such that signals which necessitate a two-tone dynamic range of
greater than 90 db are very rare, :

4,5.2 (V) Azimuthal Sgeciticationl. {U)

The azimuth angle calculations will be done using the algorithm
explained in Section 4.4, The szimuth calculated will have a Tange of -30°
to +30° and will have a calculation resolution of 0.25°. The calculated
aximuth can therefore be expressed as an 8-bit number which can represent
up to 256 values, although only 240 values arte required.

4.5.3 (U} Storage and Display S ecifications. (U}

The computer core storage requirements for the programming
and buffers required for the software implementation of the systemn are
‘shown in Table 4-6. The total of 7,150 words will fit into the B K of core
which is available on the Varian 620/f. 1f other fcatures are added tou the
system or if the estimates given in Table 4-6 prove to be low, additional
4 K increments of memoTy are available.
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TABLE -l-f:.r (U} COMPUTER CORE REQUIREMENTS, {U)

*

Programs

Signal Processing Programs
Disc b .uling

Teletype Handling

Range Algorithm

Buffers

Input Buffer
Time-Weight Table
Sin/Cos Table
Work Area

Display Buffer

Total

Worids

1500
400
400

2000

3900

2048

256

128

512

278

3219 = 3250

7150
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4.5.3 V) - Cuntinuet,

The azimuth calculations will result in an 8-bit number (47 byte .,
Each of two receiver pairs will compute 200 arimuthal puints every 2.0
seconds. These aximuthal points will be gtored 2 bytes to 2 16-bit ward on
the disk. The disk to be uscd in the system has a storage capacity of 64,000
words; approximately 4,000 words will be used {nr program storage. At
200 words every 2 seconds, 600 seconds of data will be stored on the disk.
The disk will always 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, cuntains data
from cach of the two receiver pairs; these pairsare referred to as Channel
A and Channel B in the figure. Each channel contains a spectral display of
frequency, amplitude and time and an azimuthal display of anglc, amplitude
and time. The specification for the display are also given in the figure. At
a sweep rate ~f onc line per eecond and a resolution of 99 lines per inch, the
most recent 30 minutes of data will be displayed on the fax at one time, In
addition to tae spectral and azimuthal dis play on the fax, the time code will
be put on the fax. . On the edges of the fax the time of day znd the Julian day
of the year will be encoded; this code will be put on once an hous, In the
area between the spectrum and azimuth displays, marks will appear at every
one and ten minute transition of the time code generator,

4.6 (v COMPUTFER HARDWARE DESCRIPTION. (U)

4.6.1 (W) Computer, (U)

‘The computer selected to perform the signal processing and
related functions is the Varian 620/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
repertoire: 148 instructions
Word length: 16 i:itn
Modular core memory: Ex];andable to 32,768 words in 4,096 increments
Automatic data transfer: Direct memory access facilily provides auto-

matic data transfers with rates to 276,000 words
per second
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CHANKEL A

CHANNEL B

sprcTRUM_| 7
=

AZIHUTH ]
(e,A,t)

SPECTRAL CHANNEL
AZ tMUTHAL CHANNEL

NPLITUDE

HOR 1 ZONTAL RESOLUTION
VERTICAL (TINE) RESOLUTION
SWEEP RATE

.,
"

A -
1

=l sl

*a

o ==degrees

0-20 Hz 0.1 Hz RESOLUTION
& IN, WIDE 5 Hz PER INCH

-30° 70 +30° 0.25° RESOLUTION
2.4 IN, WIDE 25° PER INCH

32 LEVELS OF CREY SCALE

50 LINES PER INCH
99 LINES (SECONDS) PER INCH
1 LINE PER SECOND

Figure 4-3 (U Fathometer Display. (41))]
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4.6.1 (U) .- Continucd. ,

Multipie addressing:

Flexible 1/0:

Extensive software:

Dircet, indirect, relative, index (pre and nostd,
immediate, and extended

Ten devices may be placed on the 1/0 bus. The
1/0 system can casily be expanded to include
features such as automatic block transfer,
priority interrupt, and cycle-stealing data
tranafers

Complete package includes a symbolic assem-

bler, subroutine library, A /D diagnosi cs, and
an ASA FORTRAN compiler

The mechanical specifications for the 620/f are--

Dimensions:

Input voltage:

Input current:

Temperaure:
Operating
Storage

Hunﬂ?!ity:
Operating
Storag?

Vibration:

Suock:

The mainframe and expansion frames are
$0-1/2 inches high, 19 inches wide, and 2!
inches deep.

105 to 125V ac or 210 te 250V ac, 60 Hz

The main{rame power supply requires approxi-
mately 15 amperes ac; each expansion {rame
power Supply requires approximately 4 amperes
ac.

-

0 to 50 degress C
20 to 70 degrees C

To 90 percent without condensation
To 95 percent without condentation

3 to 10 Hz at 1g force or 0. 25 double ampli-
tude, whichever is less. Exponentia.lly-raised
frequency from 3 to 10 Hz and back to 3 Hz
over a 10 minute period, three complete cycles.
This specifications applies for all three prin-
cipal axes,

4g for 1l milliseconds (all three principsl
axes)
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The 620/( was choaen on the basis of four factors~--

A, speed,

b. capability,

€. smechanical specifications, and
d. cost.

The 750 nanosecond cycle time of the 620/f makes it one of the
fastest 16-bit computers commercially available. This speed is combined

with a powerful instruction set which permits fast execution of the FFT and.

azimuth angle calculation algorithms 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 620/{ is below or comparable to most of the
16-bit computers in its performance field.

4.6.2 {(U) Analop-to-Digital Converter. (V)

The analog to digital converter (A/D) selected for the system is
the Raytheon Miniverter. The model of the Miniverter selected is a 12-bit
A/D which has a throughput rate of 45 KHz, an aperture time of 50 nano-
seconds and a resolution of & millivelts. The Miniverter is packaged in a
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 systemn is the Singer-Librascope,
Model L107. The Singer-Librascope disk is a small, inexpensive and very
rugged disk system which meets all the system requirements.

The apecifications for the Model L107 are--
Maximum capacity bits: 1,080,000

Maximum capacity words: 67,000
Data heads: 45
Timing heads: *1
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] 4.6.3 (V) «- Continued. ,
Maximum bits /track: - 24,000
Rotation specd, RPM: 3,600

Clock frequency, MHz Max.: 1.4

iyt o eatlirnprie
{ oe IR cooughs |

The mechanical specifications are--

Dimensions: 6 inches high x 9 inches diameter

P-4

Weight: 12 pounds {approximately)

Operating environment:

B Tenmperature 0*C to 55°C
Humidity . 90 percent R. H. without condensation
5 B Shock 10-Gs 11-msec rise time (po shock isclaturs
H required)
i [| Yibration 2-Gs acceleration max., 5 Hz to 50 Hz
i 4 . (no shock isolators required)
i % [ Nonoperating environment:
: Temperature -50°C to 475° C
? E Humidity 95 percent relative bumidity, Bo condensation.
! t Shock 15.Gs ll1-msec rise time {with no shock
K isplators)
i Vibration _ Mil-5td-B10B, Method 514, Category (G)
7 equipment specification used as a guideline.
! This equipment category §{s for shipment by
- common carrier, land or air.
Power requirements:
Disk " 115V ac, 50/60 Hz, single phase 1.5A
Electronics 45V dc at 1. 4A

-5V dc at 0,25A
425V dc at 0.2A
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APPENDIX A

PROPAGCATION PKEDICTION PROUGIRAM,
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’&U) , Theé propagation prediction prog-am used tn estimate the
systemt periormance basically combines a modified version of the 1TSA/
ESSA HF propagation prediction program for mode and mode amplitude
prediction; the bistatic radar range equation to predict the received scatter
path power; and an 1TSA/ ESSA noise prediction program to estimate
atmospheric, man made, and galactic noise at the receiwer site.

(U) . The prediction program package consists of individual
compufer programs that (a) compute a target trajectory; (b} predict
propagation mode structure and mode amplitude; and (¢} predict the doppler
and missile cross-section.

U) The trajectory simulation rogra.m' estimates the missile
P
or aircraft trajectory based upon fitting the flight profileto a functional forn
using a least-squares fit technique. The required inputs 2o generate the

"model profile are liftof{f and burnout times, launch azimath, apogee, and

range. The program then computes altitude, range, latitude, longitude,
velocity, the wpred of sound, Mach zumber, Mach angle, localtarget
bearings, local target elevation anples, and acceleration The computed
parameters scrve as inputs to the propagation prediction program to deter-
mine mode structures with a time varying terminal point on the trajectory.

(U) ' The 1TSA/ESSA propagation prediction program has been
modified to allow for non-congruent hop structures and for propagation to an
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 direct (transmitter-receiver) path, the transmitter-target holl
path, and target-receiver half path. In addition, the propagation losses and
antenna gains for each mode are determined.
transmitter-missile balf path, an “incident' (at the target) elevation sngle,

.measured from the local horizon, is found. For each mode predicted on the
the "scattered” elevation angle is also found. These
parameters are then used with a modeled profile to predict doppler frequencies,

target-receiver halfl path,

@ Propagation predictions are based on empirically derived
world-wide numericzl maps of vertical ionosonde data, The results are
monthly ionosphe ric coelficients which can be used with the parabolic larer
assumption (parabolic electron density variations in the E and F layers)

" to predict monthly average jonospheric conditions affecting a specific ray

path at ony hour of the day.

i

d

For each mode predicted an the
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@ ' In the prediction model, all line of sight, E and F propagating
modes are determined between the transnmiitter and the target, between the
greceiver and the target, and between the transmitter and the receiver, The
determination of these "half pathe” in a generalization of the ground-to-

ground prediction technique to include the case of 3round-to—¢levuion-poim
predictions.

c‘U) ' . After the mode struttures that meet the ionospheric conditions
are identified, (those between horizontal screening and jonospheric penetration)

propagation losses and antenna gains are determined. The losses calculated
are (ree space loss (inverse sgquare law), D-layer absorption loss, and ground
reftection loss. The NBS empirical adjustment factor is included on the
direct-path predictions to account for non-calculated losses, This factor is
etatistical and varies with season, path length, and earth location of the

path, No similar adjustment {actor is used or known for the half paths.

The antenna types are specificd {or the system and the appropriate gain
poutines or gain tables are used.

U) ' The target scattering model for missile targets above
100 km is a hyperboloid compressed-ambient {onization in the exhaust-plume
bow shock wave, The shock-wave scattering surface is considered hyperboloidal
from photographic observations 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 transmitter-missile and
receiver-missile propagstion paths uniquely define & plane tangent to the
hyperboloidal surface which has the proper orientation for a reflection,
provided the incident ray encounters & high enough electron density for
reflection.

(0) ' Since little definitive work has been’'done to accurately
model missile cross sections below 100 km or aircraflt cross sections at HF,
a constant 1ddjustable) cross section le used for alrcraft and miasile targets
bealow 100 km. '

(U) ' The antenna galin patterns for both the monopole transmilter
antennas and the LDAA receiving antenna are part of the program. The

gain pattern for the LDAA was obtained {rom daza supplied by ITT by using
asimuth patterns predicted by the array factor tachnique for 16 monopole

elements and the elevation patterns from scaled model measurements,
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