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Seciion 1

INTRODUCTION AND SUMMARY

1.1 @)‘ GENERAL. {U)

Project AQUARIUS is a part of the Advanced Rescarch Projecis
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 sircralt,
misailes, and ships at over-the<horizon distances using high frequency
{HF) monastatic and bi-static radays., Concepts using the basic geomelric
configurations shown in Figure 1=1 have been explored. The MAY BELL
program smphaeis has been directed towards deiermining the atienuation,
clutter and propagation aspects that apply to concepta using suriace waves;
and investigating the basic feasibility of detecting and tracking aircraft and
SLEM's for Fleet Air Dafense (FAD) and Buoy Tactical Early Warning. ]

Sylvania's primary s{{orts under Projsct AQUARIUS have besn
to determine the faasibility of:

(1) detecting both submarine launched ballistic miaailes
{SLBMa) and aircraflt using surface wave propagation ta
the target and aky wave propagation {rom the target to

the receiver, and

{2) providing detection and tracking information under
slactremagnetic contrel (EMCON) conditions for
FAD using shore-based HF (CW] sources and shiphoard
recaivers.

Both analytical and experimental work have been accomplished to arrive at
the conslusione included in this report, The principal results of the
invastigation are summarized in the remainder o this sectiont rasults
relatad to sarly warning (EW) systems and results associated with Fleat
Air Defense. The detailed presentation is included in Sections 2 and 3,
respectivaly., Basad on thess findings recommendations are mads in
Section 4 for subsaquent experimants and investigations associated with
aircraft tzacking under EMCON randitions usiug a polyretatic configuration.

The concapts explored under Project AQUARIUS can be applied
to tactical early warning systems employed against aire raft and submarine
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1.1 (U) ' =« [Tonlinuedd, *

launched ballintic missiler (SL.Ms) and [leel ajr efense {IFALY) ystems
that miust cope with hostile aireraft and nidssiles unuer bulh iriemily and
enemy EMOON cunditions,

- A —

1.2 Lu) @' EARLY WARNING SYSTEM - SUMMARY. ({V)

The early warning systam configuration considered under Froject
AQUARIUS is depictad in Figure 1-2. It eonsists of low power buoy and
Jand based tranpmitters that illuminate the target {an aircraft or SLEM) via
a ground or surface wave. Target detection is accomplished via a sky
wave reflection to & highly sensitive receiver located on the coast, The
primary goals of this effort were to experimental’y demonatrate the
feasibility of detecting both ELBEMs and low-flying aircraft end to compars .
the cxperimentally observed delection TARERS to theoretically predictsed
detection ranges. The targets wels datsctead by observing the scatiered
doppler shifted signal frum the moving targets,

b. 2. 1 ﬂ)q Predicted Detection Performance., (1)

‘Propagstion calculations to predict systemn detection per{ormance
waing h modified version of ihe ESSA skywave propagition program weTt
made {or both the direct and the scatter-paths between the receiver site
at Vint Hill Farms Station {VRAFE] and the buoy transmitter off the Florida
coast and the Carter Cay transmitter {see Figurs }-3). Separate predicticn
anslyses were made for SLBMs and aircraft.

A conatant scatiering ¢ross section of 100 Mz was aspumned [or
the SLBM at nll sltitudes balow 100 km, Above 100 km altitude enhanced
croxs section values of 109 to 10° m? were used. Because of the relatively
Jow (10 watts) powers (and low {requency} of the buoy transmitters, the
signal-to-noise ratio of the reflected doppler is almest negligible below
106 kon altituda for any time of tha day for either 5. 8 or 9.295 MH:z {(the
{freguencies used in the expe rirnent}. Only above 100 km with the enhanced
target cross section is there any substantial chance of SL.BM detection
using buoy transmitiers. However, with the Carter Cay tranemitter uvsing
3 kw and tranamitting on frequencies naar the MUF, the signal-to-noise
vatio and thus the probability of detection even at low altitudes is generally
above 0.8, Thus, the Carter Cay tranamitters operating on {requencies hear
the IF hop MUF betwsen Carter Lay and YHFS, should provide low altitude
SLDM detactions in the afternoon,
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2. (v)

The predicted detection performance for Jow {lying aircraft was
alsc examined becaupe it ia imporiant io determine whelher or not aircrafl
flying controlled patterns near the buoys and Carter Cay can be detectusd,
This was done by computing the expected detection regions around the
tranamitter veing median operating values. The resulis indicate thay
aireraft with 100 me crose sections can be expected to be detected at
distances in the range of 11267 km from the tranemitter; depending on the
frequency and time of operation and hop atructuras.

Experimental Results, (U}

The principal experirnents consloted of two separate controlled
aircraft flights of & Navy P3B ajrcraft to examine the detection capability
of the bistatic configurations and two propagation messurements between
the Carter Cay transmitter and the Vint Hill Farm Station receiver,
Figure 1-1 describes the natwork geometry.

The first flight employing & 10-watt buoy transmitter resulted
in & detected aircraft doppler signature, However, it was not the PIB
alrcraft 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
, caincide with the time the PAB was closest to the buoy, Alsc, the predicted
detactability region for the existing operating conditiens (noiss, eic,. }
extanded at best to only i1 km while the P3B aircraft approached the buoy
to within only 30 km, Thus, due to timing, geometry, and transmitisr

powe r conpiriints, the detected aignaturs is not considered ta be due o
the tast airerait.

The second flight test etnployed the highey powsred (3 kw) Carter
Cay transmitter to illuminate the aircraft flying at seve ral altitudes from
2. 000 to 24, OO0 lesat, From thie teat it was concluded that aircraft below
2, 000 feet and within the predicted detectability regions [approximately
11 kom from the transmitter) can be detected using the buoy concept if at
laast 3 kw s transmitted.

" Sigool strength tests were performad to determine how accurately
the prediction techniquas correlate with men sured values and to estimate
the bop structures for various frequencies. Tests were periormed for two
frequancies and at two times during the day. It was fpund that there was
good agreement batween pradicted and observed carriar Yevels for 1E, 1F,
and 2F hop structuras.
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| !@) ' System Parameter Counsiderationa, {U)

While the expurimantal results described herein indicate the
basic feasibility of the ground-wave/uky-wave configuratlion, there remains
s nead for additienal infermation te design & complete coantal defenkive
systemn. In particular, there ars many paramelers ihat inter-re)ate the
ground.wave/sky-weve mode that wers not examined or teated in detail
during ithis experiment, These include variations in frequency, path loss
with time of day, season, etc. To perform an adequate design of an early
warning system an examination of six areds wae required:

(1} effective radiated power and surface wave {rom a buoy
mounted antenna,

() surfaca-wave logses to the target,

(3} scattaring or reflection coefficient of the target,
(4} sky-wave lcaves to the receiver,

{5) effective noisa at the receiver, and

{&) receiver antenna gain.

These aredn ware sxamined and the speciflic parameters that contribute the
most uncertainty in apecifying system design values ware identifTied. They
inciude {requency, path length, target aspect angles, hull depth variations,
receiving site noiss environment, absorption, target sltitude measurement
telarances, and interfarsnce, A proposed axperimental program wal
recormmended that could be accomplished in four phases. Firsi, analysis
and measurements are to be made to evaluate the coupling between the buoy-
mmounted transmitter and the surface wave which is vertically polarized.
Second, additional analysis using modeling expariments is to ba earried out
ta evaluits the diffarence between backecatier and forward scatter targat
crosns saction. Third, the path losses for both aky wave and surface wave
are to be measurad for an optimal set of frequencies and modes of propagation,
Fourth, a praliminary ayatsm is to be defined as a pesult of the {irat thres
phases. This dasign would include coverage araa, tontrol requirements,
and an estimate of detection probabllity and false alarm rate.

n =t
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J) "  FLEET AIR DEFENSE - SUMMARY, (V)

In lieu of pursuing the experiments needed to kpecifly a codstal
tactical eatly warning sysiem, Sylvania was redirecied to focus attention
on the Fleet Air Defense (FAD} problem,

The detection of lowsflying threats to surface vessels 21 & TANEe
sufficignt to pive uselul warning time and tracking informatioh is & problem
which must be solved if the surface navy is to survive. In getecting these
threats the enemy muat not be given the opportunity to use simple directivn
finding technigues to locats fleet units, Thus, it is desirable that target
datection not require radiation from the ileet and that the {lect operaic
unde r complete eleciromagnetic contreol {EM CON}.

The {easibility of using & hybrid (skywave/surface-wave) system
to help solve this problem has been dernanstrated as part of the MAY BELL
program. In this concept, the targe! is illuminated by skywaves {rom
tranzmitters {eithar shipborne or land-based) located st over~the-horizon
(OTH) ranges. Surisce waves vhich propagate from the targs: to & receiving

system aboard a ship permit detectiona to be made sven when the target is
balow the line-of-sight radar horizon,

Experiments perfermed at Cape Kenneldy, Florida, with a shore-
bazed receiving station simulating the shipboard envirenment, a Navy
PI1B aircraft as & controlled target, and {lluminatien provided by the MADRE
(pulsa) and CHAPEL BELL (phase casde) tranamitters, located respectively
in Maryland and Virginia, have shown the technique to be fearible. For most
of the flights of the 1arget its altitude was 200 feet, and detections were mhde
At Tanges as great as 100 kiiometers (km) from the reacaiver,

il Sylvania's investigations in this arad Wware divided into two parts.
The first was to examine the feasibility of using transmitters of opportunity
as spurces {or a polystatic doppler radar systam for FAD in the Mediterra-
nean Sed. Tha second part censisted of examining target tracking methods
for use with such & deppler radar problem, Recommendations for follow-on
axperiments wers then made to verify the tracking techniques (Section 4. 2).

q ' Polystatic_System Detection Feasibility, (U}

The polystatic radar system that emplays HF broadcast transmitiers
of oppertunity and a shipborne recsiver (see Figure 1-4) was sxamined to
detarming the wvailability of sources for illuminating airborne threats to the
U. 5. flest st that a shipborne receivar can be employed to detect the target
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I+ 10)) ’ - -Lontinued.

sl oversthe-horizen (OTF) FAREEE. Tiue study was consirained o the

Mediterransan region. The sources wers examined 1o determine the eifective

yadiated power of the transmitter in various directions, especially over the
Mediterranean Ses, the propagaiion modes, &nd the operating schedule of
tha tranamitier. Propagetioh Josnas from the transmitier to the 1argset,
lops due to the ncatiering geometry, and loeses from the 1arget to the
receiver were examined to determine predicted detectability regions. The
results indicate that the sourcas atudies can provide suffliciant coverage
{ar the [lxet over approximately one half of the Mediterrancean Sea some of
the tims, More study is needed to svaluate other sources with different
transmission schedules to provide yound.the«clock coverage. Tha large
pumber of known transmittera that have not yet been evaluated and tentative
knowledge of their characteristics and schedules appear to ba suflicient to
provide the additional coverage needed. The studies indicate that detection

ganges on the order of 100 keyy from the fleet should be possible. Section 3. )

contsins the details of this analysis.

1.3 ILIJ) L) Target Location Methede. . {U}

To provide tracking in! srrmatien for FAD, target location
techniques using the basic polystatic configuration described previously
wera examined., For low-flying aireraft (below 1000 feet] and surisce-wave

propagation for the target-receiver hall path, the location estimation problern

can be censidered to be & two-dimansional problem. Models for location
estimation were developed for three configurations: a two-transmitier, ohe-
recaiver (double basgline) case, & one-tTAnEMitter, one-receiver isingle

. baselina} case, and a four transmitter, one-receiver case {doppler location
{inder), For the double baseline case ‘wo tachniques were developed, one in

whick azimuthal and doppler measuremants are made at two different time
points {or sach baseline and & second to represent a single set of meagure-
snants for each bapeline. Yor the single baseline case a third techniquse
regquiring two sets of azirmuthal and dopplar measurements wias developed.
For the four-transmitter, one-recsiver case, four doppler mebsurements
are made to provide an estimate of target range and azimuth. Section ). 2
contsins a detailed description of the techniques.

|

. [ 9 -— H"‘-‘.F!‘-‘r
1-10 LA

ST '-EL-%T"
oAl \,"auu-';ﬂiﬁiﬁ fi L

- Ll
1

J m—-mL =
F

1= —p -



.I..—Jh-lh-—-‘-—i

L d

::ﬂt:::t:::ll::m-:mm;_.n

"'-Hl'l-ﬁ-h.

S 771

e Wb

%]
\
et

1.3.13 1:") ' Error Analysin. ()

A detailed error analysis was conducied of three of the four
techniques. This effort excluded an examination of the lirsl tecnniyus
{double baseline, double measurement) Lecause the other techniques are
simpler to implement,

For the double baseline, single measurement fechnigue it is
shown that althouph the technigue is not completely satisfactory under all
circumstances, it is fairly successful {for certain geometries and parameters,
Both bias and random errors arise becavus of the need for approximaticns
amd meagurement errors. For RMS measursment accuracies of ) degree in
agirmuth and 0, 1 Hz in doppler freqguency range eitirnaie errors of less than
15 percent of the true Tange can be schieved.

For the single baneline, double measuremnent technigque range
sstimate errors of lesn than 15 percent can alsc be achieved {for the same
bearing and doppler meapurement accuracies (1 degres and &, 1 Hz),
Howsever, the error is especially sensitive o rransmitter-target-racelver
geometry for this technique. Errors in excess of B0 percent can arise
when the shipborne recelver is located betwesn the target and the transmitter,
Biss errors ars eliminated {or target trajectories aimed directly at the ship.

The ¢rrors associated with the doppler location finder technigue
were examined for a doppier measurement Accuracy af 0.1 H:r RMS. The
RMS range eatimate error is less than 15 percent in many cases and the
RMS bearing estimate error is less than &, In one case the range estimate
error is 1sps than 5 percent. This latter case Asaumas that four transmilters
are distributed at the cornera of & square centersd around the ship with the
target approaching from outside tha squars. This tachnigque results in no
bias errors and the random ertors are gencrally less than those for the
other tachnigues, Il bearing messurements with 1 degree RMS error are

used with the doppler location finder technique then the location accuracies
are guite good.

The principal senclusions that can be drawn from the error
analysis {5 that targst location cun be sstimated with reasonahle accuracy
(15 percent of true target range} using & numbetr of technigues for & variaty
of FAD operational conditions. The most promising spproeach (or implemen-
tation is & hybrid of the technigues considersd, For example, for s given
transmitter-raceiver geometry the doppler location findar that estimates
rangs and azimoth {rom four dopplar meksurements may be uand with
stparate aximuthal messurements o estimate a target's location. Bacause
sach of the 1echniques is ssnsitive to transmitte r-target-receiver gromeliry,
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1, 3. 3(0) . =-Continued. " e

the target location system should include an algorithm for selecling the
sstimation methodis} for & set of operating conditivne and combining the
setimated results using tesis for accuracy, The estimation method(al
would be selected to minimize the errors for targets from different
qusdrants around the ship for a given tranemitter-receiver tonfiguration,
The results of the different estimation methods would be compared and
eembined to provide the "best"” estimate,

Section 3, 3 contains the details of the srror analysis. » '

—
L]

1, 3.4 i Prototype Aircraft Detection System Depign, {U}

The results of the investigation of transmitter seurces for the _
FAD ayatem and the svaluation of target location methods were emnpleyed L A
as inputs for a prototyps aircraft detection sysiem design. This system
would provide a test bed to verify the detection capability of the polystatic
doppler radar systemn for FAD. In addition, the prototyps system can be
used to demonstrate tha accuracies of the various target location techniques |
and select parameters for a {inal FAD system, Section 3.4 contains the
details of the prototype system design,

,r- LA

]
[
—

-

prim——y
L

1.4 Lu)' RECOMMENDATIONS. (U)

-3

— il P ———————— L i

Based on the early warning and Fleet Air Defense (FAD)
fnvestigations under Project AQUARIUS recornmendations are made that
apply principally to FAD systems. They include the development of & L
prototype aircraft detection system, the experimental testing of the FAD -
polystatic techniques vaing this systern, and the conduct of subsequent
investigations necensary for system implementation,

e gy
.

=

The pretotype systemn and experimental tests are necsssaty t6 .
damonstrate the detection range of the polystatic technique and tn verify [
the accuracies of the target Jocation estimation mathods examined under
Project AQUARIUS, Tha prototyps system to be employed for the tests
can be readily implemented as described in Section 3, 4. As mentionad
praviously, such & system can provide a test bed {or final aysiem parameter
enlaction, axpeclally in the aress of man-machine interface. In addition,
it ean be used to evaluate hardware and softwars tradecffs prior to the
final systam dasigm.
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The subasquent FAD investigations recommended, based on the
results of this study are to evaluste transmitter sources for wee in the
polywtatic aystem for {leet operations in other parts of the werld, to refine
the target location techniques, and 1o examine the multiple signature
discrimination problem, The source evaluation effort is needed to identify
jrapemitters to be used for {leet early warning when the fleet operales in
other areas of the world, The target location tachniqus relinement study is
intended to ¢ mploy the results of the four methods examined under Project
AQUARIUS for the developmant of a hybrid target location system that will
periorm satisfactorily undsr a greater variety of {lset operating geometries.
The study should incorporate the four techniques to develop & composite
method for reducing the senaitivity of target location gaiimation accuracy teo
tranamitter-targnt-receiver geomsatry, The experimental tests that are
recommended rhould be closely coordinated with thia efiort so that the refined
tayget location techniques can be teated.

The multiple signature discrimination problem consizts of the need
to identify threats to the US Fieet and to distinguish them from other aircrafl,
objects, and false alarrms. Investigation of methods to efficiently discard
the false alarms and to verify that an aircraft is hostile needs to be conducted,

A more detajled description of these recommendations is included
in Sectian 4. '

2
E;

1-13 SRRl 5ol LA

- L -
M= . Saeeeafr-fEE———— - =

i
I

—— e ——




LT

{This Page i» Unclasaliied)

This FPage Intentionklly Blank _ ﬂ

1-14 I]
{This Page 1s Unclassified) Lu W ki WA I......s D

- - - TR EL

.mﬂﬁ”in Hﬂl-.fﬂ'.‘r: H.rp.ﬂﬁ'r‘l'la;:&rﬂ' 44 AR RYRE Rl "-ﬁl" ol by

2
F

W



W) -

figurafion considered for investization under Project AQUARIUS consists of
low power HF buoy snd land-based transmitters that flluminate the target {an
aircralt or SLBM) via & ground or surface wave and & highly sensitive receive-
er located on the coant that detects the sky-wave target reflection from the
target, The primary goale of this effort were to experimentally demonsirate
the [eazibility of detecting both SLEMs and low-flying aircralt and to COMPpare
the experimentally cbaerved detection ranges to theoretieally predicted detecs
tion ranges, The early warning system jnvestigation was divided into three

parts:

2.1 Q?)’ PREDICTED DETECTION PERFORMANCE. (U)

Eection 2

FARLY WARNING SYSTEMS

As described in Figure 1-2, the early warning system can.

1N a predicted detection performance svaluation,

b. exparimentation in the ﬂel:f to meet the primary geals of
dernonstration and verification of theoretically prodictad
detection ranges, and

C. evalustion of eaTly warning systern parameters ior design.

These efforts are éescribed in the following subsection, (Sections 2.2 and
2.1%% The conclusions of these afforts are cocntained in Section 2. 4.

—#

A ———————————
Propagation calculstions to predict early warning syrtem periorm-

ance using s modifiad veraion of the ESSA skywave propagition program
(dencribed in Appendix A} have been made for both the direct and the scatter
paths between the recsiver site al Vint Hil1 Farm Station and the buny trans-
mittars off the Florlda coast. The purpose of these calculations was to esti-
rnate the faasibility of detecting SLBM mis sile launchings from Cape Kennedy
and controlled atreraft tazgets veing buoys at ranges of 10D, 200 and 300 km
fram Cape Xennedy and the Carter Cay transmitter. The geometry and parames
sters ware selected to provide thearstically predicted detection ranges for
comparison with experimental resulte.
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2.1.1 (LJ) ' h‘ﬂ!lﬂv Netection Perfurmance, (U d

Several scia of calculations using the computer predictions were
performed. The receiving anlenna at Vint Hill Farma Sislicn used for all 1ests
is & tulip clement 1. DAA built by ITT with an assumed maximum pain of 10 dbi,
A constant scattering cross scctien of 100 m? was sssumed for the missile it
all altitudes below 100 km, At altitudcs above 100 km the bistatic cross sectivn l
was modeiled usiug a hyperboloid compressed armbient shock surface. The
assunied cross section then changes [rom 10" m at Jow altitude to values of
10* to 10" m® above 100 km. The thres buoy transmitter locations aze &t 100, '|'
200 and 300 km directly down range {rom the 105°* Cape Kennedy launch azi-
miuth. The Carter Cay transmitters ars spproximstely 285 km down range

at & 123° azimuth from Cape Kennedy. The tranamnitted {requencics fur the
buoys were the presently aspigned values of 5.8 and 9,295 MHz, These {re-
quencies, plus frequencies of 15 and 20 MHz were assumed for the Carter Cay
transmaitters, The buoys were assumed to have 2 transmitting power of 100
watts radiating from monopole antennas. The Carter Cay transmitiers were
assumed to be radiating 3 kw into monopale antennas,

Because of the low power and relatively low frequency {ram the buoy
transmitters, the target signal _to-noise ratio was generally found to be negli-
gible when the target is below 100 km for any time of the day [or either {re-
guency, Only above 100 km with the enhanced target cross section does there
appear to be any substantial chance of target detection using the buoy trans -
enitters. However, with the Carter Cay transitter using 3 kw and transmit-
ting on {reqguenties near the MUF aws shown in Table 2-1 the signature-to-noise
ratio and thus the probabllity of detection at even Jow altitudes 44 gquite sub-
ptantial. 1p fact, there are many cisss for which the signal-to-noise ratio
exceeds 15 db, Thus, if the high power Curter Cay transmitters continue to
operate and tranemit on {requencies neer the 1 F hop MUTF betwesn Carter
and VHFS then low altitude SLBM detections in the alternoon should e pos pible.

2.1.2 LU) @  Aizcraft Detection Aveas. (U)

Fven though the probability of detecting SLEM launchings from Cape
Kennedy is guite low {due to the relatively long range {rom the buoy to the tar-
get) it ie impertant to determine whethar or not aircraft flying conty olled pat-
terns near the buoys and Carter Cay can be detected, A way te evaluate this
and to clearly display the results is to compute axpected detection regions
arcund the tranamitter position. Yariables that must be considered when cal-
culating detectability regions are bistatic geomstry, freguency, transmitter
powsr, target cTOMS section, skywave hop structure, sca state, local time of
day and noise lerel, By choosing median valuea for oll the variables and
changing the valuis of a single variable at a tirne, ragions where detections
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ing of how a particular variable afiects the overall detection area.
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«-= Continued,

Detectability regions have been caloulated for various Irequencivs,
hop structures and noise levels uaing & buoy located 120 krn from Cape Kennedy)
as the transmitter and YHFS, Virginia, s the receiver. A sed state of &,
transmitter power of 50 watts, ground-wave propagstion from transmitter tu
target and sky-wave propagation from target to receiver and » required signal-
to-noise Tatio of 3 db have been assumed,

«G. -G, -10%eg 132

T R T

{21}

power transmitied;

poweT Teceived;

loss over transmitter half path, T;
loas over receiver hall path, R;
syitam lois;

galn of tranamitier antenna;

gain of receiver antenna;

target cross-section {meters); and

L = wavelength (meters), ™
!

Asmuming a ::n.lnimum..nﬁuwn‘hlt pcatter path signaleto-noise ratio
of 3 db, the required power recelved would be at least N + 3 dh, where Nis
the nojse level at the receiver,

- a

#See Skolnikx, Merill 1., Introduction to Reder Systems, MeGraw-Hill Pnnh
Company, Inc., New York, New York, 1955.

2=4

rup o E O l'_.!fﬂl!_-'-df-h
ST Al .;.r'-r::rb
— LRSS ot -

SIS
AT

d, as well as obtalning an underaiand- l

The {ollowing technigue is applied tn find the area of detectability. I
Fromthe bistatic radar sguations®, the total power loss ovar the scatter path
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From (2-1)

L = PT-PE

and hence:;

+- -

L L PT'H-SdIhI

b

Bubstituting equation (2-3) inte equation {2-1) and selving for L
renultys ing

+ L

T R

4 "5
]_,T+LRI:PT-H-3-LE+ET+GR+]ﬂln|:-'i1l* . (2=4]

T OO OO e e ™ MUY

Eguaticn (2-4) provides an expreasion for calculating the total allowable scatter
path loss between a tranamitier and receiver whils still maintaining suwificient
aignal strength to detect the target, Using different values for D layer loss
and sky-wave propagation over the transmitter-target half path, o0 = 100 m*,
and the appropriate transmitter/receiver gain parameters, the maximum leas
associated with the target-receiver half path (L_ ) can be obtained for varicus
conditions. These L losses can be converted to recelver-target ranges vaing

Barrick’s loss tables® and the detection regions can b obtained, This tech-
nigque was used to calculats the detection area arcund the transmitter for vari-
ous irsquencies and atmorpheric noise ronditions. The results of the detection
aren calculations are tabulated in Table 2.2 and a vertical projection of some

, of the regions onto the ground js shown in Figure 2-1. The reason for the
egg~like shape §» that the arsa boundary is the locus of points wuch that the
product R, R; is equal to n constant (see Section 3.1.3 for a mors detailed
description of the evaluation method),

Referring to Figure 2-1 we see that the largest ares of detection is
for 2F hop cases for both 5.8 and 9.259 MHz, as compared ta the 1E hop
situation. This is because thare in substantially less D-layer loss for the 2F
bop mode than the 1E hop mode dus primarily to the differant path Jengths in
the D-region {teelf. With higher modes the incident angle through the D-layer
is higher, thus the loss on these paths due to D-layer n‘h-nrptir.:m is smaller. °

—

; L $Barrick, D. E., "Theory of Ground-Wave Propagatien Acrons & Rough Ses
: at VHF /UHF", ‘Blttulle Mernorial Institute, Draft Repors {1970).
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Table 2-2
(U] Summary of Detection Region Caleulations {1U)
Freq Hop Ry L:;I L:}; er 1.:: 1 EI:-‘P R ;:::
MHe Struchure Km d6 lLoss db db db dbw
5. 800 1E 11 61.0 48.5 102.2 211.7 =180{B}
L. BOD rh 3 &7 9.1 30.4 102.2 211. 7% «1BD(B)
5. 800 1E 10 £9.5 4.0 102.2 195. 7 =153M)
9. 259 1E 34 B0.1 21.9 108. 1 210.7 -1721%)
9.25% 2F 4B 8t.2 15.8 108.7 210, 7 -172(B}
%, 259 1E 44 B4,7 15.3 108.7 208. 7 =169(:4)
9. 289 1F b5 90. & 9.2 108.7 208, 7 =16%(M)
15. 000 1F 60 101.0 4, 0 112.0 216.%9 =174 M}
15, 000 1F 87 103.6 5.9 112.0 221.5 «176(B)
20,000 1¥ &b 113, 6 3.1 114.5 231. 5 -1856{B}
Z20. 000 1F 6b 1186 1% 114.5 230.1 =1 85(M)
| F— E— — N
B = Best nolax case 0800-12040 Local Time

M =k

Sre Figure 2-1 for F, and Rz definition

Medium noise cass 1600-1200 Local Time
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55t o the DAture and the time frame of this project, the experi-
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Feor the 2F hop modes the region at 5, 6 MHz is larger than the region at
9.25% MHz, This i» due to the fact that the 1nss is greater at highe¥ freQuin-
cies. However, for the 1E modes the pituation is revorsed, The higher fre-
guency also results in the larger detection arca. This is because the D-Jayer
loss on the 9.259 MHz frequency is substantially less than the Dolayes lvss Bt
% 8§ MHe and this dominates the ground-wave propagation advantage o! the
Jower {reguency,

From Table 2-2 we see that the detactability radli (K, ) tend to in-
crease with increasing tranamitted frequency, However, once the [requency
increases to approximately 15 MHz, the spreading losses over the transmitter
target half path cancel the effect of decreasing D-layer loss and decreasing
atmuospheric noise so that the growth of the datectability region virtuslly stops,
Note that the detectable radii (Ry) ave approximately the same at 15 and 20
Mliz for the beat noive case, It is also pbaerved that varying transmitter

er and transmitter or receiver antenns gains have the same effact on the
size of the detectability regions. That is a db of gain or loss whether gener-
ated from varying transmitter power of antenna gain enters the radar Tangs
equation in the same way,

2.2 (U) @™ DEITECTION EXPERIMENT. (U)

z.z.l(u)' General., (U}

mental data were collected by using equipment devsloped by other Project
MAY BELL participants or by using hardware developed for other programs.
Poth the bucy and the CW tranamitiers at Carter Cay used in these tests, were
also used for the ground.wave messuremenis which Raytheon was conducting.
The recelving aystemn in use belonge to the USASA field station Jocated at Vimt
Hi)l Farms Statien, Virginia, and consisted of & linear disposed antenna Array
and nmultichannel HF raceiving and recording squipment.

ir tha description of the detection experiment the transmitter and
seceiver site characteristice are first des eribed. Than the receiving system
calibration and experimental geometry are discussed, The repults of the
sxperiment are then presented.

I.I.ILU) ' Transmitter Characteriatics, (W

Two diffevant types of transmitiers ware us ed in the experiment.

Those tasts conductad prior to December 1969 used & buoy-mounted trans-

mittey of approximately 10 watts radiating at 5. 8 and 9, 259 MHaz, The
e i ﬂ
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2.2.2 LdJ ' == Continued, . ih""—

antenna on the buoy cunsists of ¢ top-luaded vertical monopole cut for a
guarter wavelengrth at 7.5 MHaz. This buuy wae anchored off the coast wf
Florids approximately 120 kilometcrs downrange, and at an azimuth of 113
degrees [rom Cape Kennrdy. The tests conducted in January and February
1970, used the CW transmitters on Carter Cay. The powser of these CW
transmissions ranged from 100 watts up tc 1 kilowatts depending upon time
and the particular transmitier in use. All of these transmissions radiate
into guarter-wave vertical monopoles cwt for the frequency in use.

2.2.3 (_U) ' Receiver Site Characleristice. {U) .-

Twa scparate receiving systems were used at the receiver site
Jocated at Vint Hill Farms Station, One receiving system was 4 vanp-mounted
high dynamic range digitad processing system containing synthesizer controlled
receivers (Sylvania R-27A receivera); digital spectrum analysis® veing &
CDC 1700 geosral-purpose computer and both analeg and digital PCM recording
eapability, Thet second receiver syatem is Jocated in two back-to-back house
trailers, and consiste of a DF sat connected to an LDAA stieerable beam
antenna and 12 anslog receiving channels using RIJ0A recejvers. The R3%0A
receivers connect to both a real-time analog spectral display and a 12 channel
analog tape recorder. The block dingrami of these two receiving systems are
shownin¥Figures 2.2 and 2-3.

2.2.4@.}) ' Receiver System Calibration. (U}

One important goal of this project is to ba able to predict the detection
periormance of the buoy tactical sarly waraing system. Thua, it is desired to
compare predicted aignal and noise values to actual measured data. Then, il
there exist significant discrepancies batween the actual and ebaerved data, the
predictions rmust be modified to correct this differencs.

The standard calibrations performed on the system jncluded . mess -
urement of the received carrier strength and also the received noise power
referenced to a 1-Herts bandwidth, The procass of measuring the received
carriar strength was a simpla procsedure of comparing the recsiver IF output
signal level when it was connectéd to the antenna, to the 1F output leve]l when
the receiver was connected to a synthesizer baving the same HF {requency as
the carrier signal being measured, The average 1F output level for that

» Digital Ep!:t;:rn .A;'lf:i- not available after Jenuary, 1970, due to termin-
ation of the computer lease.
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particular carrier vignal was noied, Thea the synthesizer at the wame fre-
gueney was [rd tu the antonna tesminals and the wutpul amplitude adjusted unci)
the reeciver IF outpul signal strength wan the same, The synihesizey sipnal
level was then measured and converted to db with respect bo a watt,  This
sipgnal substitution mnethod pave the recelved carrier strength in dbw and vaur
pieasured within the narrow IF receiver bandwidth.

The determination of the noise level al freguencies near the carrier
was done by AM modulating the oneair carrier signal witk sn audio frequency
square wave using a very small percentaps modulation. The amplitude of
thest modulation tones was cbserved at the output of the real-time spectrum
aralysis display. The modvlation percentage was then reduced until the
modultion tones disappesr into the background noise of the display. Because
the modulatirn pereentage is easily converted to signal level in db belov the
carrier and the spectrum analysis bandwidth was 1 Hz, the relative CATTitr-
to-noise power was directly obtained referenced toa 1 He bandwidth., Thus,
if the calibration tone disappeared into the noise at a Jevel of 64 db below the
carrier, it was ssaumed that the noise value was also 64 db below the carrier .
value. This .arrier-to-noise ratio was then subtracted from the reccived .
carrier strength to obtain the measured noise power in dbw per Hz.

._u-—l*

2. 2, 5@ . Results of Experiment. (U] '

The principal experiments consisted of two separale comrolled |
aircraft Hights of a Navy F3B aircraft to exsmine the detection capability of

the bistatic configurations, and two propagation measurements between the
Carter Cay transmiuier and the Vint Hill Farm Station receiver, The two

flights, dencted as Eventa | and 2, are shown in Figure 2-4 wnd 2-5, respec- I
tively. The network geometry is ahown in Figure 1-3,

The first event on 18 Decermber 1969 employed & 10-walt ducy 1
transmitter (instead of & 100.watt transmitier as sxamined in the prediction ,
analysin®) Jogatad 120 !sm from Cape Kennedy on an azimuth of 113%. A [ }

Navy P1B aircraft was flown st an altitude betwaen 300 to GO0 feet, and speed
betwean 200 and 400 knots, slong the flight path shown in Figure 2-4. A
signature was detscted on 5, B MHz between 1750-17552 and 2000-2005%Z,

The propagation conditions are summarized below-~

— y—
z
r

| RF: 5.8 MHs

' Tranamitier Power; 10 W,
Carrier Level: -92 dbw 1 .
Noise Level: =160 dbw .
Calculated de*action radii: 3 km {1E Hep), & km (2F Hop! '

*The 10-watt buoy transmitier was built after the antiysis using the 100.watt :
value was cornpleted, 1
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SECOND PASS
DETECTION

10,167 MHz 185530
\

FIRST PASS L ;

DETECTION
15. 595 MHz

* )
1658:45 ]S
FREQ = 10,1567 MHz 15,595 Mz [

e= 100 md 100 m2 -
HDISE = =137 ébw  =1h5 dbw SCALE: 25 KILDMETERS__I

GAIN = 17 4B 6 4 —_— L __
POWER = 3 hw 3 kw ‘a:
CC = CARTER CAY TRANSMITTER [‘ ¥
A e ———— - :T‘-

Figure 2.5 §¥ @ Pradicted and Observed Detectuion Regions. (U} .
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2 2.5 (,u) ' == Continued,

The detecied signatury is ot considered (o be the P30 tewt aircraft, but an
airceralt flying near the receiver at VHFS, The predicted delectability
region for this day extends at best only 12 J] km, The P3B's closcst approach
to the buoy it only M0 km. Also, the period of the first Doppler nignature's
aign change cecurs 2, 8 minutes earlier than the predicted closest approach.

In addition, the Doppler signatures ubtained {although consisteni with those for
an ajreraft) were much stronper than could be expected from the test aircralt
uring & 10-watt tranamitier to illuminate the terget. Therefore, because of
Inconsistent timing the distances of sircraft from the transmitier and recejver,
and the strength of the detected signatures using a 10-watt transmitter, it in
concluded that the detected signatures were not the P3B test airceaft, but
rather another aircraft flying over the receiving antenna.

Tht second event on January 27, 1970, employed the 3 bw Carter
Cay transemitter and a PIB test flight at a speed betwens 200-300 knota. The
aircrait 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 afe summarized
below:

Hecelving
RF {MHz) XMTR Power (watts] Antenns Gain (db) Noise Lovel (dbw|

10.167 3, 000 17 ~137%
15.595 3,000 25 -145

The detections {for the first and second passes of the aircraft near
the transmitter at 15.595 MHz and 10. 167 MHez, respectively, are shown in
Figure 2-3. The predicted detection regions for these frequencias are also
included in the figure for compariscn, The experimental data generally agree
with the predicted results excapt that the detections are expected sooner
during the flight, The lack of & signature during aircraft flight at high alti-
tudes (e.g., 20,000 ft, ) over the Carter Cay transmitier may be attributed
to alrcraft flight in the vertical null of the gntenna. Both sipnatures were
obiained for aircrafe flight below 2, 000 {feet. Therefore, it can be concluded
that sireraft detection below this altitude and within the predicted detectability
reglons can be detected using the buoy concept if sulficient powsr is trans-
mitted (e.f., 3 kw).
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The conclusions derived from the early warning systemn study are:

R Detoction of SLBEM» at altitudes below 100 km i unlikely
using buoy transmitters with 100 watts or less, and a
landbased receiving system for the network gecmetry
shown in Figure 1=-3. Howsver, with the misslls at
altitudes above 100 ken (at which the missile radar cross
section s enhanced) detection appears possible.

b. For buoy {or landbased) tranemitters with 3 kw power
and trangmitting near the MUF, SLBM detection is
probable for the network geometry in Figure 1-3 at
both low and high altitudes.

L Alrcralt detection regione can be satlmated with [air
accurasy because the experimental results generally
agree with the predicted resultsa, Using a 3 kw trans-
mitter (Carter Cay) aircralt can be detected ut distances
as great an 60 km with a receiving site at VHYS,

The conclusions indicate that it is basically possible to detect air-
craft and SLEMs using & bintatic HF radar configuration in which a bupy
transmitter is ermployed 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 srder of 3 kw or more is vequired, Jo 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 difierent
transtnitter ~tarpet-detechion geometries,
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FLEFT AlR DEFENSE

@) The detection of low-flying threats to suriace veliela mt & TARQU
sulficlent 1o give uneful warning time and bracking infurrnation Lp & preblem
for which over-the-horizom detection |DIID] systems can offer & soluiien,

A polyrtatic system such aa portrayed In Figure 3-1 is snpecially desirablt
because }l not only provides greater Jead time for [leet alr defenee (FAD|
by detecting targets al long Tanged, but alsc provides the detection infor-
mmatisn without requiring active radintion from tho fleet. Thus, the enemny
{s pot given an opportunity to locate the fleet by employing direction-finding
technigues Mgainki & Dest moncetatic radar tranamittar,

* U‘? The results of the investigstions for FAD are presented in four
parts. The firet deecribes the Fensibility of using & polystatic pysiem 1o
protect the flect in the Mediterranean Sca. Alrcraft detection regions are
examined [or trangmitters of opporiunity that presantly exist, and receivers
Jocaiead in the Oeet, In additivn, the operating schedules of the tranamitier
gonrces were examined to determine the degree of 24 hour coverage possible.
The secend phrt of the FAD investigation describes target location methods
that can be employed using the basic pelystatic cenliguration. Equations

are derived for eash technigquas te phiow hew tha targpet range can be estimated
using Mmeazured and RRHOWT PATEMEEETS. The third part is the resulte of an
error anelysis of those targst Josation techniques that aTe feasible. The
biss and random errors asdociated with szch technique aTe discusped. The
fourth parc deacribes the depign fur & prototype aircraft detection system.
This systern can pezve ad the test bed for experimental verification of poly-
statie technigues and system evaluation (o sslect the paramelers for the fina)

system denign.
m
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s.3 (Y g9* POLYSTATIC SYSTEM DETECTION FEASIBILITY. (U)
2.3.0{0) W®  Generat. (W)

A

3.1} for detecting the target-rellectsd Doppler signature. The detectability
of this systam wai inveatigated for FAD operations in the Meditarranean Sea.

Two typas of propagation mechanism were considered. The [irs
consints of ground-wave propagatlon betwaen the tranamnitter and the target

The polystatic sydtem for FAD consists of HF hroadcast tranamitiors
of opportunity for iMluminsting the target and & 1hipborne Tecelver (ves Figure
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and alsc between the target and the shipborne receiver, The second counsisi:
of sky-wave propagation between the transmitter and the target and grovng-
wave prupagation between the target and receiver., These two Lypes ATE
denoted ar ground-pround and sky-ground modes, respectively.

To accomplish this feasibility study the efforts considered three .
aspectn: source availability, the operating senedules of sources, and the
coverage provided by available sources. These are described below.,

1 3.1.:(1]) '

€ trandrnitters ware categporizsd into bwo groups based on the
polarization of their radiated signals. Horizontally polarized signals were
considered for aky-wave propagation only on the transmitier-targat half path
since the attenuation of the horizontal component of a ground-wive over sea
water is very large, The vertically polarized signals, on the other hand,
ware considered for both sky-wave and ground-wave propagation for the
tranamitier«targat half path.

vailable Trlhlmltle.rl. U

Tabla 3-] lists some of the transmitters in the immediste vi cinity
of the Mediterranean which have been evaluated alang with transmitter
— location, selected fragquencics, transmitter power, beam information and
polarization. The locations of the tranamitters nre displayed in Figure 3.2,

Tranamitter scheduling is aleo an important factor in the evaluation
of these transmitters. Historical records of scheduling were sxamined aleng
with current inforrmation from FBIS to detarmine the schedules for esch
trasxmitter, Figure 3-3 ebows the acheduling for the transmitters in Figure
3»2. Transmitters are available around the clock for coverage of some areas
©f the Mediterransan, but more sources must be located to provide complete
around -the -clock coverage of the Mediterranean,
el — —

I
I s.:.s(d)' Coverags, [U)
L
[

Figurs 3-4 {lluatrates the geotietry for a blstatic radar detection.
Beveral raquirements must ba satinfied in order to make a detaction. First,
the received scatter path signal, T«R, must be above the noiss lavel present
At the reesivar, Eecond, the direct path signal must be received. {In the
cass of iransmitiers with suificient frequency stability, a synthesizer nignal
can be used where the direct path signal cannot be received.) Third, the ratic
ef the dirct path to scatter path signals must fall within the dynamic Tange
limmitations of the receivar.
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Figure 3-4 ({"}}. Typical Geometry. (U)
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Actual propagation lossce [or cach half path have been calcwlated
- for mclceicd transmilicr etaTgct-TEC KFivEY pecmctTics 10 gvaluaie the CoveTagy
aviilable to the fiect, For sky~wave propagation, the josscs were caleulated
uping the propagation predigtion packanc by ITSA ESRA®. For ground-wave
propagation, the losscs are taken fyom Barrick's 1able®¥,

- : Fipure 3.5 shows &% axample of one of Barrick's tables. This

l patticulay table is for 7 MHz, Sca Stote 4, z0knot wind, and propapation in

; the upwind-downwind direction. The eifcet of ench of thase parameters is

: that 1ne reasing freguency increnses the losw, rougher pea state increases
th= lDss, and propagation in a crosspwing direction hat less lops than vpwind:
downwind propagation.

For crganization sase, the Mediterranean wal divided into 5
spections. Each section was evaluated individually to deteymine the amuunt
i of coverage pratection afiorded to a ship while it wat joeated within that aTea.
. Evaluativns were made for representative tumrnl.tter-:ircu!t-lhip positions
- to see if the detection pysiem was feasible,

3.1.3.2 (W) _E_tnund Weve -Ground Wave Prap:g:.tinn. {01

LY
) For the case in whizh ground-wawve propagition ocguTs over hoth rl
waif paths, the ceoverage provided by tyans itters with vertically polarized \
signals wap evaluated waing the fallpwing pararasters: ﬁ
. a. target cross.section o = 100 MP
\ _ b. ET'ER' 0 db; 1-::
e N = -150 dbw atdd =170 dbw; T
- d. fragquancy--T MHz, amd
.. system lois :I.-s « 34b,
- * Barghousen, A. F.. ot al, Predicting Long-Term Operational Parsmeters R
i of Migh Freguency Skywave Telscommunication Systams, ESSA Technical {
Report, LAL 110-1TS 18, V.5, Department of Commerce; May 1489, D
4

e Barrick, Do B, »wTheary of Groundwave Propagation AcToss & Rougph Sea
at Dakamete? wavelangths™, Battelle Memorial Inktitote, Columbus r
Laboratories; JRnuary 1970,

B
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". 3.1.3%,.2 (U} =« Conlinued, :
= .
= The two nofse levels accnunt for diurnal changes in the noise loevel j :
= of the receliver, The {requency of 7 MHz was selected since 11 s lew enuuph !
~I to pruvide recavonable pround-wave losscs and high snevgh to have reasonably r [
e 1ow noise levels for the detection of aircraft, To determine the repion euf m
T = coverage provided by thi» prepagation mechanism, the shitbuo rd receivers i
*-.::_ were ansumed to be 200 km [rom the iranamitiers. Wwith thin assumption, |" :
ﬁ* a contour of constant sensitivity (Oval of Cassini) was constructed arvund L
o7 the transmitter and receiver which determines the region of deteciability of 1
. an aireraft fur that transmitter-receiver tombination. This was done ina T

! - pumber of transmitier-receiver casce knd the resulis {Figure 1.5} indicate P

thal coverage is guitc good it the northern central part of the Mediterranean
= Ocean.
DA

T‘ﬂ 3.1.0 3 (W) Sky Wave- round Wave Propagation. ()

:1“ For each of the five areas in the Mediterranean, propagation

S predictions were made for selected tranamitiers to evaluate the use of

Z;T',__ aky-wave propsgation. Target illur ation by line of sight and one F-hop

-t‘x_ propagation is feasiblc for delection purposes, but hep structures with more

*T-k than ] F-hop for the date and time evalvated incur too much loss over the
transmitter half path to afferd any rensonable protection. Noise calculations

. and propapation conditions were ealeulated for 15 September 1970 at G8D0L
e (M = -1&65 dbwl.

J -:-.. Five -~raft positions were evaludted with shipboard receivers
ol located at selecl apitiens around the aireraft. The 7egions of detect-
ability fet each tr. ~jtter-receiver combination (Ovals of Cassini) were .:

mpt caleulated at this ime, but as & first sstimate of the protection provided
‘by each transmitter, the following technique was wsed. For a wpecific air-
crait position (altitude 3,000 feet), lass over the trapsmitter-target half
path was evalusted from the ITSA ESEA prediction progrTam. LR was then

calculated and converted into a diatance ﬂn. using Figura 3-5. Assuming

the target scattirs equally in all directions, & eirele of coverage can bhe
drawn around the sireraft of distance D . Any recdiver logated within the

ey T

R . -

- eircle should detect the aircraft. U \
"-i: For sxample, conslder transmitiers located at Algplers and Madrid, .
_— an alreraft locatsd at 37-59N, 2.07E, and 2 receiver located at 38N, OFE. E
xoE The predicted lossus over the transmitter hall path are 116 db for the 1 F-
. i hop mode from Madrid and 91 db for a line-of-sight mode from Alglers. ~
il Solving for L and converiing to & target-recelver distance Irom
::.Th Figures 3-4 gives 70 km for the Madrid sigral and 205 km for the Algicrs
3 , 2-10 | ]
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signal. Any rcceiver within theese distances from the nircraft should be able
10 detect the alrcralt. Fipure 3-7 §llustrates this example, In this example
the shipboard receiver lucated at VAN, OE, would doloct the aircralt on the
Alpisrs frequency, but not un the {requency from Madrid, As Lthe afrerai)
closed on the ship, the Madrid fregquency would also make & detectivn,

Using theee methoeds to evaluatic the coverage for each area, the
following results were found {see Figure 3-B). For arca vne, tranemitters
Jlocated at Lisbon, Madrid, Tangier, and Algiers were evaluated for the
raceiver and targel posibion given in ithe example. The tranemitiers affvrdee
protection at distances [rom this aircrait of 10, 20, 70, and 205 km, reapec-

tively.

For area L transmitiers located at Algiers and Rome were wval.
usted for two different ghip positions, Algisrs provided detectability at
70 km from the ajrcraft while Rome providad detectability at 150 hm.

Faor ares 3, transmitters were evaluited at Caltanessetia, Alma

Ata, Romr, Tunis, Tirane, and Tripoli. Tripali provided the greatast
detecticn range at B0 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 ke in 2ach crze.

In addition to the tranamitters svaluated, a great rumbier of pas-
sjble tranamitiers at other locations Btill remain to be evaluated arsund the
€oi it of the Meditzrransan. Table 3-2 is & partial listing of these locations.,
Tranamitters with power as low ap ] kw can be used for line-cf-sight cover-
agz along the coart abd 1F bhep propigation inte the interior of the res-
Development of these sources is necessary for round-the-clock coverage
at well as multiple channel coverage (l.e., on several iransmitter frequencies}

©f a ship at any point in the Mediterransan,

The conclusion that can be drawn frormn this analysis is that the use

ef tranamitters of cpportunity se part of a polystatic HF radar systemmn is
feasible for FAD in the Mediterranean Ssa. However, before a system is
impletnented, thers is a need to avalvate the tranamitter sources that have

not been exarnined to idextily the specific tranamitters that ihould B¢ employed
by the flast éuring cperation in different areas of the Mediterranean Sea.
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Table 3.2

(U} Additicnal Transmitters (1)

Malaga, Spain

I Cartagena, Spain
Yalencia, Spain
Barcelona, Spain
Marae{lle, Trances
Nice, France
Pisa, ltaly
Huples, lialy
Iemir, Turkey
Latakla, Syria
Fort Said, UAR
Alexandria, UAR

Tobruk, Lybia
Beids, Lybia
Bengatl, Lybia
Aznaba, Tunesia
Salaqin, Tunesia
Ozan, Algeria
Melilla, Morraco
Balearic 1aland
Corsica
Sardinia

Crete

Cyprus
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3.2 (U) @ TARGET LOCATION METHODS. (U) .

.
RO I Vil

An described previounly, proiection of the {leet apainsi low-Ilying
aircradi and/wt cTuice miszatles vray be accomplished using a bislatic Fadar
with a shore+based tranamitter for targets illumination combined with passive
shipboard reeeptien. The target Jocation methods consjdered in this neetiun

appear to slinsinate two [undamental probiems associated with CW-Dopples
bistatic radar:

- Ry Target signal smplitudes pives no indication of whether
the target is near the transmitter or the receiving ship
. becsuse the bistatic radar range eguation is symmetric
- about the transmitter-target and recelver-target TRnges.
b. Single Doppler measuremants Alone cannot provide

unampigvous target location since single Doppler
measurements have a fourfold lecation ambiguity caused
by the geometTic symmetry between the tranemitier,
receiver and tar; et.

Four separate derivations are given deseribing techniques which
may be used to locate and track low-flying targets which may threaten a
auriace fleet. They &il apaume a twosdimensional ({lat earth) sirtuation that

is veasonably accurate (see Section 3,3.4) for lowaflying alrcraft and cruise
missiles. The four techniguest aTe;

. the douhle baseline, :inu'hh measRTement range estimator,

b. the double baneling, singls measurement range sstimator,

c. the eingle baseline, doukle messurement Tangs satimater,
- “d

d. the Dopplar logation findar.

The firat two techniques employ two tranamitters and one rechiver

a» shown i Figures 3-9 and 3-10, respectively, For the {irst method {de ible
baseline, double measurement range sstimator) two target-scattered Dopp.- ®
veturns and thelr divections of arrival are mespured at twa different pointa
along the target's flight trajectory. Eight measurements sre employed to
gatirnate the target's location. " For the sacond methed (double baseline, single
messurement range estimator} the satimats Ju sssentially made uwsing the twao
Doppler returns and their asscciasted dirsctions of arzivs] measured al one
flight point. The third techrigue {single baseline, double measuTement range
astimator} uses two sets of Doppler returns and associatad direction of arzival
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. LEGEND:

- p.p' = CROUND WAHGE FROW RECEIVER
TO TARGET AT TVO POINTS OM
TARGET PATH

1 ¥ = TARGET VELOCITY VECTOR
& =  ANGLE AT THE RECEIVER BETWEEN
1 THE TWO LOCATION $ASELINES
i ‘ R = RECEIVER
TyoT, = TRAMSNITTER T ANKD 2, RESPECTIVELY

Dyu0, = ME THE DISTANCES SETWEEN THE
| , RECEIVER AXD TRARSHITTERS T, AND
K - | T, RESPECTIVELY (RNDA & Ploni)

L ] B nl

Figura 3-9 {Ul. Double-Bassilne,Two-Mensuraments
. - Modal, (U)
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" Figure 3-10 (U} Double-Brseline, One-Massurament
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] 3.2 (U) g s« Continued, o T

and 3 single transmitter source to estimate the target's range. Thin method,
which uses the conliguration in Figure 3-11, |2 vperationally preferred 10 the
firet tve beceuye of the need for fawer measurements and Iransmitter dourtes,
The faurth iechnigque {Doppler iocation finder) employs the Doppler returns
from the target Ulurminated by four transmitters to estimate both range and
azimuth. ALl four techoiques provide location information on the dutected
tarpet.

The derivation of equations for each of the four methods {1 ineluded
below,

Consider the vingle hwaseline, ops time poinl situatien shown in

Figures 3-12, where & vahizle {s moving st ap unknown velocity O, the distance
between the tranrviitier and the raceiver {a ssaumed knowp to be D, and the
trapemitter it . rcadcasting on & known wavelength L. Thy azimuth angle of
Lhe tarpe: at toa Foosiver, & , and the Doppler shift, AF, are messured,

‘The roe.ive? “i7dlar nhilt {ar this geometry may Lx written as
U
af = 'TH' + %)

»le

{cos O, 4+ cos By ) .

Angles 8, and &, can 2lso be written:
B = %YWea +d | : .

.. - ?ﬂ'l‘._" v

LI

Toaraiora,

Af = %[llnw*ll-l--lnti-ﬂl _
R T

3. 2.1 {U} Double -Baseline, Two.Messurements Ramge Estimater. (W) -




rl& “Th 3-11.
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(U} Single Baseline Model, (V)
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Figure 3-12. (U1 Varlables for Double-Baseline, Two-
Measuremants Model, (N
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3.2.1 iu) «- Continued, r

Alpc,

g = tln"l (EJ

- unl' » . “nvl _Aatnrnm
a Diahw » &
lan ."

If there are two transmitie? geometries, which shall be distin-
guished uaing subscripts, then the {ollowing three equations can be written;

{ A, tanm
Y . -] 1 ) (3-1)
Af, m=— gin {o + &, )+ 5ln [lan T - b
1 11 { | | I_ ﬁltlnl:r, ll
i 1 Iz tanm n-l
Y -
.  fer o+ B + win [tem = & (3-2}
ht‘z = 11 {Ill" {az !iz win L- Dz “""z - ‘a 2
and .

whare ¢ I3 the angle between the two baselines, as shown in Figure 3-9.
The value of £ may be calculated becauss the ccordinstes of the two trans -
rrdtters and the receivers are assumasd mown,

If additenal aximuth ang Doppler measurements are masde {or
these same two geometries at some lime Lt later, then Four prmre eprotiome
can be written, This st of squations is distinguisihcd by & supsFacript prine.,

1. =2 lin(r, 48,0 ¢ oin [1an”] ut il -3 (34
f.‘l "1 pin iy 7% D, tAnh o =2t ]
1 1 1™
% el l.i'lan nz'
ﬁfzf = 1; {lin In'z'l A -Inz'll + min [tan “;-, T ;z‘_:;r 51 (3-4)
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3. 2.1 (U} ~= Cuntinued,

. -
.l = ll v Al coe ﬁl (3.6

1’1' .. v At eos &, {3-T)

The last two equations are a result of the constant velority and
direction assumption. All seven #Quations can be combined inic a system
of {our equations in four unknowns by eliminating &, from the squsations.
The results are:

.ﬁ!‘z = FZ {u, ays ﬁl'll

ﬂ.fl' ® Fatu. Ry f-ll

.ﬁrz' = F‘I{u. P !nl’i

where the F,[*} are differant functions of the argument parametsza.

The unknowns ATe V, &y , &3 and b, , The messured quantities are @, ,
I.'l". ﬁlil ;. hf-l . hfl'. .I‘.l:l.'. ’ and -ﬁf'l + The qulﬂtititl knows & Prlﬁri
are Dy, Dy, % d2, 8%, and € . The above et of sirnultansouvs equations
yray be solved for the unknowns and the ground rangs from the receiver to
the target couid be calculated by

P - ain o,

Although this procedurs yields four independent squetions which
ynay br aplved for the target position, & slight reformulation of the problem
can reduce the pumber of equatiors by two as described on the follewing pags.
Pecavse this reformulation simplifiss the double basaline, two ressurement
technique, this firet target Incation technique will not bz exarnined further.
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3.2.2 {U) Dauble -Baseline, One-Measuremenl Range }Iltimllur.rl'l.'l

The variables for the double-haseline, one-menrsurement mude)
arc defined in Figure 3-13, As {n the previous cane, the transmitter-
receiver distances, Dy and D_, and the tranamitter wavelengthe, 3, and
i, , are assumed known & priori. The aszimuthe, &y, #nd o, and Doppler
abifta, Af, and Al;, are the only quantities Tequiring measurerment.

From Another form of the Doppler equation,

o - .
ﬁll z 1_1 {p + nl]

Al -‘-;—‘—:ini‘

)
2 2

2

where p = dp/d: and ﬁi « dnfdt .
From the law of cosinen,

n, ¥ {pz-l- D ¢ - Zle coF allua

1 1

BO
. . ipb - pD!_:nl m, D, &, slna)d
/2 * {30}

) ‘Fl*nl

1 « 2pD

cos o 'Il
] 1

where &, = Jda,/dl .

Similarly

(Fp - D, cvs @, :pnzﬁz sla e,

b, = = T (2-9)

F4
(p +D, - 2PN, cos .,

Note that &, = &, * . The quantity & can be estimated using the pre-
vious arimuth measurements &g follows;

{a,(8) - oy (L-At}] + [allﬂ -y {t-41))

2A% -
3.24
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One »Muasurement Model. (U)
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MNow define hy o Q1 Fie and =, e [ollowe: r 1.

-

1z

-
1
el - ol hle WS

i b
hl r {p -I“.b5 -Ipnl £0F ..rll

q, = AL,

11 " D.l € o n‘

-
-

. = D, & ain a, i
. . L.
The quantities hg , Qs Tr and sy are similaTly defined. Equations 3-8 :
and 3«9 can thsn be writion as l ,
Pp * b rl + F'l . . L
B e R
1 8 !
1 [
h, = -.-PF P 1'2212 - ' o~
Fd h :
2
5 Af, ecn bs written )
K plperyl + PEy ’
‘ | 1 i 1
!
- Bimilarly _ : :
" .
- B 2 ! . -
A, = :-I- ‘F+M [_" f -
2 & By : b
SR
Solving for P, - -
' {q.h, + b »
b= - :I 2. P2 {3-10) !
[ I + P - I':'I
2
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3.2.2 {1F) ~s Cuminued,

-
Alro,
-qlhl x 'phl'lbip-rlldrpn:
and 1o
~lqy b, + b (h, «r ]
F x -r—l I ] l "3“11'

nl+p

Fquations (3-)0) and {3-11) form a system of two eguations In two
unknowns (p and p) that may be solved using standerd iterative techniques.
Note alss that, for this formulation, the assumption of conswant véivcity and
directiona are not necessary. ' '

3.2.1 () Single Baseline Model. (U]

The third derivation to ba considered in that invelving the moudel
uring only one transmitter. The variables for the vingle baseline model are
defined in Figure 3-34, A» before, the transmitter-recs{ver distance, D,
and the transrmitier wavelength, L, are assumed mnovwn. The azimuths, @
ard &', and Doppler ahifts Af and Af', are measured guantitiew where the
primes pignily measurement at serne time 6t sfter the first {unprimed)
measurernents, The velocity 4, of the vehicls is not known.

From the Doppler equation,

From the Jaw of cosines,

1/2

R E (p’"+ DI =~ 2pD cop &b

d = ipbh-bDeon o+ pDa sin o)

- {p! +ot. 23D coe 4|::'II'-l 2
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Figure 3-14. (U} Variables for Single Baseline Model, (W)
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3.2.13 {1) == Comtinuel,

similarly,

B = {p* ' - bl D eEos o' 4 p' i ein o'

o 4 D° - 25" D cos T

In order {o find a solution using oniy one baseline, two Bpproxi-
mstions have to be made

(s} P I1s constant; L.e., ' = pand, furthcrmore,
p ' P vpat

b} & s constant; L.e,, &' ® &

Over ahort time intervals {snall &t} these assumptions are reanonable, The
angular velecity & can be estimated ax follows:

a' =

Fl

u =

These appreximations are strictly true if the tapget is fying on a Tadial path,
toward or away frem the ship.

Combining the squations and approximations sbove gives

=) ==-g=p+ pln-7)+ ps
h
wheTe
q = Af)
v+ = Decozxa

s » DEsineo

h = lpl + I':I1 = 2pD cen r.ﬂl /2
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3.2.3 {v} == Cuntinued,

Substituting p = p' = pAt, squaring to eliminate sguasTe roots and alpebrai,
manipulation of the results ylelds tha eubizc eguation

A" + Bp? -CE 4D 0 (3-12)
wherp
A = lﬁtz {q-sl
¢, 2 2 2 Fa
B » At7 (g =2") + &t [dgr-dgph + 2581 (Ep'=ri4+ D" .
C = At {!qzr-aqz p'*lp'lil + Ip‘z (G-s) 4 2p'r (n-29) + 1111:!2
2

D = p'; {ql-l I + qz {Dz-lp'rl

This cukic equation can be solved for § and the correct root chosen., Alss
note that p is still a function of the single wnknown p*.

In sitnilar fashion,
Af' = :‘:1' (p'+ R}

or

-« &fy = -q'lh-l- bh";f'!*u'

Where h*. Q', 7° and &' are defined simnilarly to b, q, r ands.
MNow

_qi hl - b thl-rli o .FI [h + .'l'
Dr |

P« :!r h' - t !h'-r;‘l

b.l v {1-13]

Equations {3-12) and {3-13) form & set of simultaneous aquations in the two
unknowns p' and p which may be sclved for the tazget position.
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3. 2.4 (LB} Duppler Lucation Finder (PLFL {U)
r.

‘The range estimation sechniques discussed in the previous seciions
all utllized mesasurements of target hearing and Doppler [requency. Tht
Doppler Locaticn Finder {DLF] deacribed in this section unes only Doppler
measurements and yiclds both range and bearing information.

The variablas for the DLF are delined in Figure 3215, The trans-
mitter-receiver distances, Dy, Py, Iy, and Dy, and the tranamitier waves=
lengths, %y, hgs 3, 3nd )y, are sssumed known & priori. The anglen,

4,, B2, 85, and B,, formed by the reference bageline with the transmitter-
recaiver are also assumed known a priori. The only measured guantities
att the Doppler shifts, 8f,, biy, 815, and 81, « The variables sstimared
by the DLF technlqua are range p, bearing &, range velocity, p. und bear-
ing velocity & . The latter two variables described the change of targel
poaition with time and are of secondary importance. The range and bearing
estimates describe the target Jocation and have primery signilicance,

From the Doppler equation:

1. . '
f.'l!i LI Ti_ {p-lrni‘_l {3-14)
where
hl E d-ﬂifd'- » i‘ l, 2, !. “" ™
From the law of cosinea,
3
. * Ia
n, = [¢ +Di -?pnicu{nr + 'i]]
B0
(pb-pD cosia + B)+pD, @ointlat B )]
heow i — 3 - i, (348
[p* + Illi'- lle cos (& + III] ol
Thus, from {3-14) and {3-15) it can ba seen that
lf‘. = h tP; 'I b- h ) D [ !I. 1'.- I ll*l'ﬁl

wherse h is a functiom of the aTgument parameters.
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REFEREMCE
BASELINE

Figure 3-15. (U}

Variatles for Doppler Location Finder. (1)
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3.2.4 {1h) -« Cuntinued. ¥

The desired pavamieters (p, o, p, and @] ¢can Lherefore be eslimated by tine
aolution of the Iollowing system of equations.

ﬁ’i‘ x h{P- ﬂl i-'. .ﬂ: D". ﬂjr 11’

b1 = hip. @, ¢ &: Do Ba, Ao}
I3-17)
&I, = hlP- X, 'P‘; h'l Da, Fa. lll

-b[.l = h[Fp n]- 'Fl‘ h: Dil Eﬂl 1‘] +

This system of equations can be solved using standard itrrative
methods, Unlike the cther techniquer discussed, this method is truly in-
stantaneovus; the estirnate at one point {n time requires no previcysr measure-
ments,. Alsc, the eguations are exact: they require no assumnphions ar {0
the constancy of p or & .

The Doppler Location Finder can that sstinmate Larget range and
bearing using only Doppler frequency messurements.

3.3 {U) ERROR ANALYSIS, {U)

The target location sstimation techniques discussed in Seckien 3.2
reault in two kinds of srrora. Dne is & bias in the sstimate that ariaes
becaune of pne o more approximations that are smployed in the technique.
This is & systematic error that can, in some cases, be minimized by
processing, The second king of error arises bacause the inputs needed for
the estimate {nvolve measurements that contain random arrers. Thase two
kinds of errors genarally limit the accuracy of an estimation technigue.

|
In, Bections 3.3.) through 3.3.3 the arror expressfons fur both
kirds of errors aye derived for:

A the double hllt:.“ni. eingle measurement range estimator,

b. the 3ingle basaline, double measuremant range estimator,
and
s the Doppler location finder.

Sorme assumptions en independence of arror sources have been made, In
Section 3.4 the several other possible sourcen of error that do not signifi-
cantly altar the satimate are describad.
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1,3} (U] Error Annlysis o Double-Baseline, Hlnglr-MuwrcmEﬂ

Ranpe EslimatorT.

()

The range eslimate given by the Double-Baseline, Single-heauure -
ment technique {Eection 3.2.2) s depondent on the moasurcd valuen of taTget
bearing and Doppler fragquency. AN expression ks derived below relating
RMS measurement errolh of azimuth and Doppler shift 10 RMS satimativn
srrors of tatget Tangd., This error expression ig valid at specific targel
jacations and has been avalusted for several configurations of tarpet, ship-

board receiver, and Lransmitiers v

1ing vessonable values for RMS mechsure-

snent errors, The bias of the range sstimate is also computed. The results
indicate that for certain nystem geometrics and paramcters, total ranging

arrors of less than 15% carn be achi

eved.

3.3.1.1 {U) Derivation of Error Expressions, {1}

As shown in Sectien 3. 2.
the nonlinear systewn of eguations:

2, the true range p s the acluticn of

o[qy by 4 pith, - r,))
P * __51 'I‘_IPT

«(gy ha *+ pSe]
o=

Ihl"'P"‘;l_l.

where hﬁl hll Qys Q2 F1o Ly E‘l 4 L3 are functions of @y, W2, hl H'I.%

A%y . The expression for b can be

substituted into the squation for p

and it is seen that p ) the solution of

L = {p: X1, B3, &,

where O i & nonlines?y function af
ag, &, 81, bis. The parameter

where

Y n -ﬂ‘“ - ﬁ-tl.

ﬁh- M'ﬂ = 0 [3-15]

p and the cpefflcienta involve &,
b , howsver, is estitnated by

T At {o, 441y = ry =~ 4}

*Although the T;:I-mi_q:: 43 depcribed an & single measuremani technlgus,
it does Tequite @y and Qx valen at time ¢t = &t.
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3.3.1.1  (U) == Continuetd.

.
ani

e = oglt-20) .
Thus, instead of (3-18) nn cquation of the following form in solved:

H{fie,y, ta, Oy, &, &L, &53) = D {¥-19)

where £ it the extimated range. Since the estimated value of & may be
in error, the solution § of {3-19} may be alightly biased away {rom the
true p. Let p. be this blas in the rangs eatimate. Thur,

1"...--iu.' Pp=P -

As mentioned previcusly, this bias from the use of an eativnated
value of & 13 ene of the two important typocé of errors in this Tange eslis
mation technique. The other {random) srrorF arises from using measured
valuzs of bearing and Doppler. The true @ and Af are not available;
the measursad values &i and ﬂi must be Ased i-nltt{ld. Thur, the sstimate

of range in taken to be the solution of

H{ﬁ=&ll Ell ﬁ:l Ell hi‘lr ﬁ'E.I] = 0D .

The measurements & and b?i will generally have mean valves of a,

and “i' and standard deviations MEIRME and “LI}RMS' respectively,

Note that £ is implicitly » function of the E* and ﬁi: 2B
these measured values change 3o doss P in order to keasp Hr 0. Thus,

5 " itali ﬁlr ﬁ.l &ir ﬁi]- hﬂll

The changs in § due to changes in the ﬁi and 'ﬁi ja given by

ahre BB sianre 2L st o FE it o G 2080

B -
+TE|: ﬂ{h!‘}‘l' Eﬁ: ﬁ{-ﬁh] . | [(3-201
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3.3.1.1 () -« Continucd.

|
The preceding equation is the delerministic form of the error
equition. Because the measurement crrard are randomn, weé Tnust #mploy

a modifizd version, At ench target location the partial derivatives iwi":fini

and hﬁfaﬂfi are constant. Using two relations from probability theory®,

F The RAlS value of a3 t2ro-mean random variable in the
standard devintion (O )

b. 1 x= L A

Yi s then
|

i

5
o=(E a' ¢* "
i 1Y

we ¢an derive from (3=20)

Equation (3-21) simplifies when A&} = A{&)
Maf}m for all §: 1RAMS

st -[[G8) <) (8] )] o]

Kty () Yooswa]” |

aPieiffer, F. E., Concepin of Probability Theory, McCraw=-Hill, N.Y..
l?ﬁﬁ. FF- 135—14 .
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The anly remaining siep js Lthe rvaluation ol —Ett & el i_% ‘e
ﬂﬁi BL ;

AL the funetion Bid,. &, &2, &4 Li,, £1y) were known explicitly, thiv
calculation would be direct, However, the p-function Ly only knuwnh implicilly
and therefure the Implicit Function Theorem’ must be invoked, By this
theorem [rom caleulos:

-

H

ac

Bp = i

adk M
i e

4F

and

- AH
2t adi

AL €

);
e

whete the function H(B ; &,. &z, &1, - N ﬂfi-, ﬂ-f.] ip known explicitly:

- HEp'.ufl.ﬁ’l-ﬂ:-ﬁ-ﬁfl-ﬁ‘I]

{ry-h,)iqs hy + (PHDNsln ﬁ:]{ﬁ'ﬂﬂi 40y 0y 0O;) ]

tp#[q‘h,-l " hi-p-Ts

- [(‘D‘;’lliﬂ -ﬂ'l\]"t:%] ‘ﬂl + &y -1ﬂ""ﬂ"])

- o ( Gy D2 (pH Dzl sin iyl {ﬁt‘"ﬂl 4+ Mg = Oy~ Uy) )]
- h. - p=Ip

where Ty hl' qi are funetions of o, as 81, &l and &t is the time

between measursments. Finally, the abcve squations can be evaluated
for L{ﬁ}m t

F‘—_I_
FProtter, M. H. nnd Merrey, E. B., Modern Mathematieal Analyxis,
Addiscn-Wealey, Reading, Mass., 1954, p. 492.
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3.5 1.1 (U] -« Continued.

. ey | f2u ¥ » | e
lﬁ{&lnmt + [(iﬁil) + (Bﬂfl) ] [-ﬁ[ﬂﬂﬂmsl - 13.22%

in the next section, both the bias ||pH"1 and the RMS error of

ranpe estirnate for the deublesbageline, single-measurement rechnique are
evaluated fef typical casen.

3.5.1.2 () Fesults of Eyror Analynis. (Lo

It this section the bias and RMS grror of the Tange eatimate of
the double-bassline, single-messurement technique are presented for sev-
eral differont syntern geometries {locations of radar transmitters and
rgceiver and trajectory of target) and system paramelers joperating {re-
quency and time between measuraments). It ls shown that although the
technigue is net compictely satisfactoly amder all circumstances, il i fairly
auccesaful {or certain geomaetries and parameleTh,

All numerical calculstions for the error analyses wefle periprmed
on an IBEM 360 gencral purpose élgitsl computer. FoF any given caie,
Phiss {the range bias caused by using an approximation for I jwas found.

* by solving for $ and subtracting the actual range P . hl‘.ﬁ]m. the RhE

error of the rangs eatimaite, wWas cal culated neing equation (3-22) the
partial derivatives of

wave determined by use of standard numerical difierentiation algorithms®,

*Snuthw::ﬂh. R. W. and Delesuw, 5. L., Dipital Cemputation and Numerical
Methods, McGraw-Hill, N.¥., 1565, PP 152 -3563.
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2.%.1.2 () - Countinued,

[ o
The coraputcd range estimation errors for the double bascling,

single muasurenient techmgue arc dlsuyed i» Fipures 3-16, The labelrd
Jdots jnslicate the Jocation of the tranemitters [T, arst Ty} anil the shipboarid
recciver {8). The variuus (rajectories of the target are represcnied by
dpaned lines, The errors arc represcented by solid-line seprments at various
points alcnp the trajeciory. The lengibs of thoae segments are scaled tu
twice the RMS errur, while the olfset of the center of the segynent from ihe

Erajectory represcnis p, o oo

The various system parameters, such as operating frequency
af the radar (f), timne between meoasurements (At), and standard deviations
or RMS errors of the measurements (0 _,0, ) are lisied on the [ipwres,

b
along with the scale of the drawing and the uiﬁ:ity of the tarpet. £1 is
not necessarily egual 1o the spacing of the div played error segments.

For all the ligures of displayed errers, the measurement uncer-
taintics, HHIRM‘S- and ““}RHS were assumed 1o be ] degree and . 1 Hz,

respectively, Lf these measuremants errors in a particular tase are larger,
ther the AMS error in the range sstinuate would Le proportionately greater.

Several conclusione can bt drawn from the {igures. Firut, =
particular configuration of transmitters and shipboard receiver may be
falrly effective againsi certain target trajectories while much les: successiul
against other trajectories. Alnc, pericrmance may be seceptable at certain
points in a given trajestory but not at othars.

Azn interesting observation ¢an be made Irom Figures 3-16. The
geometries and parameters {or the two configurations in Figurss 3-lée and
f are the same a8 for those in Figures 3-16g and b, respectively, except
that &t, the time between measurements, is 20 axconds for the former and
120 seconds for the latter. The interval At enters intn the estimation of
range in only one place; the astimatics ef & from the [ormula

¢ = ﬁ { oy 'l'l‘.-ﬁ;-:ﬂ’.‘l-

As &t is increased, the RME syrors of the & are divided by a larger

constant and thus the RMS range error should less. On the other hand,
dor larger At, the {irst arder approximation becomes weaker for those

trajecterien were & is not constant, implying an increased p, . for
thoace cares,

3=39
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Figere 3-16a {U) Range Estimnation Errers for
Double Baneline, Single Measurement
Technique--Geometry Ne. 1 (L]
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Figure 3-16b (Ul Rangs Estimation Errors for
Double Baseline, Single Measurement

Technigue -« Geometry Mo, 2 {U)
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Figure 3-164 (U). Range Estimaticn Errors fot
. Double Baselina, Single Measurs-
ment Technique--Ceometry Ne. 4 {U)
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Figure 3-16e (U) Range Estimstien Errors for
Double Bassline, Single Measuremsent

Technique--Geometry Nou E {U}

Figure 3-16f (U). Range Estimation Errors for
Double Baseline, Single MeasuTeament

Technique --Geometry No, é ()
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Double Bassline, Single Measurement
Technigue - ~Geomatry No. B {U)
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3.2 (W) -« Continued, N

Buil thess cffccte are obscrved in Figures 3-16, The RKMS errurs
in Figures 3-36g and h (8t = 120 sec. ) are penerally much less than in
Figurcs 3-16 ¢« and [ (2t = 20 wec. ) Yet, slso as predicied, in the onc
trajectory in each pair of figures where the target is nol headinp at the xhip
and henece & |3 mot constant, there is a significant range bias for Lt » 1240
sec., but not for &t = 20 sec. However, the total ranpe estimate error is
still mueh smaller for &4t = 120 sec.; for several target trajeciories, Fanpe
estimate errors of less than 15 percent are achieved,

3.1.2 {U) frrer Analvsin of Single-Baseline, Deuble -Méasurement
Range Estiniator. {U)

The accuraey of the Single-Baseline, Double-Measurement ranje
estimating technique {Section 2.2.3) is alse p {function of the accuracies of
the measurements of target bearing and Doppler {requency. Expressions
relating AMS measursment errers to RMS ranging errore are derived and
evaluated for sevezal target trajectories. The biases in the estimate atre
alpo eomputed, and it is shown that for several trajectories, the total range
sstimate errors are lesp than 15 percent.

1.3.2.1 (O Derivation of Exvror Expressions. ()

As shown ip Section 3.2.3, the true range can be estimated by
the sclution of the set of equations (3-12 and 3-13),

The following spproximations are also used to evaluate the RMS
rangt error {or this range estimation technique:

&' = & + bt (3-23%)

and

p* = § +pht - . (3-24)

Eguatien (3-12] s used to find an expression for p which ir then insertad
into (3-13) to yield:

F(f';e', &, &', 80} =0 {3-25}

a single equation for p' which depends an the preasnt and pant measured
wvalues of target Bearing and Doppler frequency.

J=44
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The estimate P’ bhasin guneral, both a hisa error and RMS
error. The bias arises from the {act that [or JineaT trajeciories, &' and
§' are sxactly true only when that trajectory s radial with raspect ko the
shipboard receiver. Thus, in most cases, EVEN if the exact velues ',

o, &1 &1 nra known, the aolution p' will be in eTTOT by & Pyias” T hun s
1 1 )
Poias = P P "

Arn expression for RMS range estimation erTor in terms of the
RMS crrors in target bearing and Dopplef ghift measurements can be obtained
by noting the similarity of equations for the double -baseline, single measure-
ment technique and {325} Thus, analogous to (3=22), it follows directly
that

. 1 ar\* far\’
b(P" lps '1—_l£'{‘1 1 N
Bp'

[ ) fesomer |

The next section presents the re sults of evaluating the hias and
RM5 errors of Tange sstimate for the single-baseline, deuble-msssvrement
technifue.

(M& A ) *

3.3.2.2 {U) Results of Erroer Analysid. {0

The expected &TTOTE ATE presented jor two typical casus using the
single-baseline, deuble -measurement rangs estimator. From Figures 3-17
and 3-1B ii can be sesm that for two taTget trajectories (one for anch chpe),
the range estimation eTrors Ard 1eas than 15 percent. The detection syatem
pATAMELETA ATE the same in all cases. As {n the previcus section the
trajeciories are ahown by daphed lines and tho errors by solid line pegTents;
the length of a segment aquals twics the RMS rangs error, while the dipplace-
saent of the segmant center from the trajectory yeprasentd the range esi-
mation bad.

several ohaervations can e mads froms the figures, FiTst, of

all the trajectories shown, oRly one shows any tins: this {s the trajectory
on Figure 3-17 that is Rot aimed at the ship. This result was predicted in

3-45%
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3.%.2.2 (U} =+ Continueid, .
the Inst section, because bias errors are caused by the variation of A and

b between reasurements, These varlations eccur only for off-ship tra-
jectories. As shown in Figure 3«17, the blas is atout the same magnitwde

as the AMS errer. The bias could be reduced by decreasing the time inter-
val between observalions, but at the expense of greater RMS errors. Ancther
observation from the figures is that the estimator'a performence depends on
the location of the target with respect to the transmitter and shipboard
receiver. For example, Figure 3-18 shows & trajectory in which the ship

is Letween the target and tranymitter and the targe? is headed directly st

the ship. For this trajectory the range arrors are greater than 80 percent.
In contrast the two trajectories of Figurer 3-17 and 316, in which the

target io on n [y by trajectory or headed toward the akip in a diflerent
geortetry resulted in errors of less than 15 parcent,

3.1.1} {) Eyror Analyeis of the Doppler Location Finder. (1)

The range and location estimates given by the Deppler Location
Finder {DLF) depend on the messured values of Doppler {requency. An
expression is derived below relsting massurement uncertaintias to esti-
paation errers. Results are preiented that demonstrate for a wide clans of
syitem geornetries range erxors of less than 15 percent and bearing errors
of 1ess than 6* can ba achieved. In addition, for one particulae System
geometry the range errors sre shown to be less than 5 percent,

3.3.3.1 (U} Derivation of Error Expressions. (U)

As deseribed in Section 3.2.4 target location and tlme derivative
variables, p, &, p. and @, are the sclutien of:

ﬁ-Ii = hip, o, i-'l, EH bii 'il J‘lij {=1,2,3,4,

Pecavse 4f will always be m;lﬁ:& with some errer, it is denoted as
sf ; the uttmltn of p, &, b, and & mre nimilarly denoted by Fa @, b,
lﬂh b 9o that

81 = Wp, &b EiD, A, "‘11" $x1,2,13,4.

As done in the previous sections define

1.47
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Letting the vectors m™ and v be defined as ‘
A
&, ap ;
m = (hf. v E a.g)
ot L1y - - &
Al : b
and the matrix A defined as
B, ). G o
3p [y &/, ﬁ 3 Akl L
85/, adk l, pl,  \ad&), {
. AE
ah h ah

Gl
bp/.
then m = Av: assuming A is invertible, ¥ = A'm .

- Evaluating just the lirst two components of v and sxpres sing
thern in RMS {orm yields

| N | 128)gs s -(;« (m"l,,,,). ' (“5‘1‘)'m )"' ' L'

1=}
e
) (““i').m.ts) * I

ol

i By, ™ (il ({A"}Li)'

o

|
¥
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LMS is the same Ior all |,

”:

4 ¥
- - 1
B = (p1oB), o v i:Il[m :m) ]

4 ‘s
- ¥
'”‘nms ® (MMJ)ME . 15.1 [(“"‘"’z.i) ] .

Thease last two equations relate the RMS errors in Doppler fre-
Quency measurement to the RMS erroxs in target range and bearing esti-
mation. The other type of eotimnation error is & poseible bias. For the
Doppler Location Finder thert are no biases since the equations are exact
and uer measurements {rom only one time point. Thus, the RMS error
deacyiben the total range and estimation errers of the DLF techniques.

3.3.3.2 {U)  Results of Error Analysit. (U)

The sxpressions for range and bearing uncertainties derived in
Section 3.3.3.] for the Doppler Logation Finder were evaluated for & number
of eonfigurations, It is shown that with reascnable Doppler measurement
errore (l.e., U.1 Hz) the range error is leas than 15 percent and the bearing
srror iy less than 6* in mnany eases. The error results are presented in
Figures 3-19 to 3-28. As with the error analyses for the other techniques,
the target trajectories sre Tepresented by dashed lines, the transmitiers
and shipboard receivers are represented by Jabeled dots, and the sssumed
System parameters [or each case are included, The Doppler measurement
EMS error for all cases is assumed to be 0.1 He: no value §3 piven for
time betwaen messurernenta bacause the DLF {s an ‘Snatactansous' ' coti-
rmator. For this lecation estimation technique the errors in both range and
arimuth are presented. The RMS range errors are representsd by line
segments scaled to twice tha RMS range error along a radial line from the
target to the yeceiver, The RMS bearing erross are simllarly sealed with
a line segment perpendicular to the radial line, Note that no biases axe
shouwn. The onst major observation that can be made i» the good performance
of the DLF for a variety of receiver-tranamitier configurations and against »
swmber of target trajectories. In rnoat cases the range errors were less
thar 15 percent and the bearing errors less than 6. Of particular interest
is the systern geometry shown {n Figure 3.28 for which the FANgE Errors

3-4%
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are less than 5 perecnl.  This configuration can represent the wir »l trans.
mitters on picket ships to prutect a fleet airerall carricr.

3. 3.1 () Other Posaible Sources of Error. (U}

The previous sections have discussed the RMS crrore cavsed by
measurement uncertainties and the bias errers due to equation B ppruKi-
matiens {or the various citimation technigues, Jla thit suction aeveral uvther
possible sources of error arc discusecd; it ia shown that errors frum Lthese
aources are not significant compared to thuse dencribed previously.,

One of thene aources of error is due to the period aver which the
bearings in the double and singie baseline techniques are measured In prac-
tice., These are tahen over a time duration af about ten seconde. The
average value calculated i» sssigned as the bearing at the middle of the inter-
val: in reality, due to non-linearities, the actua) bearing at that middle
time-polnt may be different. Yet, in all cases considered in this study,
this bearing crror wad less than 0.1°, significantly smaller Lthan the one
degree uncertainty that was assumed for bearing medsurements.

A smcond source of error comes jrom the use of a two.dimensional
model for systern geometries, In practice, targets may fly at higher altitudes
above the ocean suriace although the principal threats are sxpected to ermploy
low altitudes tp avoid line -of-slght radar detsstion. For thepe situstions the
actual Dopplers and bearing angles will not be the same a0 those used in a
planar model, In mest cases, however, the differences are maskad by the
measurement uncertainty. Feor example, & target 10 km high and 00 km
from the ship is at a " elevation angle. According te the Doppler aguation,
the actual Doppler would be cos 6° times the Dopplerif the target were indeed
flying in the plane of the tranamitter and receiver. Bacause con b* is greater
thar D.99, the Doppler wonld be in error by less than ) percent, which is
about the ageuracy ef Doppler messurement. In » similar manner the slant
range would differ from the planar range by less than 1 pereant,

th Ancther scurce of arror 1e the detarmination of distance betwren
the i transmitter and the ship (D} The accuracy of this measurement )
depends on the accursey of the shipborne navigation system. Because the
typical accuracies for the LORAN € and D systems are less than } kin and
this represents less than 1 percent at a target range of 100 km (comnpared

to approximately 15 percent range accuracy lor the location entimation tech-
miques), the associatad errors can be neglected.
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The messurement of tranimittar {regquencics {t,} ean S2EC pive
yise ta exrrors in the estimation techniques. However, wélh an RMS mess-
urement accuracy of 0.1 Hz, the errors are lems than one parl in 10" in the
HF band and is dominated by the limitations in romputatipmal ALeuracy.

Thus, the errors thet arise from {hepe other soUTEes Can be
negiected compared t0 those azarnined in the previcus scctions,

335 (Ui Cenclusions of Error Analysis, fu

The principal conclusion to be drawn fram the arror analysis is
that all three technlgues analyzed, the double~baseline, singls-messursament
technigue, the single-baseline, double -meanurement estimator, and the
Doppler Location Finder, performs te within 15 percent rarnge srror for
clanses of target trajectoriss. The DLF, in particulay, perferms well
over » wide range of trajectoriss and atihing § percant accuracy for one af
the geometries examined. In addition, it estirmatas baaring to Ah ACCuracy
of b*,

For all the sstimation methods, however, expected arrors strongly
depend on beth system geometry and syatem parameters, DRecauvse the
three techniques perform reascnably well under different specific conditiens,
it apprars that a hybrid location te chnigue that employs the basie methods
ecntained ip the three techniques {pvestigated cap be developed that will
psricTrn satisfactorlly (better than 15 percent accuracy) over a wider Tange
of {lret operating geomnetries. This hybrid technigue may Tely on the DLF
methed a8 & basis, but inciuds messurements of target bearing. Alternately,
the bybrid technigue may employ all three metheds for sptimating target
range, but incorporate tamks to diseard estimates having large RMS valuer.
Those estimates within an accepiable accuTacy may then be weighted to
provide the "hybrid" sstimate of target range. Based on the potential of

‘deriving & practical target location estimator for a wide rangs of transmitter,

fleet, and tazget geometries it i o commended that & hybrid target location
technigue be investigated.
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EMPERIMENTAL TESTING QF FAD
POLYSTATIC TRCHNIQUES

- |

' Ld) In the previous sections the investigation of & pelystatic raday tech-
nique that can bhe employed far FAD was presented. This investigation included
an examaination of detection regiona, target location methods and a detailed
srror analysis. Because the results have been derlved analytically there is &
pued to verify them expetimentally and to demonstrate that & FAD sarly warning
system using tranemitiers ol sppertunity i3 feasible, Experiments) tests are
therefore recomnmended for the FAD polyatatic technigues.

Q"}j This asction describes the experimental design considerations and a
ayrtemn designed particularly for these tests. The specific objectives of the
sxperiments are first discussed. Then the factors that impact on the test design
and the system design are described., Basedon s tradeoff analywnin of these
factors a specific set of sxperiments and hardwaze are recommended.

4.1 (U} @ oBIECTIVES. ()

The objectives of the FAD pelystatic technigues experiments are to!

A dernonstrate the detaction range of the polystatic technique,
and
b, verify the predicted accuracien of the target location esti-

mation methods,

i The fizst objective in to show that the target detection ranges derived
analytically using surface wave attenuetion values and nominal radar cross
sections agres with expsrimental values, This objsctive has been met partially
when experiments were conducted for the sarly warning porticn of the Aquarius
study. {In these sxperiments a P3B aircrait was detected with & bistatic radar
systern uslng propagation modes comparable to those expected for FAD.1 Alse,
targst detection 1n necessaty before the othar experimental cbjectives can be
met. Therefore, tests to satiafy this objective can be included with thoae to
meel the other objectives.

The sscond objective is to verify that the target location accuracies
of the sstimation tachniques agree with the analytic results, The majarity of
the experiments will be devoted to satisfring this objective because it Includes
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the must tenuous arca and cuontaine aumervus randon variables (€. ., trans-
mittcr=-targel-reoeeiver goomeiry, mesturement accuracies, stc.1

4.2 {1V EXPERIMENTAL CONSIDERATIONS. (U}

In the design of experiments care must be taken to inclode all thuse
. system parameters that are crucial to the satisfaction of the tert objeciives,
- : In, addition, the experimants should be structured for periormance at » nominal
cost utilizing existing equipmant and systerns where paspibie, In the experi-
! mental design there are a number of factors that need to be conpidered. A list
rmo 0 of the primary ones are included in Table 4-1, The majority of the factors
{e.., tranamitters, targets, recelvers)deal with the squipmentfayitems
- needed {or the eaperiment. The use of sxisting equipment for the tesis Teduces
the cost of the experimant. Feor some test alements [e.g., simuluted targets,
shipborne antenna arrays] it is not economically feasible to bulld or buy the
system dolely for the expariment and hence the tims and location of the sxpari-
yment ip rectricted to the availability of theee syatems.

4.2.1 (UJ ' Transmitier Sources. {T;Jll
A — A —— A E—
To eonduct the tasts, sources of oppertunity {i.e,, broadcast trans-
ynitterns) ar cooperative tranamitters {e.§., Carter Cay transmitters) can be
employed, A partial list of candidate iranamitters for the experiment are
Included in Tabls #-2, A substantial number of HF sourcss are available with
established tranemitter powers and operational schedules. Lista of these
spusrces can be found in the World Radio and TV Handbook.

Experimsantal HF transmitters and other radars may be smplioyed
to track the target during the tests and jor calibration purposes, and fone-
spharic seundings and propagatish messursmants are deajirable during the test
to verify the use of 1F propagation meodes.

A " — S ————

-l.a.:(l.})—- Targste. (U)

For Flest Alr Defenes the primary targets are enemy aircraft and
misulles. The P38 aircralft has & Tadar crosd section which is typical for
anemy aircraft, Alr-to-suriace and surface-to-surface misslles gensrally
havs 2 smaller cross asction and should be tesied separately. Table 4.3 sum-
marizes the estimates of operating characteristics for soms of the Soviet

alreraft and missiles that are thrents to the V.5, Fleet,
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TABLE 4-). (U} EXPERIMENTAL FACTORS. {U)
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1.

3

L

Tranamitier Sources

A. Location

b. Dperating Frequency

£ Schedule of Operation

da Ef{cctive Radiated Fower

Simulatcd Targets

s Typa and Size
b. Availability

E. Numbey

Receiving Sywtem

By Platform: Shipborne/Landbased

k. Antenna AIrays

Ea Raceivers

d. Processing and Data Storage Egquipment
L Test Eguipment

Teut Location/Cendltions

a. Bources #vnlhhilitf

b.  Target(s) Avallabllity

c.  Recelver Ability

4. Sirnllarity te Operationcl Environment

.. False Alarm /Nolse Levals
L e —————— : —ﬂ
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TABLE 4-2.

CANDIDATE SOURCES FOR FAD POLYSTATIC

EMDPERIMENT. (1)

1, Atlantic Ceant

k.

b,

_Brn-:!u it Transmitters

CEC » » Sackville, Mew Brunswick
WNYW - New York, New York
YOA = Greenville, Korth Carolina

Experimental HFY Tranamitiers
MADPRE Radar = Virginia

Carter Cay - Bahamas

Pacific Cnast

Byoadeast Teansmitters

VOA = Dixon, California
VOA = Delano, California
KGEI] ~ Belmont, Califiernia

Experirments] HF Tranemittars
Stanford University - Palo Alte, Calilornia

4-1 T
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4.2.2 - -- Continued,

In the experinents the gircraft and missiles neced 1o be evalupiedd
for a variety of operationa] profiles, including & rumber of scaltering peom-
eiries and tarpet altliudes, Soviet pir«to-surface misstles, (oF exampic, alv
known o by capable of being launched at a range of altitudes bul Tollow o Tuw

altitude profile for pinivwam detection. The typical aircralt approsch is Le fly

cleae to the occan surface to aveid line-of-sight Tadar detectivn. The targcis
uscd in the experirment shoeuld consist of two sizes (aircralt and mizsils) and
' be aparated at velocitien cemparable to those of the expested threnls, Turne

and vther aircralt maneuvers should be tested., Should the 1esta be consiraincd

to n threat tavpet, then the uac of a P2 aireraflt flying at 300 feet above the
occan sutrface for & varioty of tranamitters-targei-receiver geometries is
recommonded. Should a number of test afreraft and mitelles be available,

single and multiple ajireraft/missile signatures should be obtained Jur mulliple

sjgnature and localion svaluation.

Bepides the intended targeta, there may be commercial and military
alrcraft that are operating in the vicinity of the transmitters ang receiver sites
during teats. These aireralft wiil provide false alarme during the exparimenis.,

Schedules of nuch Oights need to be obtained whers poprible for tha svaluation
of the exprrimentally collected data.

4,2.2 41} Receiving Site. (U)

In the FAD polystatic radar system Eunupt the receiving system is
locatcd on ene or more of the ships of the {leet being protected. However,
for experimental testing the receiving systam can be located on & ship or at a
landbased site. The use of & shipborne platiorm neceesitates 2 ship having
an sccutate HF direction finding antenna system. It alse would entail the
aspignment of a ship for the calibraticn and callection of experimental data
and possibly the processing of ahip navigationi] 2ate to evaluste location esti-
Thation accuracies, lo contrast, the uss of a landbaaed receiving site wimpli-
fies the conduct of tha experiments because the normal operational problemns
Are circumvented and attention can be focused on the key [acets ¢f the FAD
palystatic expariment, The destroyer DD714 (USS Gilbert Rosn) contains an
HF DF array and appeare suitable ns shipbarne receiving platiorm. The
potentisl Jandbased aites include the following:

B Yint Hill Farm Station
b. Mudre Eant Coast
Ce White House
. Eastern Teat Hange
4 b
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L Stanford Anienna ATray l
West Coaut
i Los Bapas Antenna AFray |

Of the two types of sites the landbaped nite s recommended becavwe uf
operational aimpiicity in conducting the tests, For this altzrnative 1there
s greater accc#e (o test squipment and the acheduling of dats collection in
not as severe as for nhipborne operation. In addition, the collectiun and
processing of ehip navigational data is net required for experiments using a
Jandbased wite.

4.2. 4 {m Tent Location/Conditions /Evaluation. (Ul

The speeific test docation, conditions and svalustion depond un 2
combination of the lactors described above, The nvallability of sources,
targets, and recaiving sites dictate the .easibllity and cost of conducting
tests Bn the Atlantic and Pacific coants. When all three factors are consid-
ered, the principle test locations for consideration are the Pacific coast,
Northern Atlantic area, and Scuthern Atlantic region. Of thesw Tegiaons the one
that appears rnost sultable is the southern Atlantic Tegion.

4.2.4.) -LUJTut Locationh. (1)

4he southern Atlantic region is recommended for the FAD poly-~
static testr for & number of reasans. First there are s number of brosadcasl
stations available. Second, forward-scatter gesmetry that is most represen-
tative for FAD can be achieved by uning transmitiers {rom Costa Rica, San
Joss, Cuba, Faraguay snd a receiving site at Vint Hill Farms Station, the
Madre radar slte, the White House site andfor the Eastern Test RAnge nite.
Ahis sllows a landbased sile to be employsd inatead of » ship for the receiving
systemn. Tha test region containe a sufficient amount of non-hostlle aircrafe
so that false alarm signsturss can be sxaminad in conjunction with target |
signatures, In addition, most of the necessary receiving equipment is avail-
abie and demonstraticns ear readily be made to Goveroment personnel frem
the Washington, D.C. ares., Theae Teanons, plus others auch as the avail-
abllity of HF calibration aquipmsnt (. g., fanaspherie sounders), make the
southern Atlantiz region preferable to the others.

d,2.4.2 -(UJ Test Conditions. (U)

Once the tevt location is pelested the tant conditions that need to be
dellneated fnclude primarily the tranamitter frequencies to be used, tarpet
test trajectories, the equipment to be utilized, and the data to be collected.

e —




An mentivoued previvusly, the tarpels munt include both aircraft and miseiive,
The aircrait-pnould v fiewn g1 various FARGEN, azimuths, and altliudes fren.
the receiving sitv. Various mircraft mancuverfi guch &9 turns and dives
should Le included. A head -on approich to the recriver gite as wull as 2 Ny -
by-trajcctory ahould be conducicd, The time and locatiun fur each asircrafl
maneuver should be nuled for correlation and with the collestzd wsperimeniul
data. Minsiles cumparsble to the Epvicl AS-2 shrouph A5 .5 serives should

be fired, il ponsible, 10 obtain missile signatured pt varivus Tuhgcs, alritudis
and oprrating cunditiona. At Jeast threc signatures of misslle trajoctorics
should be obtained at difierent {requencics [or the extrapolation vl experi-
mental dake [rom aireraft targets and (o demnonitrare the system’s abillty tu
differengiato bhetween alreraft and misuile siphainres, Table 4-4 surmtmariles
the recomriended transmitter Aouree and [aTget tost parameters.

fhe recaiving squipment sysiem resuired to perfoTm the experi-
ment inelude an antennd sysiemn, reeeivers, 8 data processor, and assucinled
peripheral tquipment. I onc of the landbared sites (e. L., vint Hill Farma
Siation) $» employsad, then most of the antenhh sydtern eguipment necesshry
for the sxperiments exist, Only the sgammitment of the equipment for the
tests is Tegquired hy the YeBpONS lble agency to eonduct the experiments.

The experimental data that needs Lo be coligcted include signal and
noise measurements, Doppler sigratures, and the DF information sssocinted
with the aignatures for aircraft ane . wariles under various conditions, This
dats can be processed to:

A. demonittate the detection Tenge of thz pelystatic technique,
and

b. yerily the accuracies of the target location estirmation
method. i

4.9 P “$ysTem DESICN. (V)

In order to demonstrate the FAD targel detectlen vange capability
and the.accuracy of the jocation technigues depcribed in previous pections of
this vepart, & system &b shown in the functienal block diagram in Figure 4]
may be veed. By using both cpoperative and noncooperative HF CW Erans-<
mitters, this receiving systern will be able t0 determine target Doppler
and azimuth for tesl targete at beyond line-of-sight distances. This iystem

would be capable of being opé rated in any of the thres {ollawing modes:

o
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TABLE 4-4. é TEST PARAMETERS FOR EXPERIMENT. (U)

T ranasmitiers: Cooperative HF, and Noncooperaiive
HF Broadcast

Targe! Types: . Aircraft, Missiles

Transmitter- Targst Ranges: 58, 100, 300 M. M.

Target- Receiver Rangaa: 50, 100, 200 M. M.

Ajreraft Altituden; 200, 500, 1000 feesi above ocean level
Approaches: Head-on, Fly by

Maneuvers: Turn, Climb, Dive

Tarpet Veloclties: 250-400 ft/sec. (Alrcraft)

200-7. 000 fi/sac. {(Missile)"

* At Jeast thret miseile signatures at 100 NM range, Z0D v altitude
with 8 haad-on approach.
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4.3 == Cuntinued.

the dnuhlc. bascling, smingle mcasursment mndr;’ I

b. the single baseline, double Measurement mute! a1

. the four Doppler location mode. I

Target tracking wring the double-baseline technigue would be accomplished

by measuring the Doppler shift on two paths and the apparent angle-of-arrival
to the target for wach transmitier {reqQuency. EBoth rewl«time Doppler and
real-time azimuth would be dinplaysd on & fax diaplay., Simllarly, ths single
baseline, two-messurement technigque may ales be vsad for target location by
making two succeanmive Doppler and two succesnlve azimuth measurements
aeparnted by at Jaaat 10 and ne more than 10C aeconds, Finally, the four .
Doppler target location tachnique may also be tested with this aystern by using
each of the flour receivers to measure and display Doppler only.

The denlgn goals of this system ars to--

' measure azitrmuth to 1* and Doppler to 0.} Hertr;
b. be eany to aperate by an untrained operator;
Ca bs wltimately suitable for shipboard shock and vibration

snvironment; and
d, be princlpally compeored of off-the-shelfl hardware.

The one degpree apimuth and 0,1 Hertzx Doppler messuremant BCCOTACY ATE
based upon the location technique and arror analysis resulta. The required

pperator akill to use this system for target tracking is quite slmple. The
operator simply tunes each pair of receivers to the appropriate transmitter
[requency of interest.,. During an svent he obeserver and records the displayed
Doppler and displayed agimuth signature for the target. Finally, the opsrator
sealer the Doppler and azimuth dats, and {nputs thia information back into the
cormnputsr to solve for zange. The banic hardware ilema for this aystem are
off -the-shelf and generally rogged snough for a shipboard snvironment. All
of the electronica ia solid atate, except for the RIS0 receiver, which is used
for shipboard HF cormmunications,

.4 (U) DESICN CONCEPT. (U)

The following subaections discuss in detall the block diagram, tech-
nigues for Doppler and azirmuth measurement, the required datn displays and

general oprrational procedures. . [f‘-"}i f 8(?;“
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d.4.1 v EIutm Den :riEtiun. (U} r

Ar 2hown in Flgure 4:) the anicnna atrrsy cansists of & Jinear
dispased sntenea with onc-hal! of the array connected to one of the two deta
channels, ISO-T's are used (v divide the signal power between the Lo
channels. In cach daia channel the signals are combined in & hybrid which
produces sum (T and difference (&) output signals. The particular trans-
mitter to be spectrum analyred i tuned up vaing standard F390A Yeceivers,
The paired recelvers are gain matched to provide necedinry meoncpule DF
technique aceuracy, The IF.output of oach receiver is envelope detected
using high dynamic range AM detector, is low-pass filtered to approximalely
a 20 Hertz bandwidth to prevent aliasing during the sampling process in the
A/ D converter, Following aampling snd A/D conversion the data is input
in a recirculating bufier In the Varian €20/f computer. A tetal of four input
bulfers are us+¢d to ntore cach 10-second duration signal te provide the 0.1
Hertz rvesclution reguired, One channel 2t a time is spectrum anslyzed
vwalng the FFT algorithm and the voliage spectral density is calculated, The
sumn data signal is lJogrithmically compressed and maiched to the dynamic
range of tha diaplay and finally ouiput to the display. The display matching
process is vsed to automnatically sdjust the averape level of a spectral data
toc the most sensitive Tange of the grey vonle on the fax display. Each
Doppler channel appears in the conventional time-{requency-intensity format
an the display. '

4.4.2 () Azirmuth Angle-af-Arrival Calculations, (U}

The magnitude of the spectrum from the delta channel i3 combined
with the previous spectrum Iroin the sum channel to compute the angle-of-
arrival of each time freguency cell for that spectruri. The angle-of -arrival
from borssight for each time frequency csll may be expressed as:

L tan ! uifrﬂ
Ndeos E -

o, = sin 3

where
% is the operating wavelength,

d is the phyalcal stparation between phase centers of the
LDAA artenna,

E is the slevation angle~of-nrrival,
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h. 4,2 (L) -= Continued. .
'."i is the i‘"hl frequcncy in the delta spectral array,
1‘1 is the tlh member of the sum spectral arriy. and
a, ja the azimuth angle-si-arrival of the ith Irequency 1ime
compontht.

Thus, wr compuie for each spectrum and each frequency, the anple-of -arrival
of that bit of data. The o data is then formes into an alpha array, is
amplitude compressed, display matched and displayed on the fax in a time-
angle-intensity format,

The function ail 'fi] is also stored in a mass-storage dick for
later operator recall, ‘This data i3 stored also in a recirculating buaffer
format so that the most recent 10 aninutes of data is mvallablie to the cper-
ator. Thiz same tirne -angle-amplitude data is commuted {for both channels
and is displayed on & fax papt? A6 well us being stored on the divk,

4,4.3 10]) Data Extractian. (1)

When & target detection s made as noted by observing the Doppler
on the Doppler channel displays, the operator then menually measures the
tarpet Doppler frequency and target angle-of-arrival. I the double basecline,
single -measurement technigue is under tent, measursmments are made for
both data channels. U the single baseline, double-measurement technique
is under test, the operator Lirst enterd the time, frequency and target ati-
muth data at time T, then on the oTder 10 to 60 seconds later the eparator
aguin measures the timve, Doppler and target azimuth dats on that same
channel. Or, 4 the four Doppler target location teehnigue i being employed,
pne irequency measurement is ade Jor each of the four Depplers. The
appropriate dats is then entered by the opsrator into the computer system
via the teletype. For each set of dats entered by the operator, the compuater
will solve the targst Tange-arimuth algorithrn and print oui the rapults for
the operator to review. '

Although the dparator has displayed for hia viewing the cornputed
target atitauth on the fux disglay, the operator scaling of the sngle date will
prebably not be used in the actual rangs calculation, The appropriate angle
information for sach tima-frequency cell entered by the operator will be
retrievad from the disk storage device. This i3 because grester angular
pracisicn is stored en the disk and can be displayed on the fax display.

4-13
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An artist's caoncept of what this system might Joek jike §a shown
fn Figure 4-2. The rack at the 1eft shows the lour RIS0A receivers., The
next tach containg the computer core memory, poweT supply, disk, AfL
canverter and other associated electyunics, The operator ie shuwn seated
in front of the slectrographic display with ths teletype shown to the right.

45 (U) DETAILED DESICN SPECIFICATIONS, (U}

4.5,1 U} Spectrum Arnalveis EEl:iﬁl:Itlﬂnl. {1

The specifications for the spectrum snalysis portien of the system
are given in Table 4-5,

el — Sy —————

Table 4-5 (U}, Spectrum Analysis Specifications. (V)

INPUT
Sample rate (per channel) 51.2 samiples per second
Numbetr of channels | 4
¥ast Fourist Transfozm size 512 points
Numbes of seconds of data
per transfiorm : 10
QUTFUT
Fregquency rssclution 0.1 Hs
Bandwidth {{folded) 0-25.6 Hz
Displayed bandwidth 06-20 Hz
Approximate time required tor TFT
apnd angls calculations (per
channel) 00 masc
DUTY TACTOR 500 percent
_.-_-_-_—-_-__—"'_ -~ . S ————

The requirement for a displaysd Landwidlh of 0-20 He is set by the back-
pcatter radatr. Thus, the Doppler frequency Jhilt aguals -~
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where © = 3 a 30% meters per second, I we assume v = 600 MPH, the | :
maximum airspeed {or the P3 sircrait recommendsd for the gy periment
and f = 10 mHz which will be a typical tranemitter frequincy used in ihe I
experiment, we get a frequency ahift of 18 Hz. The backscalle? £adr pru-

duces the largest frequency shilt and shifts of 10 H2 or less are expected in

rmost cases. Thus & displayed bandwidth of 8-20 He ahuould sdequately dis- 1
play all dato collected in the experiment, The rec eiver ouiput will be dicede :
detected and the sidebands will be folded aYout 2eyo Hertz in the 0-20 1z

displayed bandwidth, thus sideband senes will not be avallable from tLhe '
display. However since the system will be used a9 part of sn experiment,

the sideband senee of the target Doppler will be known & priori to the oper-

ator. The chiel advantage to the folded spectrum Le that the time regquired

for the Fast Fourier Transform and the disk and core storege are all

halved by using the [blded specirum.

The requivement fer 0.1 Hz renclution is set by the nature of the
range astimation techniques.

Using the requirements {or resolution and bandwidth, the AJD
sample Tate is 51,2 samnples per second. The time samples are stored Jor
10.tacomds and » Fast Fourier Transform {(EFT} is performed on the 512
samples. The ouipul of this tranalorm is 256 [requency domain points which
repressnt & bandwidth of 0.25.6 Hz with & resolution of 0,1 Hz. Since the
low-pass filter veed alter the detector in the receiver is not an ideal lows
pans filter, there will be some attepuatisn oa the akirt of the filter and
several frequency poiats will be affected. The displayed bandwidth has
been set at 0-20 He for this Feakan.

The time reguired to periorm the £12 point FFT and assaciated

-data manipulations iz satimated to be 350 milllseconds. The time required

for the azirnuth angle calculations and assceistad data manipulations is

- aatimated to ba 30D sillipeconds. The FFT estimate wal phbtained [rom a

relative computationsl power and apesd comparison between the EEL 810B
computer and the eomputer propentd oy this system, the Varian 620/1.
Programs written for ihe 8108 reguire 250 milliseconds to do the tranaferm
and the slightly slower &620/1 abhould reguirse 350 miliiseconds or less, The
astimate for the azimuth calculations was determined by coding a sample
loop which compuies the azimmuth, and calculating the time 1o perfoTm this
opsration on the 200 frequency dommain peints from each of the bwo channels
used. A factor is then added to cover ths overhead invelved in the data
rmanipulations.

A Wy
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4,5.1 (U] == Countinued.

Thia total uf 700 milliseconds for the two FFTs and the 30¥ milli-
scconds [er the azimuth anple caleulations {or each uf the twu receiver pair
gives an averape of 500 milliscconds per data channel, Thau, the sysiem
is able to process each samiple of data with a duty factor of 500 percent.
Druty factor Is defined an the time duration of the tranaformed data divided

the time required to proceas that daia for all the channels. Thus for
4 channels of data at 500 milliscconds per charncl the duty [actor in:

10.0 10.D
(0.50) ¢4) - z. 0 * 204 percent,

Slmply stated, sach time sample of data is procesaed 5 times. StoTing the
tirmne samplens in a recirculating bufier permlits the processing of the musl
recent 10 ssconds o. ds*a. The higher the duty factor, the more smeuthing
and averaging of the w.ta resulte, and the longer the Doppler-related data
is displayed.

The two-tone dynamic rangs of the system will be 90 db which
{n the limnit available with & 14 -bit computer. This 90 &b two-tond SynAMicC
range is also approximately the dynamic range of the RY90A receiver tha!
{s to be ueed in the experiment. In addition, atmespheric conditions are
gererally such that pignals which necessitate a two-tone dynamic range of
greater than 90 db are wery rare. :

4,5.2 {4} Asirmuthal Specifications, (L)

The arimuth angle calcuwlations will be done using the algorithm
caplained io Section 4.4, The arirmuth calculated will have a range of -307
LD +30° and will bave & calculation resolution of 0.25°, The caleulnted
arimuth can therefere be expressed as an 8.bit number which can represent
wp to 256 values, although enly 240 values are required.

4,5.3% (o) Storage and Display Specifications, (U}

The eomputer eore storage reguirements for the programming
and bullers required for the scitware implementation of the system arTe
shown iy Table #-6. Ths total of 7, 150 words will fit into the B K of core
which §a available on the Varian 620/f, 1f cther featurns arc added lo the
system or if the estimates given in Table 4-6 prove to be low, additional
4 K increments of memory are availabla,

4+17
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TABLE 4-6. (U} COMPUTER CORE REQUIREMENTS. (1)

e,

Prnﬁr amas

Signal Procensing Programs
Dipe b - uling

Teletype Handling

Range Algorithm

Buffieras

Input Buffer
Time-Weight Table
Sin/Cos Takle
Wark Area

Display Buffer

Total

—

Worids
P——

1500
400
400

2000

3900

2046
256
12B
512
218
3219 = 3250

7150
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4.5, % iVv) == (ontinueil.

The asimuth caleulations will resull in an 8-bit number (47 byl 1,
Each uf two receiver pairs will cumpte 20D szirmuthal puints cvery 2.1
seconds. Torsr azimuibad puints will be slored 2 bytes to 2 16-bit wurd un
the disk. The disk te be used in the system has a wiorage capacily of 64,000
words: approximately 4, 000 words will be used for program Murage. At
*00 words every £ secondy, 600 seconds of data will be stored on the dikk,
The disk wil] always contain the swost recent 10 minutes of data.

The spectral and azimuthal data will be displayed on an pleetros
graphic {acsimile display. The display, shown in Flgure 4-3, contains dats
from each of the two Teceiver pairs; these paireare seferred to as Channed
A and Channe!l B in the figure. Each channsl contains & speciral dizplay uf
{requency, amplitude and time and an arimuthal display of angle, amplitvde
and tima. The specification {or the display ore aleg given in the ligure. At
a sweep rate «f one line per second and a resclulion of 99 linas per inch, the
moet recent 30 minuten of data will be displayed on the fax at one time. 1n
addition to the spectral and azimuthal displsy on the fax, the time code will
be put on the fax, On the edges of the fax the time of day tnd the Jullan day
of the year wlil be encoded; this code will be put on once an hous. Inthe
srea betseen the spactrum and azimuth displays, markes will appesr at every
one and ten minute transition of the time code generator.

4.6 () COMPUTER HARDWARE DESCRIPTION. {1}

4.6.1 {L] Cornputer. (W}

Ths cornputer selected to periorm the nignal processing and
related functiony 18 the Varian 6201, The Varian 620/f computer is & high~
speed, general purposs, digital computer for scientific and industrial appli-
cations. lta ftatursa include--

L

Fast cparation; 750-pancsecond memory cycle
Large instruction
repertoira 148 instructions
Word length: 16 ﬁt:
Modular core memery: El;lllﬂﬂl'b]! to 3Z, 768 words in 4,096 increments
Automnatic dala transier; Direct memory accens facility provides auto-

matic data tranefers with rates to 276,800 werds
par sacond
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Figura 4-3 (Uk Fathometzr Display. (U]
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4.6.) U}

[

Mulripic addressing!

Flesible LSO

Extensive aoftware:

- Contiryed.

THepct, indirect, relative, Index (pre and sty
immediate, and extended

Ten devices may be placed on the 1/0 bur. The
1/O syatern can oaslly be sxpanded to inglude
features such as automatic bleck transfer,
priosity interrupt, and cycle=stealing data
tronsfers

Complets package includes & wymbolic assem -
bler, subroutine library, A JD diagnosi cs, and
an ASA FORTRAN compiler

The mechanical specifications for the 620/ are--

DPimeansions:

Input valtages

Input current:

TempeTaNTEL
Operating
Storags

Hurrdi‘ity:
Operaking
Storagy

Yibration:

SLoek:

The malnframe and expaneion frames are
10-1/2 inches high, 19 inches wide, and 2]
fnches deep.

104 to 142V ac or 210 to 250V ac, 60 Hr

The main{rame power supply requircs APPrDNi-
mately 15 amperes ac; ¢ach expansicn {rame
power supply requires approxirmately 4 amperes
ac.

-

O to 50 degress U
20 to 70 degrees €

To 90 percent without condensation
To 95 percent without condenaation

A to 1D He at 1g force oz 0. 25 double ampli-
tude, whichever is less. Exponentlally-ralsed
fraquency from 3 to 10 Hr and back to 3 He
over & 10 minute period, thrus complets eyeles.
This specifications spplies for a1l three prin-
cipal axes.

4g for 11 milliseconds {al} three principnl
AXES)
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d, b, ) == Cuntinuce.

The Eh!l‘.'.l f{ was chonen on the baris of fuur factore.-

Ay Apead,

b. capability,

€y mechanical specifications, and
d, cont.

The 7% nanosecond cycle time of the 620/f makes it one of the
fastest L&-bil computers commercislly available. This apeed is combined
with a powerful inatruction set which permits fsst execution of the FFT and
azimuth angle calculation algerithms and thus gives a duty {factor of over
£00 percent in the processing. The temperature, vibration and shock
specifications exceed most computsrs in the 620/{'s price/pericrmance
field, The basic cort of the 620/f i3 below or comparable to modt of the
1&.bit cormputers in its perfcrmance fisld.

4,.6,2 13} Anslof-to-Digita) Converier, ()

The analog to dipitel eonverter (A/D] selected for the nystem is
the Raytheon Mindverter, The model of the Miriverter selected is a 12-bit
AJD which has a throughput rate uf 45 KHz, an aperfure time ef 50 nono-
seconds and & resclution of 5 millivolts. The Miniverter is packaged in 2
very compact unii atid has proven to be very reliable &5 a system compan-
ent. :

4.6, (U}  MDak. {U)

The disk welected for the systemn s the Singer-Librascope,
Model L107. The Singer-Librascope disk e & small, inexpensive and vety
rugged disk system which meets all the system reguirsments.

The apecificaticne for the Modzl L107 are--
Maximurm capacity bitas 1,080,000,

Maximum capaeity worda: 67,000
Dats heads: 45
Timing hends: “1

422

' ~ UNCLASSIFIED

1 =




e o al

[

UNCLASSIFIED

| grpmn IR v

4.0, (U} == Cuntinucd. .
Maximum bits ftrach: - 24,000
Rotation specd, RPM: 3,600

Clochk (requency, MHz Max.t 1.4

The mechanical specifications preas

1 £

Dimenslons: & inches high x 9 inches diamater
E Weight: 12 pounds (approximately)

I:Iptrll.':ng environRment:
D Temperature 0*C to 55°C

Humddity . @ percent R.H. without cendencation
B Shock 10-Cs 11 «msec rise time (no shock ixalaturs
regquired)

E Vibration 2.(is aeceleration max,, 5 Hs te 530 He

. (no ahock ipclators required)

r Nonoperating environment:
~ Temperature -50°C to +75° C
Humdidity 95 pereent relative bumidity, no condensation.
Shock 15-Go 11=mene rise timne (with no shock
tsglators)
Vibration . Mil-5td-B10B, Maethod 514, Category (G)

squipment apecification used &1 & guideline.
This squipment category in for shipment by
- - comnmon carrier, land or air.

1 +*
[ F
. )
. L] L - .
. . . . \ "
| ] "\.l
’ ¥ ¥ Fasp—
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Power raquiremsals:
Dirk 113V ac, 50/60 Hz, siogle phass 1.5A

Elsctronics +5Y de at 1. 4A
-5V dc at 0. 25A
425V de at 0. 2A
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r. APPENINX A o

g |

PROPACATION PREGICTION PRUGAAM. U}

R —

UJ ' The propagation pradiclion prog-am used 1n estimale the
system periormance basically combines a modified version of the I'15A/
ESSA HF propagation prediction prugram for mode apd mode amplitude
prediction; the bislatic radar range equation to predict the recelved scatier
path power: mnd an 1TSA{ ESSA neise prediction program 1o setimale
almoppheric, man made, and galactie nolse a4 the receizer sile,

g.]) ' The prediction program package consisis of individual
compuler proprams that {a) eompute a tarpet trajeclory; (b} predict
propagation mede structure and mods amplitude; and {¢] predict 1the doppler
and micslle croas-section,

&U) - The trajectory simulation program estimates the misuile
or aireraft trajectory based upon fitting the fight profile 8o a funciional form
using & Jeast-aguares it technique, The required inputls te generate the |
mode! profile are diftolf and burnout 1imes, launch azimath, apogee, and
range. The program then computes altitude, range, latitude, longitude,
velority, the wpeed of sound, Mach pumber, Mach anple, lozal tarpet
bearings, local target elevation angles, and acceleration The compuied
parameiers setve Ak inpuls to the propagation prediction program to deier-
mine mode structures with a tlme varying terminal point on the trajectary.

U)' The JTSAJESEA propagation prediction program has bern
modified to aliow for non-congruent hop structures and Jor propagation to and
rafinction (romm a point above the earth. The program predicts the mode
structures that meet fonocspheric propagation conditions on each of the three
pathe: the direct {transmitter-recelver} path, the transmitter-target holf
path, and targei=recaivar balf path.  In addition, the propagstion losses and
antenna gaine for each mode are deteamined. For each mode predicted on the
tranamitter-misalle hall path, an “incident" {at the target) elevation anjle, -

.measured from the local horizen, is found. For sach mede predicied an the
targelreceiver ball path, the “scatter«d” elevation angle is also (ound. Thexe
parameters are thas ussd with a modeled profile to predict dopplaer frequencies,

@ r Propagation prediciions are based on ampirically derived
world-wide numericel maps of vertical ionosonde data. The results are

meonthly jonosphe rie couellicients which can be used with the parabelic larer
aswumpition (parabolic electron density varistions in the E and F layerst

te predict monthly average ionospheric conditions affecting a specific ray
paih at ony heur of the day,
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@)' In the prediction modal, all llne of sight, E and F propagating
modes are determined batween Ltha transnilitar and Lhe taTgal, between Lhe
yeceiver and the target, and betwyen the transmitier and the receiver. The
determination of these “hall paths® is & gencralization of the ground-lo-

ground prediction technigue to include the case of ground-to-slevation-paint
pradictions.

QU) After 1he mode siructures that mest the ionuvspheric conditions
ars ideritified. (iheosd between horizontal screening ard Lonospheric pentiration]
propsgation lowses and antanna gains are determined, The losses calculated
are {ree space Joss lihveris square isw), Delaysr absorption Joas, and ground
ve(lection loss. The NBS ampirical adjustment {acter L included on Lthe
direct-path predictions te account for non-calculatad losses, This fhctor is
atatistical and varies wilh season, path length, and aarth locarion of the

path. No similar adjustment {actor is unsd or known fer the hall paths,

The aptenns 1ypen are apecified for the sysiem and the appropriate gain

routinas or gain tables are uped,

—

‘J) ' The target ncattering mode] far misells targets above
100 Xk i1 a hyperboleld compressed-amblent {onlzation in the exhaust-plume
bow shotk wave. The aheckewave scanering surface is considered hyperboloidal
{rermn photegraphic observations whith have shown that the shoeck-wave turlate
could be described by a second order function and that the shockswave surface
ahould be asymptotic 1o the Mach cons.

(U) ' The direction of tha rays for the transamitter-minaile and
yeceiver-missile propagation paths uniquely detine a plane tangent to the
hype rbsleidal surface which has the proper orientauon for & Teflection,
provided the incident ray sptounters & high encugh slectren density for
yellection,

—

{0) ' Einea little defindtive wozrk has bean done Lo accuratsly
modal missile cross sections Balow 100 Jom or sirczalt cross sections ai HF,
a constast 1adjuetablal erose saction le used for aircraft and minsile targeta
balow 300 k.,

- 3

U ’ The antenna gain patieras for both the menopole transmitter
. antspoas and the LDAA racelving antennd &ra part of the pregram. The
gain pattero for the LDAA wavw obtained from dats supplied by ITT by uning
aslmuth pattarns predicted by the array factor technigus for 16 monopale
alaments and the slevation patterns {rom scaled model measuremants.
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