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A DISPERSED RADAR CONCEPT FOR AIR DBFENSE

I. INTRODUCTION

This pape - sugeests a radur configuration for long range (200 km), air
loioube wlrverllantce and dstursiviou~s The eundiguration proposed s
multi=-gtatic; e.g-, several transmitters are used to host one or more receivers.
The tranamitters are locuted within a region, ov "farm." of a few hundred metors
in extent which is displaced from the receiver by several hundrad meters. By
apatially diatributing the transmit function in this fashion, and displacing it
fron the receive aite; ths tranamit units can be blinkced in 2 manner similiar $o
thet of decoya denloyad for mopnatstic wadarg  In the zpprousch proposcd here,
the radiation from the "decoys" im used as the actual radar transmitter.

Figure 1 indicates a typical equipment jagout as described above. Thres
transmitters are shown as hos%s to one receive site. The distances shown are
typical of those required %o separate the transmitiers from the receive site in
orfer to provent ARK dmpoet ut the reccive Gitee  Doparation Jhown Yolwedi
transmit sites is typical of thet used for decoy .farm distribution.

It will be noted that transmit and receive separation is small compared to
the detection range of the radar. This has the advantage that the target range
and doppler determination is not very sensitive to the multi-static geometry,
comparsd to widely dispersed multi-gstatic systems. Secondly, the useable
coveracn ofr anaee i admi Lew o thet of monactette wedens cnd thiedly,
equipment interfuces and logilstics are greatly simplified by these short
distances. 0On the other hand, cne of the primary advantages of widely dispersed
multi-static radar is not obtained here, that of reducing the distributed
clutter size for range ambiguous systenms.

s
bis o

*Mhore appoard 3o bo soms confusion in the radar communiiy over che
alaasnifieation of aurveillance, acquisition, or search functiong aa associated
with a pacticular type of radar. The Navy seems to "search" itor long renge
targeis; whevens, the Army “surveya™ the combat zonc or "acgquires"” targets for
weapon engagenme.t. Historically, the terms werc reputed to belong to one
davelopment comuana or another wiiin mtasion com otation somehow involved. The
terms will boe conoiderod viaguoly syaonyuows for the puipvdges here. The rvadar
Uen G e G G b MEGUAGE U WU GGy dia brdck akrersail v tArgebs in a tactical s
WPGGY LV oAl d U il wile petsenGe 00 gleuuronee countgonessures and hopiile
anti—~vadatdon miagiles.
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IT. Co.figaration Rationale
A+ Adr Defense Surveillance Rolc

Teoticnl cir &fence gyotoms foir Wigh dliioude, long rualge targels
need surveillance radar functions in order to (1) assess a rald threat as
it develops; (2) prioritize raid scctors, primary targst lines, and tarzet
groups; and (3) ensble the battery or diviasion cu.mande: to nosign and
designate targets to defense units. Ag the battle develops the surveillance
radar i3 needed for kill assessment and re-direction of force to concentrated
or hreakthrongh arces of surviving airciaft.

Both PATRIOT and HAWK have loug range surveill.ance cupability. The
PATRTOT '« f4ro mmic avtonomously performs its own surveillance, acquiring and
toucking ucoves 0 targets siuwalianeously for usdessment and possible engage-
ment. Thiz reguires that each PATRIOT fire unit radiate on & continuous hasisg
each becomes a high value, prime target for an gsnti-radiation migsile (ARM) or
glectronic intelligence KLINT) onrecision loestion eouipmemt. Thoee coneewn:
produce significant costs fto the system in terms of ARM decoys and fast march
Urtoe ddu enplaceuent Gines for rrequent re-poeitioning ot equipment.

The Hawk pulme regninttion wder (PAR) and the improved CY coguiinitbion
radar (ICWAR) are dasioned to provide target acquisition for thne HAWK battery.
The HAWK radars and missile launchers are digpersed; but the long range radarsg
are gtill prime targets for ARM and RILINT suppression and identification.

Autonomous surveillance copability ot the fre unit or batbtery command
level is (and wili slways be) necestary and vital. There is aignificant advan-
tage to the battery commsnder; however, if this surveillance capability is
angmentod viih on Sndepondsnt cyuipecat dor thol vpudial puapose: (1) The
woanpon radars do not necd to rudlate prior to th. buttlie, and thelr wigh powey,
long range aesarch waveforms can bu cut back or eliminated during an ARM attack.
(2) Decoy fuumis can possibly be rentaced hy emignion mansgement. (%) During
engagement, the weapon raders can be totally d:dicated to the engagement and
s dance vwoeveforms, with no degradation of gurveillance cuapability due to the
devd WU Lk didre e radsy rescurced.

e Wren Dagegn LOr Survivebility

Criticyd of the need for a geparate long range surveillance radar for
aiv dafense ave quick to point oub thut the high power vadar, un a fisd gile,
woul d provide pood ARM fodder for the firat duy of the wnr.  After that, thc
firc unity wonld he on their own anyway - und thus the need for on!v autonomous
capability. This criticism accurately peinta to the fact that the .urveillance
radar must be designed to survive and operate cffectively in an ARM and ECM
environmente. |t this were not the case, there are any number of air frvaflic
conhrol racirea thet covid he mitiinria-d to FTE1T $hig ol
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Thiz anevivel premias mieh he a basic consideration for ney militury
sadar degign. Thus Vavc, technicaes to counter the ARM thrent fall into two
goneral categorheu: (1) ‘Thome used tor new ruar (wsign specilically addressing
the ARM problem, aad (2) those used us "band nid" fixes on cxisting rodars. A
Miscuasion of %.2se two classes follows for ihe long runge apvlicution.

1. Hew "»R¥ proof” design...The average vow.r radiated by a 200 ku
THOAT A8 LOO BIKU Lo Laue wiih shguainres Goosotvls QUi ow duw pooaUill iy
of intercept woveforms, coupled with frequency agility serve tc reduce the
number of discriminants available to the ARF. but even with ulira-iow sidolobe
Muiedndd, iore ke acequate shdelove vadiation Tow AUE lowkng Jrom rangus woll
beyons the d&:tection range of the radar. The 200 km rsdar requires nore
than sigaature control; although the low peak power waveforms certainly are
a stev in the right direction.

2. "Band aid" fixed...Thess are applied Lo vedurs already vielded and
generally take the form of either ewission conirol measures or decoys. Emission
control requires "blinking," or cycling the radar transmission on aud o¢ff with
the time of the wff periods rourhly a factor of two to thres ftimaa thet of tha
on periods. It full time coverage is reguired, the radar must be netiesd to
othors with ofuilor sir mpren eoversgse Ga ollew fthe wodiofion on-time 40 he

alternated between radars. Obvioualy, :f autonomous operation is regquirad, the
blinking will significantly degrade the mta rate of the single radur.

1f deroys are chosmen as the ARM countermessure, they muast be
Pownriul Gulugl B uglicdl 01 vanvood WL LA GLLOUS U@l UiGh o Gue auCare YOW
radars of this class and vintage this neans that the decoya must be 2lmoat as
powarful as the radar transmitter. For ezmmple, if wa assume the radiated power
trom the decoy must at Lleast squal the radiated sidelobsz power ci thew radar, we
heve

PGy =P drg

where P; is tha radar transmittr power, Gg1 1s the gain of the radar sidslobes,
Pgq da the (ecoy trauwswil poWwer, and Gy id the garu - the Gecoy untonngde Thoe
gain of the peak sidelobes for typical radar sutenuns o intersst ranges from
ahout 2 te 10 dAl. Tf the gain of the decoy antenna in equal to this gain of
the aidelohe of the radar, the decey nuwer muat alsn equal the vadar transmit
novwer. LI the decoy antenna gara &g increasad neyond 7 ad, the covercge or the
decoy ia reduced from hemtspheric coverage as shown by Figure 2. For
gxample, if a decoy is denigned to cover a 10 dBl sidelobe, and if ita
WranEme biue powur a4 Gao aiall of (5 43 foss than) the radar troawsaittcr powcr,
e anboana getn aust be 13 @85 thoersforse, from Mourc 2 ths wsrngle decoey
would oaly cover a scctor that is 45 degrocs in azimuth by 60 degrees in
wlevation. T a §0% Aw by 007 Bl seciue 38 %0 Lo Govered, a @econd Gecty thic
Ciuu o weut b wdded, v oo doeay btvonomibhoe of the oogae poar oo tho wodie This

point g th: t decoying a 200 km radar requirss a significant eguipment
& Xxpeildi tara.

A more affeckive asolation to the ARM »roblem ta to szeparate the

Trloua b @%b LUUn L 1oGCERVo L UdeiE o Dr e G 000 mnd v Geuiet gotnitloye ik,
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e receive gite cun stay quiet, away from the radiation signature, and immune
from the ARM. To protect the transmitter, previous concepts have placed it far
from th: FEBA ond cut of reach by the ARM. Generelly, this regquires an airborne
transmitter. The configuration prop0ﬂed here i3 of the multiatatic clasa;
However, e rewOle, d2000vue Sale s 00T UcUcEs&lrye

C. acder Deoign for Rodeced Svucecphibility te ECM

n addition to surviving ths hard kill of the ARM, the radar
performance muat also survive the soft kill of ECM. Modern jamming threats
require the use of a vencil beam to reduce the extent of the main beam
guuceptibility Lo boing Jammoed. Sscondly, the lowest cide lobe lewvels
affordeble are needed to reduce the effect of sidelobe jamuming from stand-off
jamming. Adapiive measures Ol deversal Climsgwes 416 Luidy iuvesiigaiea Uy tue
radar community to further reduce jamming offecta. Most of these involve
reducing the sensitivity of the entenna nattern in a selsctive manner to the
specific direction of the jammer. Techniques for both closed loop and opun loop
adantion sre vadar inveastigation for thim purpose. The success of these tech-
LAQUSS WPBLWs Uil L uumuer Ul uogiuoes UL Cuec o dvailable be osudulisil il
illuminstion function for the antenna (which produces the required nulls in its
spatial response) ana the speed at wh.ch this cau be accomplished. The propuse d
configuration ofters the posaibility of evolutionary growth in this area since
the reaspcnse of each elament of the receive array is avallable to the processor.

N. Advantages for thn Multistatic Contiguratlion Proposed

In order to counter the hostile environment outlined above, the radar
proposed here is quaad-multistatic (or quasi-monostatic); e.gz., the transmitter
ig separated from the receiver, but not very far. The transmit-receiver basa~
Tine is roushly 003 iimes the detection range. In addition, the transmitter is
gpatially dstributed. This means that the average power required tc detect
airgraft ot 200 bm ia dGrived from perhepe s total of three unita Tather than n
gingle transmitter. This reduces a given transmittar size and allows them to be
separated from each other by several hundred meters as shown in Figure 1.

Modest agparation ot the transmit and receive functions provides enough 1sorLa-
tion to reduce the r.quirements of the T device Tor a pulsed radar. It should
atlow the use of flexibhia coded OW waveformsa. Tt sbould also reduce th? return

vron near—in luthter.e  Horo signitficantly, this oceparation ollowss probection of
the high value pasatve woeadve aite and 2kn peraornel from ARY attnck or prenine
WLIUT Yoo tee Segarcosn e oo 0 1T e G CLONE AR R B S

safe diatance away from the receive site. Purtharmore, the antenna complexity
in aomewhat offaet by this aseparation. since the more sophisticated requirements
of beam formation, ete., are placed on the recelve function only. The transmit
(h3gh power) antenna is a relatively nimple, low microwave loss device.

When compared to other multivstatic radar concepls which uge gingia
sirborne lrangmitfers in a vemete locatidon, there are dtatinet advantagon. ALL

\J({VI,L;L}MHUH‘L”, it Uil LUbag ool biae OuGe ._l.Ux.n-.i;\,U',, G,'yil.im‘l(. \',Ul.ig\.;iln-.'Li"-,(j_tl EEFRNITVRY
ngcessary in the multi-atatic location equabions.  The clutter is not compli-
Cited by dupler dae o bGhie weiikeh platToont movaenemite  MHenp co-logabion
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(compared to widely dispersed systems) gives fewer calibrafion nmnd control
prohlems. T4 also implies that the total transmit power requircment s similar
to that of the monostatic radar. Since the transmit and receive functions ure
vot widaly dtaperned, the masking ia similar to that of = monoastatic rodar;
theretore, extreme elevation ot the transmitter ia not neceasary. 'The digtri-
buted transatii » can be orpanized Lo reduce its vulnerability to AX¥'s through
blinking, frequency diversity, antenna sector switching, etc. A direcy hit on
one transmitter may reduce the detection range of the system bui "graceful
degradation" occurs with transmitter attrition. Each *ransmitter is a fairly
simple device and does not have to provide the entire radiated power of the

rodars
IT. Covernse
A. Tradeoffs

Given the need for a multistatic aystem, there are a number of cholces
in ita configuration. The uzsc of a diatridbuted transmitter limits these
choices. DBecause of the number of tranamitters employed here, their design muat
be simple. Pencil beam transmitters synchronized with pencil beam reception do
not meet this critericon. Rotating transmit fen heems require less synchroniza-
tion with the receiver; however, the data streum end dwell time budget are con-
tined by the rotation rate. AL the opposite extreme; omni-directional tronsmit
beama waste too much coverage-power product 3ince a multiplo boam receiver
covering tho same hemisphere of apace i ampractical. Moast of the “dealiszed
multiatatic configurntions are not prectical Jor long range radar upplications
simply because of the inefticiency encountered when one tries to regiater, or
overlap, the tranamit coverage with the receive coverage.

B. Proposed Approach

The uapprouch chiodgen uses o sector coverage transmit beam that ig
matched to the coverage of a cluster of receive pencil beams. Both the trapsmit
and the pu. nllel receive beams sre fixed spatially for a detection dwell pertod.
Then the fransmit heam and the entire receive b:om cluster are meved simul -
neously to interrogate znother sector. During a given sector &ell period, tio
tranumit bean may be derived from one or perhaps all of the transmitters 1 the
Fara Sn o ssguenbiul Sy Tone The teadswit gehene will depoeadd on e (well {ime
required by thet scctor, and may be altored subject to ARM attuack or cquipment
condt tion.

Sinee the recetve beam cluster 2 acanned an o aroun. aneetnl chthone
tiou must be given to r tracking scheme for high priority targeta. In order to
provide a more precise target location for track, it may e necesasary to provide
elevation and asimuth #fference beams which are scanne d ivdependontly Trun the
receive berm clugter. 'Mhio con be accomplisched throush cxtuonsion of thoe digdtal
neant foeming nrocesuor with no RFY bardware changen. T abond d he noted.
nowever, that the data rabe e sunll paced by the duep sedn ol e Leanumis
Flood boam among the atuor ascotorn. T o bigher Mte rete in reqeivred, 3E could
be supportad by extea tllumination of the track gecior, using onc of the

o e

UL S,



tranganitters out of the normasl sequence used for search coverage. Tracking
dstatls will not be furiher addressed here.

Thia Loncept could be irﬂlemen Lad over a 360 degree azimuth wegior
femasE) weia wwabivens  mitmaes  wempawy WA a e smns e bans w-.vu..,.\,..“..., uv.“.,\...-,, - n....du.. LoU Bl
coverage or 120 dagraus in AZAMUTN 18 suggested here becauss (8) most Long
rangs al~ defense scenarios have primary interest in the air space over the FEBA
and beyo d; and (b) sector coverage allows the use of planar arrays, which ere
tochnica.y staight forward and serve to illustrate this example syatem.
Vouevrer, 4t should bo ngicd that the multipie beam receive systen inhorently
provides very faast date retes (to be shown later herein). This indicates that
the rrame time limitations ger yrally arsociated with sequentially scanned pencil
baums over large regions of sir apace are relaxed; therefo s, arowth of this
congtruct configuration to hemiapharic coverage is feasible. The risk to this
growth is primarily oune c¢f added complexity and cost rather than technical,
&ven the achievement of the aector coverage system. This is based un the
recelts of the Hemispheric Coverage Antaenna work 2t Sperry in the US. Hardware
wap tilt snd evaluatad, showing that a pencil beam, with good integrity, can be
scanned over a hemisphere from a planary array feeding a dome shape: microwave
lens.

C. Sector Allcocation

The 120 degree ezimuth sector of Figure 1 is divided into nine minor
saectors. These sre shown on the orthographic projection of Figure 3. The nine
are ghoolred dtheopgo g asdmodh hee thpen dn clovntign The olovation covorage
profiles are shown cn the sltituds versus alant range chart of Pigure 4. These
sactor wizes were chosen toc sccommodate about 200 receive (2 degres) pencil
beaws each. The number, 200, ie not op imized. 1%t was selected as & reasonsble
goal for tha number of simultansous beams to be uigitally formed and prucessed
jn real time with the advent of Very High Speed I: tegrated Circuits (VMSIC)
expactasd in the 1990'z.

IP. Receive Beam Reauiremants

‘'ne recarvye SiTe uses A 3lDgle DIANAr ArTav, ILIed in nosition., wWiin
ita brcadside heam oriented in as imufh tuward the primary targot lins (PTL) It

R . - .
P PRIV ek e e wmgal aan Ve wamen b‘ Nescre sk bre e enas ul-. UAVL\J\AI»-J\‘JMU&QU uA. al.u\-v-l-ln

Tohea Fnre dthe acon vrluame +n ha cavared,  Thin cTan minipiens the mamhy= ~f T

menta required in the array. The tilt back angle is determined in Appendixzx A as
1%.1 deaerees from the vertaical.

In oerder Lo vuaaine <ovecses in Riulil, Jhe usual arrdy cooxdinutod
aie Geilaed i Thiwure % wigre wadd Lare scan eaglas ia ovthogonal vlands

"uai;nxnuu;.,'xus 1 oA LAane wixoin as auswal o taw Gsdeael U0 1o srray Plnuc- Treny
angles ara relatad to earth coovdinates azimuth, Az, ard alavation; 1, when the
arrey ic filted back trem the vertical b the angic T, oo followc®:

| S T i.n”'h1y B LI s s R (R STANET N B 2
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ain @ = cona Rl ein Az (11I-1)

AAl

cia B cou WL cos P - co. BL coc Aw sin T (IIX.2)

the heamwidth of an array that w8 Jraxed in gpace broadens as 3% ia
acanned from broadside by 1/cos 8 where 0 is the sngle from broadside to the
acan direction. However, when the hesm is projected to the sin «, sin B coor-
dinate plane, its dimensions are invariant with scan. Therefor:, adjustient of
coverage of gpace with a number of sequentially scanned beams (or paraliel
simultanecus beams) is ueually done in "sine apace." Tha 2 cdegree bheamwidth of
this exam:.le translates to 39 millisines. This 35 millisines can be used for
the beamw. dth over all of the scan space.

Tf the ensemble of aimultaneoun raceiva heama maaf cover a given
transmit sector, their scan directions must »ne chosen using a ratronale wnech
inrolves = trade off boetwsoon the mimher of amy required and the avarage loan
of g@in over the nector covarage. For exsmyie, Figure 6 indicates three ways of
stackrng the rece ve beams, where the circle: shown reprssent the 3 dB contour
of the besm in sire spacd.

wor this emmple, the receive beums wiil be stacked as in Figure 6-C.
This is chosen because i. provides the lowest losy; hence, a reduction in
transnitter power requirements. By applying this stack lattice of .75 beam~
widths x .866 beamwidtls % sin o, sin B space, the number of beams for a given
sector of sine space is eanily obtained. 'I'nis iz not very useful; however,
because tha coordinates of interest are earth coordinates, Az and Fl, related to
sin «, sin P by Equationa (III-1, 2). Therefore, the procedire mist be
reversed, choosing esarth coordinate sechors and iiterating their limics uniil
each has the number of heams acual to the numher of available narallel receivers
(in this case, 200). Here, the major azimuth scan reghon from Az=-60" to

. L - - . - B . - NI Y v, N N . P L. Fal e
Ao - : 00 waio UnvaoUod ULl Ll uwe LupmeUsln wilaeUsl llave \J'L{Uul wabully Al sk oo pPato.
0 Q
(a) from Az = -60" to Az = -~16.8

(h) from Az = -16.8° ta A= = +16.8°

{¢) from Az = +16.8" to Az = +60°.

From oquation (ITT-1) it cnn b shown that o row of hucmzr nlong o ghven clova-
tion scan (¥1 = conutant) will have the same number of beams in each of the
above seaa regtona.  Thun, t.y thras gectova whick are boundsd hy these Azimntb
1imits and ¢onstart elevation limita have egual numbers of heams in ench. By
simple iteration ¢f the lattices of Figure 6~( in sine space, the nine sectors
of Tiguve J can be shown o have about 200 beasis in sach scctor whoen thoe arruy

in HiTihed beaok ath 1ﬁe10.
The wolid anele off a gingle receive peunetl baam iw given b
y Mpy ¥ Yy

@, = ?n (i-cos §) (1174
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where & is the 5 dB beamwidih. Its directive gain CGr, (uniforw illumination and
no losses) is

G, = 4n (r11-4)
Sk

For o a0 degrae beoam, 2, = 9.57 x> 10=4  and GL o= A2 dAT.

A sGau Lued occuws for cach of thoe voeulve bounms thaet io &Eoploecod
from broadside. This is due to the beam broadening already mentioned in conaec-
tion with the 200 bheam coverage sector determination of Figure 3. In order to
Loty ths Shwcepomar campetssiana to follow, an averas: veceive acan loaa,

L .,, #111 bhe computoed for cach of the minar aentora. As an apnrorximation, this
scan loss will bs taken as the everage of five beam positions, one at each
corner of the sector and one in the center. A given beam position scan lcss,
lRS’ is given in dB as

1gg = 10 log[ 1 ] (II1-5)
coaf

where 9 is the angle of scan from broadside,
8 = coa~! (ain Bl sin T + cos Bl cos Az cos T). (111-6)

The average raccive scan losa, computed as above, for each of the
minor ssctors of Figure 7 1y given i Table TII-A.
Tehle 1IT-A. The average acan losa for the receive beams of .ach of the
minor seclorde

[
SECTCR LRS
(see Fig, 7) (=B}
i, 3 1.25
P2 0.09 i
n 6 “_')_(!
" «
5 0.26
T, 9 ° 1.96
| & .07

Fe Tranamit Beam Requirements

Tha minor ssctors to 1.2 illuminnted by the transwit beams are derfined by the
2000 banm limits of the roceiver as derived shove and chown in Wpgnve /. Mach
ol Uhe teptobotd brodores Ghowss mee st oo Lpe bl od g At 1T envesdmee 21 wdae
e thuetive wminor wecitow:. In prireiple, the full tranoms bt power of o glven unit
asn be agitehed from one sector Lo anotharve  There s a owgll amount of overlnp

betwoon souhours notb choun din Womwee 3
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The solid angle,ly, of a given seactor is determin d from
Qr =  du(ain Bl yov - sin Bl yin) (¥11-7)
where $g is the total angular azimuth coverage of the sector in radians,
El pax i8 the maxdmum ele/ation angle and El pj, is the minimum elevatioca angle

of the gector coverage-.

M Greliine guein 07 the totoouiv Locuiy Gy 0w wakiowi allimeiiiaio.:
[ = ’ L?
and no losses, is given by '

Mo = A (7rT1-8)

The solid ungle aad gain of cach of thc wincr sceter trancmit boams, caleuloted
trom (I1I-7) and (111I-8), is given in Table ITI-B.

Table II1~-B. Transmit Becam Parameters.

Sector X - Gy,
{See Fig. 3) (Steradiang) (dBI1)
1, 3 0.1899 i8.2
2 0,187 19.3
. 4, 6 0.2205 7.6
’ 5 0.1715 18.6
7,9 n,»5HN 16.9
8 0.2007 18.0 l

IV. DETECTION CRITERIA
A. Range Equation Assumptions

''he bBLSTATLC THCRI THANES 8UUHLLUL 18

¢oa AT 2 Sl el G Iy T
Py o= LAm) g RetREGNES /N )l (L 1)

e a7
I‘Ut..r,‘ ¢

Whera:

g — poah urdnemiblou puwos

ﬁ.i,, R, = =moe dn thor favset Prom tranamither renciver
Gt, Gp = Anteruy puin of Lraiewitler, recsiver

ly = nroduct of Moltzman conatant and tempernture

NY¥ = receive noise tigure

(S/H)o = gignal to nofse raltio at receiver culput

T, ¢ dnkel o bow Taore -

M = minmle onTac inkepeabion fina

A = wavelength

ol Laressert crong ancisio.

m caaimen e nitnd i O

O S T Y



¥or this multistatic geometry, where the transmitters are close to the
recatver, 1t will be sssumed that Re = R, = 200 KM. Scetor Nombar 2 from
Pi, e 3, will he defined as & reference sector; its antenna parameters will
be uwsed in the range cquation in order to detormine the power resnived for
various dwell periods. Lator, thoose results are extrepolated for other
sectors.

B. Probability of False Alarm Rationale

The waldliple chunnel woolhvoer Lo wede Poutble Uy opebnal Dodst TUrukiig
it Ulte Grgeial procedsdsors  lu gddriion, AL omest 2.s0 process the @ata in real
e T01r all of the 200 bedwise Suwme reduntGancy tn procesying udy be required
1f tracking beams are also implemented. For theme rcisons, the detection cri=-

teria must resuvlt in very few false alarms for the heavily burdened processor %o

a.al with.

thue, a probability of false alarm (Pgg) of 10710 is chosen rather than

a more conventiomel value in the iU~V fo 1U-Y range. ''nis choice requires a few

mere 4R aionnl e notne eabio for o oclven probahilify of &foehion (Pa);
C. Coherani Dwoll Tntarvnd

The sector ilood tranemi!i scheme proposed for this system implies that
Tomg iniegration time will be required for long range detection if the transmit
power is to be kept ot an accoptahlae level. This can be donce most cfficicntly
by ucing o wuveter Joich provides Bhe lougust pracizual coherens (uv
pre-detection) time, and combines multiples of this interval which are further
integrated non-coherently. Assuming that doppler processing will be employed,
the maximum coherent integration chat can be used will dspend on how long a
maneuvering target will otoy in a cingl:: dopplor filter. Thio io dwtermined as
followa.

The doppler fraquency of a target {lying at a radial velocity of Vt is

g = 2Vy ' (1v-2)

‘

1f the tarset undergoes a conntant radinl acceleration, i veloekty ehanga, AV,

cavses & change in the doppler as

At = 2AVy (Tv~%)

-
n

The accelaration at, ts a constant given hy

fp = ATy (rv-1)
Ay
aver fthe intorvel of thae, Al Sohatdtonding then,
Ay o= 2y AL (1v=h)
Sy

SmAUoun S 2 IR
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If 4% 38 sssuned that the integratron was inrtlated when the target was mn the

center c¢f a doppler filtor, its bandwidth, Be, would need te be twice the expected

change in doppier in order to accoumodate an inereasirg or decraasing excurcion.
From another perspeciive, iT the =ign is kaown, the i.vergration may not be ink~

trated wnen the target doppler is centerad in the filter, iherofore some safety fac-

Ve IU aleuCud,; T & Lloher i Lo Lo ol :‘:-”-,). ™ el
Be = 2Afq = 4aght
—— (Tv-6)
r
.F‘urthemorﬁ,'i tha intagration anterval, ¢ = 1/Hs can ha no greater than At.
Thereforse,

(xv=r)

For a target ncceleration of 6 g's emd A = 0.1 meter thiz vesulta in a
20,1 milidmarond Timtt Aas tha marimum coharent intaesration time that can be used.

BD. Target Model Aasumption

For the calculatione thav follow a 20 millisecond dwell derived in
Qorddon (0 rhows e arant dyrad oo on "sdpole onlan” (From s sincle tranamittar).
Since each of the 20 miilisecond drslla (pulses) can be from dAtrferert
transmitinrs, tra amplitude of each “"pulee” in a given sequence is considered
to Bu o chotictt a2y dndapoepdant randar werisohlna gith tha asma Ragiatoh sro-
babtlity denaglty funtion. The iuitinl pheses of each pulse in the detectiuva
gequence are asaumed to be indepeundent with 'miform protabiility densities.
Therefore, tha target is conaildered Swerling II for this datactron acheme.

Be Trangmit Towar Calculation
Wgnuation (1Vy=~1) ﬁj.l.'l. be used to firat exaine the transmit power, Py

royuiired t0 produco u dosired urgnal to noisc at th: rocoiver ousput, (O Moy
forc a gingls 20 willisocond woll iotorvel.

|
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™
v
]
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db I dh

!
(41m)> ) 33
Rt“Rep? = (200km)4 212
%% - ~Z04% oW ! =204
WF = 6 dB 6
L = 1% 8 (Note 1) 13
T = .020 sec. 17
Gt = 18.3 dB (Note 2) 18.3
Gp = 36,8 dB (Note 3) 36.8
A2 = {10 ¢M)2 20
g = Fp 4.8
301 ! 263.9
‘Theretore,
P = 37.1 + (S/N), (1v-8)

Jhere Py ois in dBW and {9/N), is in d3.

NOTE 1: Thig is an assumad mumber for the total of the procesusing and propa-
gantion losmes.

KT 2: The ftronamit gsin of Sectur 2 was uacd here from Table TIL-B aftor
degrading by one dB to account for fesd loasen and illuminatlion
function inefficiency of the antenna.

¥ )
MO

LN

»

Ty AlowGtive gad 0D a bwu Gegrea veneil beam wan setermiacd in
Section V7<) ag 41,2 dRI. Ref 3, Tablae A.17, indicates the
afticiency of an n ~ 8, Circulayr Taylor ilivminatson function ia

0.651 ; tharsefore, 1.9 dF was subtracted. Feed loss for this antenna
war asgumed to be 2.4 dB. Table TTT-A shown o acsn laan of 09 dR oz
thia Sectoar 2. Tharefore,

EL]

Directive gain 41.2 dB
L iume Waper -1.9 d8
Hood Tong P4 db
Sean loas -~ .1 dB

Gp sbedd s

the nrobabiirty of étection; Pd;, can now he obtained foro tha aingle 20
i lldnoccond docll dantorval voeaus bie Grdoowa bopowers.  To @ thisa, the \b/m')” of
mopgviion (TY 1) 05 sopfecsd by o cquivitless Pd ghieh g ohfosnod from the

|
3
s
g
|
:
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P |

curvee of Chapter 11 of DiFranco and Rubin?. Thesa curves indicate the Pd ver-
sus peuk s3ignal to noise ralio® for various cases of turget fluctuation and
falne alpem parametara.  Usins the Sverling Cone 7T N=1  Pe. = 10-10 appye witn
Equation (IV-8) yields the N=1 curve of Figure 7 which represents the transmit
power required versus Pd for the siagle 20 milliusacond well. The Difranco and
Kubin curves for mulirple pulsuss el sce koctohwreonuly mmitegraied can be dapulied
bo muluvivle wgkivs of e 20 willisecund baske @ell. Thivse dve siown ha Figare 7
for M=1, 3, 10, %0, 100, and 300; where ¥ is the number of these huaic dwells that
are integrated noncoherentiy. ¥igure 7 gives a fairly wide latitude of transmit
power levels that conld result in, for example, a Pd of 50%. The questions now
remain:  What data ratos rogult from tho choicc of Ty? How long con one
integrate (noncoherenily) for the target detection? 'These lead to ihe time-
power considerations ot the next section.

V. Time-Power Considerations
A. Comparison of Sector Coverage Times

On emmination of the Range Fquation (IV-1), it is apparent that the
dwell time can be expressed in thoee terms which sre likely to hav different
vaiues from one minor sector of the coverage to the next:

Ty «/R4Lra \ X
— (v-1)

where T oy ity arell Vrme reguasred mnose DU BOCLOT Lur L prrasebers siwwns
pertain%ng to that secthr. The agsumption ia made again thai R, = Ry = R.

Lpg 1o the average scan less of the receive antonna ~a giver in Table ILI--A and
Gy %o the directive gain of transmit antenna as show. in Tebls IIT-B. The rest
of the parameters of BEguation IV-1 are lumped in the . »nnsitant, k. Note that the
transmit peak power is not varrad from gector to gector for praciical reasona.

From Figure 4, {the approrimaticon will be made that the maximum range to
the target for sectors 1, 2, and 3 ie twtce that in sectors 4, 5, and 6, snd
Tour trmes tnat ot seciovrs ¥, 9, and Y. Ihis gccurs because Lhe oAaxxmum 4iiie
tindn far tsrraota of interaat ig 2§ km.

The dwell time requirad by each seclor wan 1 4 bLe normalized with
reapect to the reference aector 7:

Ty /s b [Teug \/Cig
Ty KT, Toms ) T

* W00 TN TR - The shaoisaan of theno oorvaa g the nank of wand tn noine matio
N ol Hp; (=1 e d an

Hp = 8" (11.2 - it of Ret 2)

nere Lo i gitecbively b (/W) g o Wanedron (TV-1)e Tueceioms, 105 G0
ey cubbreaetd From the abataen yelnea it theao enpveas ba oaecconmt o bhe Pactore
oo,

GO v dedbat Lo
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where the subscript i repraesents the ith aecctor. Porforsing thia normalisntion
resulty «in Teble V-A. Note that these results assume that constant peobabili
of detection is degised For »1l sectors, which may not bho the case. They can be
used, however, to derive a lower bound on the data interval obsained for a given
tramsinit power and probability of diection ciosen fvos Figure (.

Table V-A. Dwell Mime Requircments Vormalized Lo Sector 2.

—cecr oy

Sect.or T_:L-/T;_: l

.

Lo~ EFEWN -

The dnta inberval, or time bebtween louvks in a particulsar direction,
while covering the erntire major sector coverage ia essentially the total fime
cyulired to interrogate all gectors, Td. This can be bounded by the absolutu
nindmum, Td wnin, deverminel hy

9
Tdnin = T2 ¥, T
- r (v-13)

T =1 My -
PFron Table V-A,
Pdgig * 4-718 o (V=4)
Since Fipure 7 is based on the basic oingle dwell ingerval of 20 millidgeconds
iy E ?

To = J02M; theretore, the curves shown in Figuvre 8 ean be drawn.  These indieate

WVIG el s no e pueer

iovedn coquircd foe o pilvest Giien tabeevad For Ghiio e
confiruration. To afffcel, e Bolowibior poscry LWl GG, GORLLIAUOML wavi,

althouph 106 mey he soguentially gsupolied by multind 2 unito.

Figure 8 and Table V-A over-aimpiity the tinme-power resource adloeation

-

cortdeeabhly . A ocachianl dentl vould peohably ol auaasiiao ool midos
guector’ s deoll an shown in 'imbic Y-A. Inotead, =2 oamib o waveforms would be
choosGd dand applicd by secwosy, by (uncilon, and by dssiceu @wiecilon eriberin
T conat derations here sorve only to 1Tiastroto the drade oftfs ond the depree
off Mexibility availabla.
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nNote that the coded wave rorms suggested in the next seation further
Luapopcert this philosoohy of tlexibility, since the desirad nerformance parametars
of resolution, ambiguity di.grams, instrumented range, and doppler extent are
determined by the code choice, and are more or less independent of the time-power
v conai derationy.

VI. Wavelorm Degigo

L. Bi-Phese Codeo Tong Pelooe

. B
i it iy

Extcnaive trade-off ctudices to compare variouy tmplsavntattony of wave-
- forms have not been done for the radar proposed here. There tg rationale to
support the chotce of bi-phase coded long p.i: (near CW) waveforms, and the
exmnples that follow have counterparts with simtlar ambigui.y an. spectral
chareclerksibres tn pulse doppler and frequency modulated wavetorms. 'Theretfore,
the vaveforma chosen are illustrative only.

The phase coded long pulaes are relatively low peak pewer with near
untty duty cyclss. This is more compatible with solid atate microwavs power
gori:ration than the high peak powsr, low duty cycle pulse waveforms of tradi-
tivnal radur. The signature of thede dignals | 3 Tewer digcviminanty for bhe
ARM receiv:r to sort by. There %3 no well dei -ned leading edge to a numboer of j

, pulses 1 a tratn; theretore, the AHM cannot lecading edge gate tc sort the w
dtrect path from = clutter hounce or a multi-path signal. The coded waveformy '
are extiremely flextble; e.g., the ambiguity diagram is changed by code btit rates
and code lengths. This can be done with sceftwarc a 4 digital circuilt archiloc-
ture rather than more asigntficant hardwarc changes much ac witched pulac _
compresston lines or frequency synthesizer alteration, etc. ]

B. Bi-P'se Code Cha.:ncterisgtics

meorowave carrter hy alterntion of ity phase between two sinten whieh arc

. separated by 180 degrees. ''n2s alteratton is done i#n a noise-ltke sequence at
the code Troquency (or vit rate), fu, which establishes the band tdth and the y
vagic resolutron ot the coded wavelorm. 'Uheae coden are determiniatic, belng .
eaatly generated by tweedoack shii't registers. The uvit lensth. <, *n : 71

A bi=-phase, pseudo-random, waxtmum length code?d ts impressed on the }
i
{

£ (ve 1) -
iy ambae of hits, T, 43 conistrained by the generation vrocess to

L = 2111 "1
Vi-7)

whe -y m i the nomber of utntes in the shrtt restater.

Vien apprirod an o a waveiors mooadsuion for sndee,  vhe cauge cell graoe
iig 1 ] ?
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whare ia the nicrowsve propagatton veloeity. The unambiguous range, R, ia

s T S R YO RY P 5
o b rmsaibu By wie LSRRl G udle GOLey ug

ty = T {(vi-4)
» (v1.5)

‘'ne spectrum oI the coaed waveform has lines that are separated by to/L. If
the target veloecity hus 2 radiel compencnt toward or uway from the radar, =
&ppler shirt of these spectral lines occura either higher or luwer respec-
tively by
fq = &V
. (V1-6)

whers fq i3 the donpler frean mevy and v 8 the radial velocity.

If uanambiguous doppler filtering is desired, the apectral lines muat be

annreratadd h:,r rt YTeonat tre fimea the masdmom daanlasr -F‘v-n(ln"-r;ny A ad, ® My
JUCRuGRTRARS . m~ s m 1 ! anler ! ! T . 1,

for unambigunous doppler filtering for a maxdmum radial target velocity of vpgys

fe = 4Vaax (VI-T)

A

r1

Substituting VI-7 into VI-% with VI-1 yialds
Ac
Vmex * &—
8Ry, (V1-8)

where vpay 19 the maximum target velocity without ambiguhties in the doppler
ftlter apace. Wousttor (Vi-H) 18 plotted tn Figure Y showine the usual trade-
off between range and locity smbiguity.

C.  ange Col) Uino Cuilibrdaitig

Yor loag cotorcobl intogration vhas:, the winhnem raige eull siuc i Liniitua
hy the time required for the tar=et to "fly through" the deppler tilter uased for

detomined unambiguouary. Lt a techntque ts used to ttrat determine the targei
cauial drrecuron (by a range track file from previous luoks, for emmple) the
doppler tilter space could be arranpged so that the maximum doppler frequency
eould equal the uapetral line separation before the ambiguity occurs. For thrs
cre, Mguaiion (VI=7) becowes

P o Vo VE=ru)

T A

and wcraf ton (V‘.'- :‘l) (3%

\r

TN A

AT (V1)

ot il ot

. S e

e es am — anlom .
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coherent integration. The range cell, AR, neces :ary to cover this ia

A=V obe (Vi-5)
Barton haa asuggested 5 that the range cell should be grectev tnan this by at
least a factor of 1.4 to veduce the range cell gtraclitng loss, ghving

AR > LA Vigaxts
(vo-10)

Eu R s W Y SRR SUCLT I 1 oE R T S LS SR S T R T ST AP rren hth 4

minimum range coherent ntegration tlme, + ; from a ainglﬂ doPPEev ftlter. The
target accaleration effects limit this inle 'ration time as drseuised in he
dertvation of equatton (TV-7).

T wnuatken (1V-7) ie combined with (VI 10), elimis. ting tf. the nmintmum

+a . . L
I R T |1 [ O IR S A ot ot A H Il ,. a0 Tu ey -
(USSR PULGER P R A et < . X R o 0 L,

Vimayx» and acceieration, ag, 4a

AR 1.
(vI-11)

Thi s ts plotted tn Figuvre 10, showing results for L, S, and X band radars witth &
riney af A o [ 2 fnrvenka. The cace rato !'_m- rpoetenl h-mdwidth) nf the wavo-
form rcoulting frem the mintmum range cell in alaso pletted.

A utandd Alatie s A imae . oaaSecter mad

The rad r dosigner would not use the mintmum range cell ghven by aquation
(Lv=10) uniosa wue icyuiicwenie talicu 10r voly gouid teeViubivil 101 el gob O xgyilia— .-
ture tdentification or perhaps oxtremly good distribut~d clutter performance.
1f nsed, the processor would be very complex because or (a) the code rates are
high, (b) the numbwr of range cells to he processed is hzgh, and {e¢) the non-

coherent integration string, necessary to cross a dtectton threshold, would _;
have to include an ensemble of range cells, cachk covering a set of doppler »
- celig. ‘

In order to prevent noncoh2ront integrathon cver 1 ie ge aumker of range
cells the criteria ia aslected

. a1 0t~ ) '
i A > 1A Viwx Wbp (Vi-12) »
oo Hodo e osuwbor of cohorint Potugsaihon pordods thab ave katogroteg

XG0T ULy . (_'[‘hi::; N ta .he parameter u,u:d tn Wigace 7.)

4 D.  tntepgratron Vroseus ¥

The inkegratton technique ol coady diocuss..d waes (a) the longest posasibhle
coheront tntesration tate: val, Upy commensurate vl the mwolenveciug targei’a

Glleu g il v b r vy, add (u) RSP VN IO R " SO0 I U VRV P o] vy, Ueue o
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multhpla, N, of thena intorvels
ty = Whe (v1-i5)

wnreh are tntegrated noncoherentiy. ‘the Lotal dgwell pertod es debermined by
the average power requicemenbs ag discussed tn Section V.o The oraer of pro~-
cessing the information recetved at the antenna of & conventional radar s
first, spattal directton (beam foraming); secend, range gating; and third,
doppler filtertng. Yor this itype of radar, it i3 posutble to alter this order
aince the beam forming as well aa ths range gating and doppler filtering are
A dn tha dhettr | oroceasor. . Tha reopdar w11 prahably thinle thron: o the
tntegration striag dtscussion th. t follows in thc conventional order; however,
ona should keep in mind the poss bility of integration strings in different
ocders. For summple, where doppler proccuving io done firot, giving priority
A0 hich e daetiy thveedh feeccke b fTor e aettae ot dopoatton Tand.

TIn any ceae, the tnhegraiton process requires the nonccherent addktton of
N outputs from the heam-range-doppler matrtx. Tt thes target were stationary
(at constsnt direction, range, snd volocikty) then N sequential. outputs from a
single combination of beam, rangs, and doppler would be added for the target
detection criterion. With a maneuvering target, however, the addittion must
follow the beam-range-doppler path of the target as it moves through the
matrix. This sequence creates sa integration "string." [f the path of the
nLJ"nug CENIURS _FL'::Li;:L;Ln'Ulu, ag  And p._r,unlruml'l‘y bllcs Loy all Luwbiua iU
POBSEDI 5 HTrwags wust be coneidureds Thoe oxtunt ol thusa sbeiago T bouaded
Ly e waneuvering largel chavaclerksbicg as diwouvgsed in lhe dqorkvation of
Equations IV-7, VI-10, 11, and 12.

Lntegration strings through a multx-dimenstonal matrix ar fraught with
A:fficulties. Note that the number of coherent intervals, N, adds another
thmension to the mutrix, nmwely time. In olher words, il is nol encugn to
determine a path in beam, ranpe cell, and doppler space through the metrix; in
addition, each of the N sequential intervala must be timed in its appropriate
Toeation. :

An dntnrration atring conenpk conld conceivanly be replaced with an
iat: geation pyrowi d cpproach, shers wore colls fhoas ocec sary voere adazxd to
cover the growth in mncertainty of the tareget path as 14 movon threough the
WALty Matoe wddi vionsl cedls theu, would add oobses wiihionn sigead o ad A
collupsing leus would be onceuntered

'he parila outlined above suggest that it is befter, by tar, to reduce the
number of dimensions of the matrix; e.g., %o make sure that the cells of
heamwi dth, range, and doppler are large enough to encompasa the target
maneuver. 17 the cobhereni dwell interval is ss long as nosaidle Tor detection
purpoges per Bquation (IV-7), the doppler cell dimension will not be Targe
O R0 CHGOmMPes s ke wO e sovesss Liorgc o maneavaesn over wess thon ono inton
val of L .. Therntore, for N, one can certainly oxpect that o intepeation
atrming w1l ha necesaary in the doonter dimension. LY tho radae eesolotion
speci fieations are too atreuuoun, the heamwidbh nud mmge cotla may also
require sbrimgn.  0F thhn o fhe cnne, higher power teamamt bkerns, or swtier
coverape sectors may be wecensary to redies thy antes-adion fdime and stiring

ool athye Loy aboo Lo caaiebic sooaciae e cLnulanioa apue i vions G

!
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|
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the longer ranges and implement thoem only at ohorter mnges where lean
integretion wime o requircds

number of cells traversed by a target at veloeity, Vi, and accelera: ing .t
at ig determined bulow.

In order to agseuss the severity of the intugration string proble:, the

The number of beama, P, traversed is given by

TOR

where 9, ia the 3 dB antenna be:wmwidth, R is the target range, and y is tho
angle of the target's velocity vector with respect to the radial centoer line
of the besrm. Note ‘“hat the sin y term indicates that the targ:t must have a
crossins component to ita velocity vector to traverse a beam. It y = 0, the
velocity is radial and np= O, indicating a ntationary target in the beam
dimension of the detection matri x.

From Fquation VI--14, it 48 obvious that at ahort range the number of beems
traversed will be more than one. O0f interest is the range at which thie

occurs; e.g., the minimum range 1% which only one range cell is required for all

integration of the target returns. Thia iz given by

R = Vgsinyi,, tor wupg = i

— (VI-15)

The number of range mutes, nr, traversed duving tne btotal integration
nariod is

n,. = V.cosyt,
e L.
AR (ve-16)

where Al here is the range gate bounded by the abgolute mivimu range coll of
Kaguoation VI-10, or the more prr()nm ate minimm of (11mh(m VI-12 3f parmitbed
by omecert L Te g scneTuiton et et Tl GUL ) besti LGl bidb il
targeat vanvtfy vnvtnr muat have n Wtd1ﬂ| component to traverse the range
dimension of ‘he dotection metrix.

The wunbeyr ot upplesr Dobbeong, o Tenvecsed i

t?
-, . .
ng Qacouyt »
- (Vvi-ir)
Algp
doent ! khal the dpvier fUlbor bindgaidbh, Be o L/4 0 Mads aud Bonakion
(71 99) mbnditoted Gnto the ohowo MRS RN
U |
w2 cony M )
| i)

e el ok T At AL e ae Al | A S
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This form of the equation when ng is propar.ioned to Nt2f indicates that
for a given deell time, £, there 1a sn integration string advaniage; e.g.,
ne Lo swaller; if the dicll time con bo achicved by using : ¢ noncohcerent
integration (larger N) and smaller coherent integration time, tr. This 49 not
nevrento oo for the dbaotion nreooons, howevoer.

TIn order to maintain the mtire noncoherent integration over a single
doonler filter throurhout the target maneuver for the total detection interval
to = Ntg, then ng = 1 andg

KN
L

P . -
i ngNan. (Vi-19)

assuming cosy= 1. Note that the alove is -imilar to Equation IV-7 4in form, but
the dnominstor discrepancy between the wo cyquations comes from the eritoria.
The Above asaures that the target will not out-maneuver a single doppler filter
ovar the entire post detection integration intevval, t,, while Equation IV-7
attempts to assure that tha target will not maneuver out of a single doppler
filtor during the coheres-t integration, tp.

E. Code 3¢ :=:ction

T 3 3 - N st - L. () - M N v - Ea - - o N LTh PRI PR H ¢ . o LT .

Cuiss wall Lo Geboimiz WGU ot'e 2k Go ued LU .k Lbo b e vdu Uue UL Wlu Gravwlad
R N B [P PO P [ AL Ly a4 R T . LT D
ot Ca o U i oile plrLviols Lo ukhliin. R igliste 1 1 tadicotoes coude 0ol thc POl vl

relationships to clarify thias proceas. Table VI-A lists the major descriptors
of %he code, their derivation source, and the resulting vaiues.

Codes A and A' use o coherent interval, tf, of 20 millisecoends. The total
dotoction intorv ‘1 includes 30 of thesc (N=3C) which are integratod non-
coherently.  Frow Flonrs 7, the nower reandireed 4n shont 8.6 KW For 50% Pa. (A
vary low power rur vhis ciasg of raddc.)  dowever, a closur ook sl the iunlegued-
tion strings required indcates a aevere procesaning problem. Table VIi-A showsa
that for code A, which ig unambiguous in range to 250 ki, the integration must
be performed over 1€6.8 range cells (n,=16.8) and 14.1 doppler cella (n¢=14.1).
Code A°, which 18 unambiguous in @ppler for tne pol m/second wargeh, musi be
integraited over 4. doppler cellis also, salthough all of the integration conld
occur in one vange cell {ny = .15).

todaa B and B' illustrate wavetorma which simplify the integration pro-
cesging, but reyuire more transmitter power. ey use N=20 coherent intervals
of t4=.00% seconds each for a total integrstion puriod, tg, of 0.1 seconda.
Thia shorter integration time would require ware tranuimittor power than codes A
and A' 1n order to mmintain the detechbicn range. {The trangwitter power would
need to be increascd %o roughly 47 XW). Note that for B, the code with unam-
niminpa ranoa - end fare B far pneambi guova veloeify. the mimbher of ranso ecalln
ner intoersiion string, nr, and the mmber of dopnler cells per intepgration
string, np, are always leas than waiiy; theretere, tbe mancuevering target would

. K . 1 2 . A A £y N N i . .
HOL tave w0 b Golawo U AL UUES Uil Loadigne o pplod’ et Loav

T™e above waveforma and cad v aerya only to ilhastrate th Antesration
bl GUlLi dGra b iodo. Dulecbi 1 0l G GoGe it G0 soush e bliad oy od
olimination and the usuanl ambignity plane problems.  'fhis vadar dearen, swtbh
-u.‘.rﬂ- T T I T PR I T K S PO SR L LI TR IRV R ot ah TR T R S IR TV R SR e
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Figure 11. Parameter and waveform relationship
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reduction in transmitter power will force np>1 and ng>1 and beyond these limits
will require multiple cell integration and increase the complexity of the pro-
cessor significantly.

Vii. Performance In Jamming
A. General Considerations

The current electroaic countermeasure (ECM) threat for thir class of
radar is severe. Because of this modern radar design uses (a) pencil beam pat-
terns to isolate the target return from a jammer outside the angular resolution
of the main beam; (b) low sidelobes on receive in order to reduce the radar sen-
sitivity to sidelobe jammers; and (c) frequency agility to force the jammer to
gpread its energy over a broad band, reducing its level of interferance at the
continuously changing frequency of operation.

The dispersed radar concept can uge all of thease standard techniques;
however, their implementation needs examination. The pencil beam on receive is
realized with the system suggested here. Each beam in the receive cluster is an
independent pencil beam, and provides resolution for ECH.

In order to obtain very low sidelobes from the digital beamformer on
receive, the evrors in amplitude and phase at the receive module must be mini-
mizeds This is the same sort of problem encountered in conventional phased
array antenna desiga. For example, in order in realize peak sidelobas in the
range of 35 dB down from the main beam, random phase and amplitude errors over
the entire ensemble of modular receive elements must be on the order of
15 degrees rms and 0.5 dB rms, zespectively. Systematic srrors across the major
dimensions of the receive array must be even lower than these. Error spszcxfica-
tions which are this low will present a challenge to the module designers and
manufacturers, but they are achievable.

The digitally formed beams provide another possible ECM fix that is
similar in concept to current technigues used in sidelobe cancelling. Thia ia
possible because the flexibility of beam forming by computer allows adaptive
nulling. With the use of appropriate algorithms in the beamforming proceasor,
nulls can be formed in the sidelobes on a beam by beam basis. This is done as a
response to each of the directions from which Jjamming is received. The effect
of this adaptive nulling is discussed in the derivation of Figure 12 .

I+ should be pointed out that it is conceptually possible to depress
the adaptive nulls far beyond the error limited sidelobe levels. This may
appear to be unrealistic because the same receive modules (with their errors)
are invelved in beoth the normal pattern formation and the adaptivs nulling.
However, the nulling algorithms, in effect, select the digital weighting coef-
ficients for each elemznt by using a closed loop process that compensates for
the element errors; whereas cvhe digitally formed beam before adaption uses an
open loop algorithm that must set coefficients basad on a' priori knowledge of
the absolute errors at sach element. If these errors were constant with fre-
quency change, and over all temperature extremes, etc., the digital coefficiente
could be adjusted to "calibrate out" the errors, even for the open loop beam
formation. A one time calibration is not expected to be feasible because of the
poor behavior of the errors, leading to the need for a c¢losed loop error correc-
tion scheme. This is only expected to be possible, however, on a periodic basis
because of the time required for the calibration.
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The above discussion leads to the conclusion that adaptive nulling, a
closed loop process, is very similar to error compensation, also a closed loop
process. DBither of these requires iteration and thus consumes significantly
more time (or processor complexity) than the original open loop digital beam
formation. The question is: Can any of this be done on a beam by beam basis
for radar use? How far the radar designer can take these concepts is directly
dependent on the progress of the very high speed integrated (VHSIC) technology.

This, of course, paces the implementation of real time processors for digitally
formed spatial beams applied to radar.

Finally, the third ECM fix, that of frequency agility, can be imple-
mented with the diatributed radar but with less ease than in a conventional
monostatic radar. The concept here, with approximately 500 to 1000 meter sepa=-
ration of equipmentis, lies in a grey area concerning the derivation of coherence
betwen the transmit and receive functions. The gquestion being: Is it easier to
provide a common exciter for both functions as in monostatic design, or must we
use separate exciters? The latter achieves coherence by an absolute standard,
such as an atomic clock, at each equipment site; whereas the common excifer
would have to be transmitted between the sites. One susgpects that some hybrid
of these approaches, e.g., a crude standard at each site which is periodically

calibrated by a transmitted lirnk, may be the most cost effective approach for
this system geomstry.

B. Performance Calculations

The burn through range for target detection in the presence of side-
lobe jamming is given by Equation VII-1 for the cases of interest (where the
receiver noise is not significant compared to the jamming interfevence). Note
that the tistatic range product, R4Ro, has been collapsed into a monostatic
range to the target, Ry, on the assumption that Rq=Ro.

R4 = PyG4SLLoR;2T

InGiD7 (ERE) (VII-1)
(By )
where Rty = range to target
Pt = transmit power
Gy = gain of transmit antenna
SLL = receive sidelobe level with respect to receive mainbeam
g

radar cross section of farget
Rj range to jammer

T = detection interval of receiver

Ly = gystem losses, excluding receive loss

Dy = gignal to jam ratio required for detection
BERP = effective radiated power from jammer

Bj = jammer bandwi dth
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From Table VII-i we obtains

40 log Rt = 157.6 =« 10 log Ell?;) (VII-2)
By

This is plotted in Figure 12 as the s80iid line showing the range to the target
at burn through for a 35 B receive sidelobe level. If adaptive nulling is
employed, the range performance is improved to the broken liane plots where the
nulling is indicated in 10 dB steps. Reference jamming values are shown on the
absissa of the plot, where it is assumed that frequency agility will force the
Jjammer to spread hia ERP over the bandwidth of the 300 MHz shown.

Table VII-i. Dispersed Radar Performance Computation
in Sidelobe Jamming

a5
Paraneter Value + -
o Py 10 KW 40
K
Gy 18.3 dB 18.3
& SLL 35 dB 35
P,E o M 4.8
?’ (Ry)2 (150 Ku)? 103.5
5 T .02 17
| 4n 1
- Ly 3 3
- Dy 13 13
- p
301-6 4
b - -44 ~
) 157.6 & 3
H
.
-3
3
4
K
2
i
i ™
3
oy ;1
]
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VIII. Implementation Consideration

A. Transmit Equipment

the antenna pattern formation and the use of remote, unmanned, dispersed
equipments. The need for registration of each of the transmitter's antenna
pointing directions with the receive antenna pointing is somewhat unigue and
will require further study of procedures and/or equipment to facilitate site
) location and antenna positioning with low errors. Transmit exciter contrel,
E! ) synchreonization, waveform, and frequency management must be provided to the
remote sites.

L( The unique features required of the transmitter of this concept are
:
)
3
|
d

- Two approaches considered here are for the transmit antenna. The

' ) first employs an ensemble of nine horna as shown in Figure 13. Bach of the

- horns is designed and oriented to illuminate one of the minor sectors of

N‘ Figure 3. The horn aperturss range from about 15 x 35 cm (6 x 14 inches) to

. W 12 x 17 em (5 x 7 inches). A one to nine port switching network is required to

sequentially switch the power amplifier's microwave output from sector to sector
in concert with the other transmitters and the receive beam cluster. This is a

series path network where the basic switches could be either ferrite or PIN

- diode devices. The losses of thie type network will be or the order of 2.0 to

Lq 2.5 dB and each active switching device must handle the full powsr of the

b transmitter.

hf The second transmit antenna approach uses a single electronically ?1

scanned antenna, & small planar array with phase control for each element. Its
aperture is on the order of 15 x %5 cm (6 x 14 inches) with four element{ rows by

3
ﬂc 8 element columns, using & total of 32 elements. These are uniformly illumi- !.
= nated with a corporate waveguide feed. Therefore, each phase shifter handies ;A
o 1/32 of the total transmit power output and there is only one active device (a E
|

phase shifter) in each path. Losses for this network should be on the order of
1.0 to 1.5 dB; therefore, it appears tc be more promising than the switched horn

E approach.

V. The array should be tilted back from the vertical at the seme angle
= (13.1°) as the receive array. Its natural beam spoiling with scan will assure a
N similar coverage sector as that of the receive array. However, the phase
control permits furiher beam spoiling and tailoring to a particular sector S
coverage, if required. The fine alignment of pointing direction with the other iﬂ
units can be done electronically by adjusting two conatants in the beam steering -
programmer; whereas, the switched horn approach would require both fine and
coarse alignment to be done mechanically. Alignment of the transmit and receive .
arrays should be possible gy transmitting a null (formed in azimuth, or o
elevation, by adding a 180 phase shift to one half of the array) then swesping )
the receive cluster's center beam through it to determine the alignment error. ¥
The beam steering controller would not be much more complicated than the control -
of the switches of the horn feed network. For these reasons, the planar array
appears to be the favored approach for the transmit antenna.
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B. Receive Unit

The receive site is manned and is located with or near the air
defense command post. The antenna, processor, and data reduction requirements
Lﬁ are technically challenging due to the use of 200 simultaneous receive beans

b and the need for real time data retrieval. In addition, the jamming threat

-3 enviromment requires that the sidelobes for each of the receive beams be as low
o as feasible. This means that extremely low phase and amplitude error budgets

v must be placed on the antenna components and receive modules.

The receive site equipment, shown conceptually in Figure 14, consists
of a receive~only, solid state planar array; a beam forming digital signal
proceasor; central control and duta links to the remote transmitters; data links
to the air defense net; and operator space. Tha basic antenna aperture required
for a 2 degree pencil beam using a circular Taylor illumination function 2,n=8,
has a diameter of 38 wavelengths at 3.0 GHz, this represents an array diameter
of 3.8 meters (12.5 ft). Figure 15 indicates an equilateral triangle array lat-
tice which efficiently apaces the elements to scan over a 60 degrae cone from
broadside. The elemental area of this lattice, shown as .289&2, divided into
the array area yields the number of elements required, 3924.

At each element of the array there ia m solid state modular
receiver which coherently down converts from the S-band microwave target returns
to baseband. Each module has sample and hold analog to digital (A/D) conversion
at its cutput. These modules are all identical...note that there are
differences from current solid state array concepts:

1. The array is receive only. Therefore, the usual incompatability
of placing microwave power generation circuits on the same module as low noise
receiver circuits is eliminated.

2. There are no rhase shifters involved.

3. The outputs are not collected or summed in an RF or IF manifold.
The outputs are digital words which interface directly with a digital processor.

The digital outputs of the in~phase and guadrature channela of the
3,924 elements of the array are independently routed directly to the input of
the processor. This allows the processor to work in the spatial regime as well
as the usual time and frequency regimes. The A/D conversion is done in elemen-
tal channels which have the gain of only one element. Therefore, the dynamic
range of these A/D converters is reduced by a factor of 1/N over a conventional
array of N elements where the summing is done before A/D conversion. This means
that, to support the dynamic range requirement, 6 bit (or lesa) 4/D's can be
used. However, atudies need to be completed concerning the A/D dynamic range
that is needed for the very low errcr budgets necessary for ultra~-low sidelobe
receive patterns. Another aree of concern is the sample and hold circuits that
must preceed A/D conversion. These must include linear video amplification that
is adequate enough to allow the receiver noise to toggle the A/D's smaller bits.
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A/D sample rate requirementa are driven by the range cell size needed by the
radar. In essence, this is given by

(VIII-8)

where f, is the sample raite (or code rate) and ARpin is the minimum range cell
used by the radar. Although many A/D circuits can now be obtained in an

integrated circuit format, the above factors require a careful scrutiny. It may

be neceasary to develop the A/D in order to meet the unique requirements of a
glven radar design. Additional study is required in this area.

Beam forming can be done with either a iwo dimensional fast Fourier
tranaform (FFT) or a discrete Fourier transform (DFT). The formation of
sinmultaneous beams in space is done entirely within the digital processor, and
is a natural consequence of using modern dgital Fourier ftransform methods.
However, decoding, parallel proceasing of range and dppler, resolving
ambiguities, and performing constant false alarm rate (CFAR) management on 200
gsimul taneous beams does challenge the current digital processor art.

The US Department of Defense is currently engaged in a multi-year
program to improve processing capability through a very high speed integrated
circuit (VHSIC) technology development program. An FFT butterfly* ci scuit is
promised in three years that will funcition in 40 nanoseccnds using a circuit
that is 1 cm? in area.

Using a very crude approach, one can at least determine an estimate
for a bound on the beum forming time that would result if this butterfly chip
were used:

1. A 64 x 64 element array input would result in 4,096 elements in
the array, a number reasonably close to the 3,924 required above by the antenna
pattern considerations.

2. A brute force two dimensional ¥FT approach for beam forming would
simply use 64 columns of FFT's having 64-point inputs each. Their outputs would

feed 64 rows of another set of 64-point FFT's. The output of thie matrix would

yield 4,096 beams. These beamg are not positioned in space properly in order to

select from among them the specific 200 beams required here. However, the time
required to perform the operation te produce the 4,096 beams may serve to get a
feel for the emerging art.

3, A 64=-point, radix 2, FFT has 6 tiers or "sequential layers” of
butterfly operations that must be done in asequence.

4. If we assume that all column FFT devices are redundant and
operate in parallel and that the same is true for the rows, then for time com-
putation purposes, two groups of 64-point FFT's must operate in sequence.

* The butterfly is the tasic circuit required in an FFT. It performs one
complex multiplication and two complex adds.
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5. Therefore,

For the 6 tiers of buterflys in sequenca:
6 x 40 nanoseconds = 240 nanoseconds
(e.g., a 64-point FFT requires 240 nanoseconds).

For the two groups of FFT's done sequentially:
2 x 240 = 480 nanoseconds

6. This crudé gstimate would support a sample rate of
1/(480 x 10-9) = 2.08 MHz.

The above sample rate ultimately dsfines the signal bandwidth that is
achievable for the radar waveform. The range cell size resulting from this
2.08 Mz bandwidth is determined from Equation VIII-1 as 72.1 meters. It is
clear that this is a useable range cell size for this radar application. The
above emmple assumes the entire beam former clears for each sample set. A pipe
line processor could reduce this time comsidoiably by delaying the cutput by a
few sample intervals.

This crude example indicates that the processor technclogy will sup=-
port digital beam forming in the near future. To realize its full potential for

-
an air defense radar, algorithms and processor architecture need to be developed .
which will allow real time adaptive nulling and pattern tailoring to an ECM e
environment. 3
IX. Conclusions :é
£
A radar concept has been discussed which offers a potential asolution to n
the major problems facing the air defense radar community in the next decace. 'j
These solutions are not thoroughly addressed in this first concept paper; ]
however, they can be indicated here as justification for further development v
of the concept. 0
A

(1) Antiradiation missiles -

Good immunity is inherent by the dispersed nature of the transmit
function and the totally passive receive site.

S | -

N
BEPY)

(2) Standoff jammers -

-
)
-

The use cf digital bean forming allows adaptable spatial filtering,
€.g+, the ability to place antenns pattern nulls in the directicns
of the jammers, both in the sidelobes and on the skirts of the main

PR TR
.I. [ v

beam. 55
'-i
’ (3) Bacort jammers - ;1
The dispersed equipment provides the geometry to perform noise fﬁ
correlation for determining the range of escort Jjammers. Although not o
discussed herein, a modest receive function added to the dispersed N
transmitters would enable rough triangulation at the normal receive v
site.
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Implementation of this concept requires advanced technology. Very high
speed integrated circuits (VHSIC) are required for processing the information

;fjl from multiple beams in range, doppler, ard angular space. The latter, digital
*e processing in angular aspace, is a new and emerging technology® with con-
Sy gi derable hardware and algorithm development needed for radar application,

although it is a more mature art for slower sample rate applications of sonar
and geophysics applications.

Solid state array technology is employed. The receive only module uses
coherent microwave integrated circuits which are within the current art. Bach
modil2 also includes video circuits and analog to digital conversion which is
"available,” but will require development effort to be rozsonably compatibdle
with the array module application. '

This concept uses a multi-gtatic radar geometry. A conclusion is implicit
in this report, however, that the equipment should not be widely dispersed.
Therefore, a sanctuary is not provided for the transmitter; instead, ARM immu-
nity is gained by dispersing the transmit function over a region relatively
close to the receive site.
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The concept described is futuristic but well founded in the near-term trends

and techrology development required to support it. It ia therefore important,
because it illustrates to the military user the performance advantages to be
gained through development and exploitation of a new level of technology base - -
solutions to problems for which there are very few satimfactory answers in the :
existing radar concepts using the existing technology base. B
X. RECOMMENDATIONS a
i
In order to expluoit the techniques suggested here, additional work is needed 1
in the following areas: bR

A. Parallel Beam System Concepts

Current radar deaign uses a sequentially scanned beam which is sequentially
processed for each direction in space. System concepts are allowed by the teche
niques herein which use multiple simultaneous beames. If the radar must provide
very high data rates in a target rich environment, or if the dwell time must be
sxtremely long for high doppler resolution processing, then these parallel beam
approaches should be considered. Coacept studies are needed to optimize the
aumber of beams, waveforma, ete. for a given application.

B. Dispersed Transmitter Studies.

Digpersed transmitters are suggested here ss a meana tc handle the
ARM's in a manner similiar to that of blinking decoys. More definitive astudy of ¢
this is needed to show trade-offs between the blinking scheme effectiveness and
radar performance. Use of the dispersed transmit farm cen also be studied for )
other purposes, such as for target fluctuation improvemsnt, or triangulation for 3
range information on eacort jammers. l'_:
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c. Tracking and Bear Splitting Studies.

MIIIN TN

S
Y

Tracking techniques for this class of aystem need to be addressed. The
use of multiple beam clusters is similiar to the four beam cluster required for v
monopulse tracking; therefore, questions arizse: Should the processor treat i
every adjacent set of beams as a tracking set with sum and difference processing. i
available on every target detection or should a special set of tracking beams be S
employed for better accuracy? Is beam splitting necessary, or can a scauned N
sequential cluster set be used to pinpoint a target direction in space? With
spatially sampled digital beam forming, can the tracking be done with spatial
filtering using modern high resolution filtering techniques? re

D. Digital Beamforming.

Both open loop and closed loop digitally formed spatial beams need
B atudy. In particular, algorithms for forming beems, compensating for manufac- K
1‘ turing errors, and forming nulls to directional sources of interference (all in b
b real time) need investigation. The impact of VHSIC on the beamforming capa-
& bility needs more rigorous assgessment. The use of new digital filtering tech-
2 niques, such as the maximum entropy methods for emhanced resolution, should be
investigated for this application.
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E. Processor Architecture. -

The digital signal processor required here must adaptively form ﬁi

multiple simultansous besms and process all of their signals from a given sector o
of space within the dvell time allowed for that sector. Thia will require VHSIC o
implementation. Architecture studies are needed which provide procesaor desigus "'_
centered around the chip set to be produced by the US Department of Defense n s
VHSIC program. <
F. Component Development. ;f
This concept is based on the use of a receive module per element in a ;;

large planar array. Down conversion is needed that is coherent from module to —
module acrosa the array fzce. Linear amplification is needed at a low IF or }%
video to drive the sample and hold of a modular A/D converter (for both in-phase
and quadrature channels) on the rear of each receive module. A program is ol
needed to develop a family of these receive modules for digital beamforming -
applications such as the one described herein. This should include the develop- gi
ment of low logic power circuits with appropriate form factors. -
N
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Appendix A
Receive Array Tilt Angle Determination

For most air defense coverage volumes the envelope of the pesk gain of the
pencil beam receive array, versus scan from broadside, ia optimized over more
of the scan volume if the plane of the array face is tilted back from
vertical. One criteria to use for the determination of this tilt ungle is
simply to equalize the maximum scan angles from the array broadside that occur
when the array is scanned to each of the extreme "corneras” of the coverage
volume. The scan angle from broadside, €, given by Ref 2 in

0 = 008-1 (sin E 8in T + cos E cos A cos T) (A=1)

where E and A are the earth elevation and azimuth angular drections and T
is the tilt back angle of the array face with respect to the zenith of the
earth coordinates.

The coverage volume is symmetric about its azimuth center; therefore, the
coordinates of +60° A , 69 E and + 609 A , S00 E can be substituted into
(A-1) yielding two simultaneous wquations which are solved for T when the ©
of each of these cases ars equated. When this is done the tilt angle computed
is 13.120 which was used in the determination of the sector boundaries of
Figure 3. Note that the uppsr sectors extend to 62.49 rather than the 500 E
used above. Further iteration of the tilt ungle and sector bouadaries was not
done for this example, but in principle the tilt angle can be adjusted to
enable reasonabla extremes of the angle from broadside, 60, to be used for the
coverage extremes.
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