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ma•iouta't:!.e ~r~r~r�, T in th, approach proposed here, the radiation from the
"decoys":' i.4 uise as the ýIcttui. radar transmit ter.

I'hhc report 1.nscusses .ll.imination, waveforms, and inult.iple beamforming trade-
offs necessary to perform efficient radar operation. Tt further suggests
dcvelopment efforts, which futqt he conducted before .,ch a system is ready for
opcr.rtf~onra1 use.
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A DISPERSED RADAR CONCEPT BIR AIR DlI'WENSE

I. INTRODUCTION

.IkTis pa)%b auggesbs a radar configuration for long range (200 kin), air

d~i'• di Vb-llaitLUt •nil IAJAfibj;U!1>'. '±*iw cui •.•'ar on proposed in
multi-static; e.g., several transmitters are used to host one or more receivers.
The transmitters are located within a region. or "farm-" of a few hu•ndred meters
in extent which is displaced from the receiver by several hundred meters. By
spatially distributing the transmit function in this fashion, and dLsplacing it
from the receive site, the transmit untts can be blinkod in a manner similiar to
that of dw,;oya V-ployed rrr mopo.ntstj(. rR-l T.n thi approach proposed hero,
the radiation from the "decoys" is used as the actual radar transmitter.

Figure I indicates a typical equipment layout as described above. Three
transmitters are shown as hosts to one receive site. The distances shown are
typical of those required to separate the transmitters from the receive site in
ore..r to prevecnt AR!V.- impact at the re0L;V -d.L. .... partVon. . ho.aiLw
transmit sites is typical of that used for decoy farm distribution.

It will be noted that transmit and receive separation is small compared to r
Sthe detection range of the radar. This ban the advantage that the target range

and doppler determination is not very sensitive to the multi-static geometry,
compared to widely dieporsed multi-static systems. Secondly, the useable
nnve a,". nir f. ..., - l- lm1.:, tr, n, Tnnrf "yl ,t . . ., , Oh.½ '. "_,

equipment interfaces and logstics are greatly simplified by these short
distances. On the other hand, one of the primary advantages of widely dispersed

V multi-static radar is not obtained here, that of reducing the distributed

clutter size for range ambiguous systems.

h appars toh b3 oot1 oonfuil.on in the radar community over The
c] a,-1ifi eat-I on o' o1ryOf .1.mniee, acqutoirtion, or search functions an as.soclated
with a partioular type of radar. The Navy seems to "search" ior long range
targeh•; wherens, the Army "surveya" the combat zone or "acquires" targets fo-r
weapon engageme,,t. Historically, the terms were reputed to belong to one
Ii.velo•pm.nt orninw;na or atnother wi;.;i mission coni otation somehow involved. Th.
tcrinzi "l 1. be conoi du•uod 1vguuly vyfiyonl•,uiO~ for ute pulsuusu her-. The; ra;ii,

LL)' .'.iL'1AXQ'k (U 11I) W LU1ýV ' till i( takZdc ri L uarget i )tt- ". tactical1 mi-t

anti- rAtdi a tifon mi,3siILes.

-I
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I1I. Go-kfiguration Rationale

Aý. A~r De Fence Su rvej.Illanc e RoleI

Tr-y4>ct-al c:ýr defoanucý eýyztomu: for. lii bh ,i idl~~aLgedrgitta

need surveillance radar functionsi in order to (1) assens ai rai~d threaft asi
it develops; (2) prioritize raid sectors, primary targat ].inao9 and target
groups; and (3) enable the batter~y or division nrj-imanide:.- to onsi0gn and
designate targets to defense units. As the battle devolopu the surveillance
radar -is needed for kill assessment and re-direction if ?orce to concentrated
or breakthrough areas of survivi--ng aiLrcraft.

Both PATRIOT and HAWK have long range surveillaince enpability. The
PIA.TRT09" ftý-re _nut.- a utonomoucly performs its own surveillance, acquiring and
taLckZ--ng £jcoroU'i o2L U 1 "Uargets oiaiur .nl eously- fur- ustesesmoent andt possible engage-
ment. This requires that each PATRIOT ffýre unit radiate on a continuous basi.s;

each becomes a high value, prime target for an anti-radiation mrissile (ARM) or
electronic intelligence \ELTNP) nroci-sion1 locaFtion o.Qu1.umet Mhn cot

produ~ce significant costs to the system An terms of ARM decoys and fast march
UCall" euL.neieu wit-as ir trequent re-positioning of equipment.

The Hawk piat m o racquiniitton rr-dun (PAP)/ and the Jinaprovor,:d C'W- CeqUiL.t Li-on I
radar (IOW-AR) are cbsigLnfed to provide target acquisition for the HAWK battery.
The HAWK radars and missil launchers are diapersed; but the: long range radars4
are still prime targets for ARM and FLUNT suppressioni and identification.

&utonomoui; earvoillanco ciipabtluity i.t Lthe f-ir unit oi. ba bey )JWI1Yi a
level is (and wiii always be) necnst.ary and vital. There is sia' ni.fi.:nnt avn

tage to the battery commander; however, if this surveill-2ance capability is4
flimc ' A --dt tc nda-pznld.-t Aqupipm.nt; 20'o GtK.u bYQit l pijJ~Cr(. 0) 'Pil

weaponrt'drnd not nou~d to raud-ato- prior to tilh. Wtlb-LGU, Wid their high0 pavel,
long range search waveforms eca be cuit back or eliminated during an ARM attack.1
(2) Delo'y ['aitim canl iju4tSAibl.y be roe iaced by f-n4 

an
1 

onnrnrgcnt r.c
engagement, the weapon radars can be totally cijdicated to the engagement and

u~dacowu.veformc,, with no degradatitcn of our-vvol.la~nce. capability cite to the .
Ilmud '60 utiLlE, ritlit Gi--U '61, t.iiudt re-WiO~utCeI8

ittlW j~~,giojr UIurv~uvt.b~ility1

Critico;. of Lhe nleed for a separate long range nnrvniA.1.1.nncn rari-r f'cr f
,Oitr dýýfcn.ac arc. qui-ck to point out that the14 h(igh powlet taCDA±, Oil a. fiu Bits,
won' 0 nrovi Or- ppod ARIM fodder for the first dn-y of' the 'er After that, trio
fi- unit3 would be onl their own anyway -~ and thus the need for onr1v autonomous

capability. This criticisin accurately poinlta to the fact that the s-urveillance
rackir imuot be dusigned to ourvive and operatO Uffect-vely inl an ARM and ECM
en-vironment. It thi,, were not the ease, there arr. any number of air trlaffijc

i. I'l k 1St 0,' . Uri m r.; co 1 1 ' bo "I m V i tr'!r- '1.0 t;' m i" 1'nj* t i: tl



Th~s' i'.yi ynlprools ws h be a ban- a connniderail jon for new mil1 .t!ary
.......r&iign. Thlus a techunioos to counter the AMI throiit fall inIto two

geineral ca-tegOiieLB (i) 'those usjed tar new rawir (a½ignt-pui~al addressinxg
the AON problem, zand (2) thouo used ao "band a-i& fixo3i on orizUtlng ro daro. A

pdiscussion of tAJB.,sn two classes follows for the 'long range a--puliuation.

1. Ifew 'R proof" depslgn...'Mhe average pow--r radiated by a 2&U kro
ra Cur is Lou highl Lu hit-", utli, tjýUtt3ULjaGtrf (Uanitt~i. QaLt:e. UL' luw iueui'-A-U1i ý'U'y

of intercept waveforms, coupled with frequency agility serve to reduce the
number of disor~iminants available to the ARYt but £ven. with ultra--iow Sidolobe
anu.iena, there- lb ýttdqua-L6 sidke~lobt, .Lcdin-dtAjn1 toz ATUMI hoI00kg 1'om rngc W;.l

-beyonf, the ct'teotion range of the radar. The 200 km rvcmr reqiuireki more
than nignature control; although the low peak- power -waveforms certatuGly are
a step in the right direction.

2. "Banid aid" f s..Teeare aippiked Va reda&rH alreaci(' Celded and
ski generally take the form of either emission control measures or decoys. Emiseion

control requires "blinking," or cycling the radar turanomioni~on on Ind LO wt
*the- tin9, of tlie, iif? rnfrioMýP roiirhly A factor of two to three timen bf of tha

on periods. If full time coverage is required, th-e radar must be netted to
othzs :th LIf & 3:r i 7nn trrr a 1r t-rud !-7 anon-timt- tn 1w

*alternated between radars. Obviounly, kPf autonomous operation is requireqd, the
£S blinking will significantly degrade the tata rate of the single radar.

If decoys are chosen as the ARM countermeasure, they must be

racktrs of this class and vintage this m~eans that the cbcoys must be Palmost as
powerful as the radar transmitter. For example, if' we assgume the ra~iated power
from. the ciecoy must at least equal the radiated siA'delobe- power of- -the raUdar, We
have

where Pt is the radar transmitt ur power, G.1 IL: the gain of the radar sidelobes,

-P d 1s the &coy trausm"uit powtýer, and G'd Aid the gain - 'the Wacoy antennia. Thu
&Ain of the peak aL3delobes for typical radar antaulmniq interest range-s fromd
abhout 2P to 10 1IM. Tf the garin of thEl decaY antenina in equal to this 6-iin of
the i del she of' the vs cAr; the 6.3coy p)ower must also equal the radar transmit
powe r. Ef -the decoy antenna ganx- "in iflcrEen3Sd beyond 'ý ddb, the coverrage 01 the
decoy is reduiced from heriei-pherin coverage ast shown by Figure 2. For
example, if a decoy is desiigned to cover a 10 dbli sidelobe, and if its

tr~nuiatL Vst' oer tai Qdonlu llf Ut ý' -13 dlL thczin) tho rzndzr tr:Ajnsý:aittsrpozr
uctanm g in mau b:; 1 3 a1 tho;r, for:;, fr-inc Ftguzr- 2 th' j &,Coy

would onily covor a jector that is 15 dogreesj in azimuth by 60 de-grees in
"leva~ton -. I I0 GO' by I0 'l Its Lu I~ tI b1 ICvi''i aodc~y

mbU'autII k. 1&td n r W- &c tru- i!, .VUC ALI: of tLAIm: C;QUm;d ýA zlýUL Ub: r0 rtm tr -0

poinat "s- th; t-; deeoying a 200 1-m rada3r requires a sign-ificeant fiqulpment
xiurpauf-t' tru.

iv 010o7,) oxr Cti 0 vc :iOiutj ni lto thei NM1¶ iarcbLcimn tn to :-oepacrate the.

C- - . - - - - - -1, .-'ýý*. -'L(Jl k- V L 1A1. -1- t. 'b -ýUA R
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the receive site can stay quiet, away froom the radiation signature, and immune
from the ARM. To protect the transmitter, previous concepts have placed it far
from t½: vEBk and out of rcach by the ARM. Gcnerally, thltu requires an airborne
transmitter. The configuration proposed here Is of the multiotatic class;
howe'ver, Lhue ctrnte,&teotne.IUe_ ThnO tUeLh

C. '-r flittgn for Reduccd Su-czpttbtl~t.t to ECM

In addition to surviving the hard kill of the ARM, the radar
performance must also survive the soft kill of ECM. Modern jamming threats
require the use of a pencil beam to reduce the extent of the main beam
suuoeptlbxiltty u boing jammod. Secondly, the lowout zlde lobe lovols
afforda.ble are needed to reduce the effect of sidelobe jamming from stand-off
jamming. ýciaptive measureB ui' .4everah &tu-nets ai-e b1ei.g inveUOigLed "yU t51

radar community to further reduce jamming effects. Most of these involve
reducing the sensitivity of the antenna pattern in a selective manner to the
specific direction of the jammer. Techniques for- both closed loop and open loop

A,,n t , n 1'ro i-.',r investigation for this purpose. The success of these tech-

illumination function for the antenna (which produces the required nulls in its
spatial response) ana the speed at which this can be accompniuhed. The proposed I
configuration offers the possibility of evolutionary growth in this area since

the response of each element of the receive array is available to the processor.

T. A dventages for thn Multistatic Conriguration Proposed

In order to counter the hostile environment outlined above, the radar
proposed here is quasi-multistatic (or quasi-monostatic); e.g., the transmitter
is separated from the receiver, but not very far. The transmit-receiver base-
li.ne is -rouhly .C)03 times the detection range. In addition, the transmitter is

spatially distributed. This means that the average power required to detect
- rcrznft -.t 200 hra. I:i • r7veed from perhsp.- n total. of three unvi:Fi r.ther thb n

single transmitter. Thin reduces a given transmitter size nild allows them to be "
separated from each other by several hundred meters as shown in Figure 1.
Modest separation of the transmit and receive tunctlons provides enough Iso,.a-
tion to reduce the r.quirements of the T¶ device for a pulsed radar. It should
allow the use of flexible roded CW waveforms. It should also reduce the return

i,0iii~~±rm ciiGto, oro u~t;.-nifieantly, tLhtu ;zrrto olo.uprotuattona 01)
thitý hi~tb value p1l.' .... I.st Ttr.k r t o nr1ooru from ARM attack or prnoIne

tM T v mt. ! ., ' - o.. . .: t , tt - :u •.. . '

U safe distance away from the receive site. Furthermore, the antemna complexity
i" nnmewh,*t offset by this ;iepraFtioný since the more sonhisticated requirements
of beam formation, etc., are placed on the receive function only. The tranemi.t
(high power) antenna is a rel.atively simple, low microwave loss device.

When compared to other multistatic ra(dr (.oncep•ts whbich use nLrg•g,.o
n U1borne tIranlmittevs in a itemote location, there.- art. dtft:.xc,,t eidvantagon. ALL

.neocessary -i the muTl.ti-static loc.ation equattoniu. The Clutttn- i: 111 Co coIp.i.:i.-

k L!c by ''-'' )ii~e r IJFt- 0 U h oU 111 2 l 1. 11 C t. i. iO Hot' Ill) 91'IOs Tl; * I AV G0U - .1_0}i k1t.ai or



(compared to wi dely dispersed systems) t.ves fewer ca.libration and control.
ornbl.emý'. Tt n1-no implies that the total. trnnsmint power rcquircment Is atntlar
to that of the monostatic radar. Since the transmiý and receive functions are
not wt.d,7.y dsperned, the manking is E!n.]iar to that of a, mono.3tatic radar;
therefore, extraFme elevation of the transmitter is not necnesary. The &.ztr).-
hutld •ran.smitt GL can be organized to reduce its vulnerability to ARM 2 s through
blinking, frequency diversity, antenna sector switching, etc. A dree; hit on
one transmitter may reduce the detection range of the system but "graceful
degradation" occurs with transmitter attrition. Each transmittee is a fairly
simple device and (bes not have to provide the entire radiated power of the

TT .T Coverage

A. Tra deoffs

Given the need for a multistatic system, there are a number of choices
"in its configuration. The use of a diatributed transmitter limits those
choices. Because of the number of transmitters employed here, their design must
be simple. Pencil beam transmitters synchronized with pencil beam reception do
not meet this criterion. Rotating transsit fan beams require less synchroniza-
tion with the receiver; however, the data stream and dwell. time budget are con-

* fined by the rotation rito. At the opposite extreme, omni-dcrectional transmit
beams waste too much coverage-power product since a multiple beam receiver
covering thu same hemisphoro of space is impractical. Most of the idealized
multistatic configurations arc not practical for long range radar applications
simply because of the inefficiency encountered when one tries to register, or
overlap, the transmit coverage with the receive coverage.

B. Proposed Approach

The approach chosen uses a sector coverage transmit beam that is
watched to the coverage of a cluster of receive pencil beams. Both the transmit
and the pa, allel receive beams ate fixed spatially for a detection S~ell period.

-? ''Tben the t ransmit heari and the enti.re receive b;am r1 Luster are moved oimulta-
neously to interrogat. another oector. During a given sector &'elI period, tL,1
tranumit bc-aja ,m.ay be (3.rý.ved from one or perhaps all of the tranomitturo tint the
faont *n a it.equuntiu..it.c-K aoa. Ths Stancvi5 Uscheitiu w 11 t opiu Ltt•h+.' (mull]. time
•q'2,rc ed by that i-ctor, nnd may b, altr:rc'd ,,ubjuct to AIIM attack or- cqui;}nt
con di Lion.

S7incer theý receive benam cluster an ricanne d an ai r~ron: -iInlflflI - ttnn-*
tion mMust be tg.ver to ?I tracking •icheme.t ro high priori.ty tairgets. In order to
provide a more precise target location for track, it may oc,- necessary to provide
elevaton n .d a..imuth wf__ch arI scanne d in Id, enniy f1runi Ui10
rne ii.rc berkm .ol,.•3t(,., "'hi- c,-..n hb ,•o l•. hc throu,: v t'.,no of th,,: dý,i.-tu
huam Por[O.ing lp'ocesoc'r wv lth r;oI RF bar dwa r(. changýes•. T t ho'tfI d V he rotn1: .

h~ow':Wc.)-, thatLl theý (ktitt :t ia b, ';.L, L3'Uýll. paftUOd( by th11u -ei'upj ticain of thu trtAlztll~ii.'U
Pil.oo, bicatm among the ,inor etretorn. TV V oi.,go. r . tt r.ot 4i:1 roq i •.] odc, ;Lt ecou U
he supportr-d by extra iI.].urinati on of t•he track 01tooo as., cit• Or P the

.



transmitters out of the. normal sequence used for search coverage. Tracklng
details will. n--,t be further addressed here.

This concept could be ir.-leaented over a 360 degree azimuth regior

coverage or 120 degrees in s~imutn is suggested here because (a) most long
range 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 are
technica-ly staight forward and serve to illustrate thia example system.
,ue .... , t , _nhould to nctcl that th.e ffltiple beam rcco.c D.ystcm inhorontly
provides very fast data rates (to be shown later herein). This indicates that . '-
the rrame time iIm1tations ge -iraLly areociated with sequentially scanned pencil
beams over large regions of air space are relaxed; therefo e, growth of this
construct configuration to hemispheric coverage is feasible. The risk to this
growth is primarily one of added complejity and cost rather than technical,
given the achievement of the sector coverage system. This is based on the
renults of the Hemtspheric Coverage Antenna work at Sperry in the US. Hnrdrarc r
was built and evaluated, showing that a pencil beam, with good integrity, can be
scanned over a hemisphere from a planary array feeding a dbme shape! microwave
lens.

C. Sector Allocation

The 120 degree azimuth sector of Figure I is divided into nine minor
sectors. These are shown on the orthographic projection of Figure 3. The nine,

profiles are shown on the altitude versus slant range chart of Figure 4. These
"Rector tszes were chosen to accoamodate about 20_0 receive (2 degree) pencil
beams each. The number, 200, is not op kmized. it was selected as a reasonable
goal for the number of simultansous beams to be itally formed and prucessed
in real time with the advent of Very High Speed It tegrated Circuits (VUSIC)
cxpoct'l in the 1990'a.

D. Receive Beam Reniuirements

The receive sitre uses a aingle pianar arrav, ixxd in nosition. witn
its broadside bea= oriented in azimuth toward the primary target line (PTL). It

menta required in the array. "No tilt back angle is determined in Appendix A an
16S .I donrees from the vertical.

In oedie to vu•6in eo in idtail, .he usual array. cooxýnlatus
afs &Ifinad ii Vikure i Nhvci Lad l ar, ;ca4 a1,i-l.1 in Oa'thouonal Olandi

LLLbJ1 M IAU Uk ft Wi[L;..i;ft rt .[I,'JtkCL itU W itY a ,i t1 O I U 1--LY ~lf. Tt"

a171gLes arc related to earth coordinates azimuth, Az, snd elevation, El., when the
... tilttd back 'rcn thi: w.rt!caL I- the finnlc T, , {oll.o., Y*:

t, - "• ..--- -, 0-
,, - ,, - .
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:inn a no E11. sin Az (iii-i)

fl oou 1l co. T c;., 1l coL A, ain T (I11,12)

-'the benmwi dth of nn array that ;-s .T ..,.ed tn space bro dens ann it is

scanned from broadside by 1/con 0 where 0 in• the angle from broadside to the
scan direction. However, when the beam is projected to the sin a, sin 0 coor-
dinate plane, its dimensions are invariant with scan. Therefore, adjustmient of
coverage of space with a number of sequenttal.ly scanned beams (or parallel
simultaneous beams) is usually cone in "sine apace." Vbi 2 degree beamwidth of
this emsmle translates to 35 miillisineus. This 35 millisines can be used for
the beam. dth over all of the scan space.

If the ensemble of simultaneoun receive beams must nover a given
transmit sector, their scan directions must n) chosen using a rationale which
n=o.voo .a trade off botvoun the niimher of nml reqyr.crnd wfid the nmrrage lons

of Ain over the nector coverage. For exami.Le, Figure 6 indicates three ways of
stacking the rece ie beams, where the circler shown represent the 3 dB contour
of the beam in sine opace.

For this exmpis, the receive beams wiLl be stacked as in Figure 6-C.
"- *This is chosen because it, provides the lowest loss; hence, a reduction in

transmitter power requirements. By applying this stack lattice of .75 beam-
widths x .866 beamwidthn te sin a, sin f space, the number of beams for a given
sector of sine space is easuly obtained. This is not very useful; however,
because the coordinates of interest are earth coordinates, Az and El, related to
sin a, sin 0 by Equat-ons (ITII-1, 2). Therefore, the procedure must be

0 reversed, choosing earth coordinate sectors and iterating their limits until
each has the number of beams enu•l. to the number of available narallel. receivers
(in this case, 200). Here, the major azimuth scan region from Az--600 to

- O U
0

° w.. d t .ou Lhsb , , .h.1h n..v... .,"uUi ,a-a.- .. jA .. ,i._ p •

(a) from Az - -60w to Az - -16.8(

( f) fnrm A,. = -16.B9 to A,. +16.R1

(c) from Az =, +16.8) to Az +600j

From oqu-tion (I!I-I 3 it can b ýhon.n that ci row of buvaR., :.0ocng ti g;..vke. nl-.....

tion scan (0I=- cone tant) wil I have the same number of beams in each of the
above sican r.gions.OtS Thus, t...i thefn riectori wh4chi akr. bounded by these Arz•imtb
limits and c-unatanr elevation limits have equal numbers of beams in e'xch. By
simple iteration of the lattices of Figure 6-C in sine space, the nine sectors
- t _4 __ flLJ ' . - _ai -c nn wf b4 i ' nlay a~uu t 200 - ti -at'ki nu.- but -1-~ t..s -,--o a I

*In ti Ii:n. bde .k nt 15,10.

The iolid angle, 1 o f q wingLe receive v)nci]. beane i, giV;n by

,, :•n ( i-eo:- a) (TT-,-i :')
QIi

n'I
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I
where 8 is the 5 dB beamwidth. Its directive gain Gr, (uiiifomi illumination anct
no losses) is

V,"_4. (TTT•-4) |

ac a ;,;.o zg'.xc boam, Or 0.57 _10-4 qo -LT

A j~ lo- cGu, foi ;ých of tha rcix ;.r th-,t ic: dL~p c,-d
from broadside. 'This is the to the beam broadening alrealy mentioned in connec-
tion with the 200 beam coverage sector determination of Figure 3. In order to
L Aill bc compiltf" for nf' h of ;.hy mi.nor qe,'torno As nn npproxi•iation, th-s

scan loss will be taken as the average of five beam positions, one, at each
corner of the sector and one in the center. A given beam position scan loss,

"_'S' is given in dB as

where 9 is the angle of scan from broadside,

= Co--1 (sin El sin T + con Rl coo Az cos T). (11.-6)

The average rcccive scan loss, computed as above, for each of the
minor sectors of Figer ') i•gi vein ii, Table III-A.

Teb].e III-A. The average scan loss for the receive beams of Yach of the

.lECT OR 2 HS
F•I( Lg. 7) . (-rlj ___

3 1.25
2 o0.09

5 °26
7, 9 1.96

8 ji1.07

El. Transwit Heam Requiremonts

"Tho mino2 sectors to I-. i•Ll.ininntod by the transmit beams are du'i'-ine@ by the
000) botdnm limit:i of the r7ocoiv.r a,-, (fri.ved nbove an d ,hown in Fi nve ', ,,nch

oj U Is l•; 1 iLwT.o v *r nv:: In pY"in ipC lc * i;h;i fi'l. tr"n: in- ,'-c, ci vvn uncf-

oSfn bto :iifti tchfd ci ure . .•.ct;or Lo mnol;hi.". 'P ft! -i. " 1 i : uT]_]. nImo,7lnL 0o" ovw.LlapS• .4 ... r .. L L f u sU51 1 'l)
3''
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The n-olid angle,Ut, of a given sector is determin d from

0.(nsin El • - sin El . (111-7)

where *a is the total angular azimuth coverage of the sector in radians,
"El max is the maximum ele-;ation angle and El mrin is the minimum elevation angle
of the sector coverage.

T.J &xlciL' s &ta uof "1"U tzunmit ..fi, C.t, uo d "nifoia illui.in GoAl
and no losses, is given by

. .. , .. (r -.R)
Ot•I

Tui solid anglo amd gain of each of th- mi nonr sector transmit boama, calculated

from (111-7) and (111-8), is given in Table III-B.

Table III-B. Transmit Beam Parameters.

Sector Xt Gt
(See Fig. 3) (Steradlans) (dBil)

1, 3 0.1899 18.2
2 0.14(7 19.3
4, 6 0.2205 17.6

5 0.1715 18.6

7, 9 n,-5flm 16,9
8 0.2007 18.0

IV, DETECTION CRITERIA

A. Range Equation Assumptions

The nistatic racar range equnihnA:t ij

(' 4xt) . &'R-r2 ('lti.•f•_nfi , (i.v .!)

TCr

Wtkiero:

t P l ,cLA.CLOhILA.0 ;, Lt -

Rb v. i.)F- -i -r i-ritfov r o

('t. Gr - A'.nLetnL• gaia oi" ni tI;ar, teVeiv i

""P,,-" product of 1!oltzman constant qnd teynernrt,urn
NY receive noiue figure
(0/N)o s.igm,0. to noiSe ra; at, receeiver out-putL

T f-ri' l T1 Iph'! .1110tg n io t
,•=wavelengIth

lot: 1t;h



For this multistatic geometry, where the transmitters are close to the
reriverC it will be assumed that Pt = 2R - 900 KM . ,etor t',hnr 2 frorn

FP -rc 3, vill be defined as a reference sector; its antenna parameters will.
be used -in the range equation in order to determine the power reo tired for
various dwoll periods. Later, those results are extrapolated fot other

,- sectors.

B. Probability of False Alarm Rationale1

ýZn tle cagtiai pLittuceso. Lu th-iýiiiuu, iL mus-t ;..so process the c1ta in reaL
Liiuu f'or nl of The 200 beams. S•niC it dun daie" in }-woressing way be required
if tracking beams are also implemented. For these r.isons, the detection cri-
teria must result in very few false alarms for the heavily burdened processor to
ckai with.

Thus, a probability of false alarm (Pfa) of 10-' is chosen rather than
a more conventional value in the 10-1' to 1U'-L; range. This choice requires a few
more , .n- .. . to not.i. r't. n for p li., nrob ',•b4 •1 iy .. -. of - t 'rt'or - )Ž

C. Cnohernt DTol]. iT.tnrvwel

The sector flood transm-it scheme proposed for this system implies that
lon ,n ý;e ,gration time will be required for long range detection if the transmit
power is to be kept nt nn a-ccptabh..n l1e.vel... Thb": can bu dino mo.t cfficicntly

pre-detection) time, and combines multiples of this intermal which are further
integrated non-coherently. Assuming that doppler processing will be employed,
the maxnmum coherent integration .hat can be used will, depend on how 'Long a
maineuveri.ng target will Ltay in a singl..; dopplor filter. This is d•ter•mincd aO
follows.

The d3oppler frequiency of a target flying at a radial velocity of Vt is

fd : 2V t (IV-2)

it the target undlergoes a consIatnt rai•al..eZce].LrCf h i o . IOel.o-it~y Oh.Inj!:m., AVt.
c.auses change in the d&ppler ,s

Aj 2AVt (Tv-'5)

The acceleration at, is a constant p-iven by

At

Ai(j = 2atAt (i v-t)



If it is a:ssued that the integratiEon was initi~atoa wnen the target waco -ln thle
center of a ebpnler filtor, its banrididthi, B9 , would riced to be twlice the crDO-cted
change in doppier :in order to ace omno date an tncreaasikc. g, or &Ucrcasi3ng excurri~on.
From another peropectAiwe, if the :sign iSi known, 'the t:Thrgratilon ma-y not be tat-
tlate6 When the target tbpp-ler is centered in the i ýtriLi~rofore somie safety fac-

Fulrthermore 5 tbe integratton interva!l 2f 1 /'Hf can hen no greater than At.
Therefore,

For a target acceleration of 6 g's Fnd X -0. 1 meter thi.- results in a
2f.l .11 nl4l-!r'oyid -1 r*mt AS~ t~he jv-im,arhr cohelirent 4nhMipratlon time that can be used.I

D. Target Model Assumption

For the calculationLe that; follow a 20 millisecond &all derived in

t~lf n.h.' rn~'n~ '' "!tpg rlýýT l piO!v" (fron -4 ;*n-To trFtnsynitttfr) .I
Since each of the 20 mi~llisecond drells (pulses) can be from different
trausmittnrs, Vt3 ampliAtude of each "pulse" in a given sequence is considered
to bu tti-aly-ce,'~trnbrvr:.1r.~li the 'inm~f 1T't5.IahFo "rn-~
bahility donn 'ty fixntiori. The iti~tial phapses of each pulse in the detectionL
sequence are assumed to be indepenrbnt with uniform probntbtlity densities.

* Therefore, the target is conaidered Swerling 11 for this datact.on. sc~xeme.

f0. Transimit Power Calculation-

liquntlton (tLv-i) wiýh. bb, used to first eb'1-Kne the transmllit power, Pt
reJ~uuiced to prodUce U dsstrod jignal to notacat -it ` m11 cotivor ou-ýput, (2/Yi)0 ,
f(or a sinAgle3 20 m`nkiiocnnd koll. inturval.



41j
dh I (l

(4 3 33

kduolc 200m)r 212

-204 uS~-204

L ~ 13c'B (Note 1 13

T .020 sec. 17

Gt18.3 dB (Note 2) 18.3

Gr36.8 dB3 (Nlote 3) j3.
X?(to (M)2  2

al '3m2  _ 4.8

301 -269.9

Theret ore,

Pt ý-37.1 +(s/N) 0  rvs

shorc. 1
't is in dEW and (S/N) 0 is3 in d3i.

NOTE 1: Thin is an assumed numaber for the total of the processing and propa-
gation. losses.

1,K)IPX 2: The tvina1mi~t gemi of Sector 2 wan uneed hero from Table ITT-D afte1-r
degrading by one dB to account for fooýd lorises and illu11mination
function ineffic'-enoy of the antenna.

:STE q5: T-IULU.n ati UtL C% Ufustte(rirpiei wan ivqternn nwri ini

uct6:i o IfT i-I) Fu 4 12 d EL. Ref 3, Table A. 17, indicatte theo
eftfici~enov of' ,n n 8, Circular Taylor illumnination functLion -iu

0.651 ; tharefor(e, 1.9 P. was subtracted. Feed i~ons, for this antenna

thio Sect,.r 2. There force,1

Di.rective uiin 41.2 dB
i-Llim. 'Prnper -1,9 dBI

Yol, (I To! S3 2 4 dil0
B'Otn Ions -a .1 dBi

Pbe pro ha hi 1- ty W, chtecti-on, Pd. ctin now be obtainied f1 r- Lbsn :n'r 0
n'ni~li:ii'u'un d i tit~,tval 'jttgIU h i :lt -.tcjKIlILJL 1, OW~t- YO% MIo ;;1) -.1 , 1,1iV srn or

';~t~toY TV u)l kii.W1J y ;' uu v a I.&rli; I'd whic tl :; Iohi;;6riot i ,fln IQw



cur-rec of Chapter ii of DiFranco and Rubin 2. These curves indicate the Pd vor-

sus peak signal to noise ratio* for various cases of target fluctuation and
fa l !. n ~ ~ m m rýM - s th'i - ,qvrrl -n _- C •.iq , TT N= ]. P ... . 1 n -10 - r, m tl.t

Equation (IV-8) yields the N-1 curve of Figure 7 which represents the transmit
. power rmquired versus Pd for the sikngle 20 nrilli-iacond &ell. The DiFranco and

"Rubin curves for mulLipie pulses UkaL aro incuhoreaLiy ilegraLed canl be appliedo
toy laiuulJA tILttub ',Iu- L~2Jk1--'1.'lAmiufulU Oabiýu (tmull- Theseu a-ct khowin KIa K4_G-Le 7
for N-i, 3, 10, 50, 100, and 300; where N :is the number of these b'rsio cfe]is that
are integrated noncoherently. Figure 7 gives a fairly wide latitude of transmit
power levels that could result in, for example, a Pd of 50%. The questions now
remain: What data rates r-oult from the choice of PL? Row long o, one
integrate (noncoheren;:ly) for the target detection? These lead to the time-
power consi derations uf the noext section.

V. Time-Power Considerations

A. Comparison of Sector Coverage Times

On examination of the Range, Equation (tV-i -it is apparent that the

&rell time can be expressed in those terms which are likely to bay different
values from one minor sector of the coverage to the next:

*Ti RLs K
~ C~ (v-i)

Wiie"'e T to uII Mwtu• i Lu.nfl require d -wu ,xif t1 t~if eUUr LWl l-st" PjtXUILI-I t5u nituuit

pertaining to that sectir. The assumption is made again tha.. Rr ' Rt - R.
Lrs in the average scan loss of the rocel-Te antenna -.a givoi in Table III--. and
Gt i3 the directive gain of transmit antenna as show, in Table III-B. The rest

of the parameters of Equation IV-I are lumped in the z 3nstant, k. Note that the
transmit peek power is not varied from sector to sector for practical reasons.

From Figure 4, tho approximation will be made that the maximum range to

the target for sectors i, 2, and 3 is twice that in sectors 4, 5, and 6, and
iour times tnat of sectors 7, d, antd %1. 'inw•s occurs because tue maxnmum al Li-

1:r -fr t~r~r of' interst -km

rMle ,o'ell time required by each sector oan z, 4 Le normalized w~th

respect to the reference sector 2:

Ti. (Lui(
S)I

I -- N'A- (11.2 -- 18 o" m)r 2)

',r.cr'u ,A. ".., t~i ,.u Lmvul..y tmh,, (t:/u)o ,i" (,,,, . ([V-i ).- U 0'i , . I':' r 1• , t.,,;
1)1Ž" :,i!h I. '"rzi ,t }'coin] 1};'i[ ,i'w|:1". !:?' 'r,', I •'! Ii" tI. •.[ ll '1 ''r.,'te'' !(20 ;I r(fi•[.'!TlI'} ('or" ;}' l "iii to lr

•I" *> 1..0 ;hY-I, U -0'1;;"- ..•. ..



where the subscript i repres~nenis the i th center. Prf ý-oral ng, 1;hir'. ~nrma1 i5.11tion
reoult -i-n Table, V-A.. Note that those rcoultn QOSlioji) that consitant probnbiliity
oP, lt~tectIlouiii dtsie (ISJP 1'.,o! !J7 m. ect()rF), which muy not K;, thea case. They cani be

iused, however, to &Ieri~ve a lower bound on the (1ta ine ol ob;;nined for n givenI
tralusli I i' ' s PO - aniU tictli y 0 (tde L itui -,'it; Cr'Omi K;, <ie 7

Table V-A. Dwell TiNme Rlequiremrentsý Normalized ilo Sector 2.1

I Sector T,/T-)

1 1.683520771
LL .123

6 .123
I 7 .011

8 .007

* I ----4.71.8-

rf.h': dolte -rin~erval, or time betLween looki in it particulnr direction,

while c-overing the entire majo-r sector coverage is essentially the total time p-

reuunred to inteirrogate al L sector-s, 'Pd. This3 cnn be bounded by the absolute
jmniinium, 'Id ini, determine -1 by

9
T T, TmT;) Ti

Fr:om PTabie VA,

Td .A7181 TI' V-4)

* SilICe Fiiure 7 i~i b-teed on !-he basic sinule sMeti. in uervl of' ( millicilecon d.3,
Ic) CAPN; thereftore, t te cui-veý ,Ohown in 1½ gure- 8l can be drawn. Tiheou, in di~ca-tc

~~~~,jI ~ ~ ~ ~ ~ ~ L . U 1111 ; 4 o.1.v ,t-autu o a l.V';1t at At b ev itt usov ou : lIl;j;.i ren Jut

eci'1 ~ ~ ~ ~ ~ L W t 70. . ~. iL) U1 S; i.L IA).. -:, ;.IlVit -, (M j it i.L1u 4 LASV

i1~ ~ ~~1ý Hi ' b.i : ayP''M ntially xup olie d by mu.ltipi~- unitt.s.

* igure H3 an (I sib) 10 V--A eve C--53 ffli CL y the tAIRO-pIower e0.3ou rc-( at]. locattee-o

(set) r- k ac .10 :u¶ inown ia. Tlab L V~-A-. I so tea UL, -: ounA of' waivufori';;; wee1 . N!b

()'ile:3CI ti etwo w''Lte U6 Iy :155 Lor., byý U~mieLi~on, amid by treU()e:itllU).ei.
Yi toe xvii Ii tK 11",rvIoailswl de.u- ýl'

CO~tI' dent0 & r Isieume iior- :5: ryef orly to i -l ' Ia tit te L;: t t; iti h

y mlil~nb
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vote that the coded wave forms suggested -in the next s3ecti-on further

..aooert thin nhilosonhy of flex~bilijt:, snetedn'rdnrnnnnepmtr
of resolution, ambiguity &i g.ramrs 1 ins9trumented range, aind doppler extent are

determined by tht-: code choice, nnd are more or less i.ndenendent of the tirme.-power
coniJI derationu.

Vi. Wave~onu Desiga

Extonaive ten do-off utudico to comnpare V. nouU -iupi11u) i, tiG fwv-

forms have not been (Jene for the radar proposed here. There is rationale to I

support the choice of bi-phase codedý long ru.;(near cw) wpaveforms, and the
examples that follow have counterparts with simiLvir ambiguit.y and spectral W

uhar-tetis ill inpulse dioppler and frequency modulated waveforms. 'Therefore,1
the -ivet'orrts chosen are illustrative only.

The phasie coded long, pulses are rnlatively low peak- power with near
unity daty cycl-9s. This is more compatible with solid state microwave power
ger.-ration than the high peak power, low chty cycle pulseo waveforms of tradt-
tiunal radnc. The uigciature of Lhede osignalb f ewur Adisrijuinlants for ULtti
ARM recety ~r to sort by. There in3 no well de; *,iod lea d-ing edge to a number of
puilses ci a train; therefore, the ARM cannot loading edge gate to sort theW
direct pitth from a clutter bounce or a multi-path rsignal. The coded waveforms
are extremely flexiblbe; o.&;., the ambiguity diagram is changed by code bit rates
and, code. lengths. This can be Ldon with software a1 i digital circuit architec-
tiire rather tha~n more. s~grntficnnt ha_ýrdi~arc chaangeso nuch as :;;witched pulse
compression lines or frequency synthesizer alteration, etc.

B. Bi-PF-113 Code Cha2 :cteristics

A ti.-phase, pseudo-random, max<imum Length code4 is impressed on the
Jig tcrowavc cniorn en, b i tnrntion. of itsi pbr.-ie bett'rern two :states, Auh.ch arc
separated by 180 degrees. This3 alteration is done +na a noise-li-ke sequence at I
the code fruqunucy (or biA rate), f0 , which estL-ablishes the ban&. l..th aind the4
taste resolution ot the coded wavefojrm. These coden nrcr ctomi,,inti-c, being
ensi-Iy genernted by t,%ed'hack s4hift regisgters-. The '.)t Iolon~i. t; +n

Tb)-C 1)`,bn t i, T,, i.s COii;;trainedi by che genet'atiult Uroveor' to

r, = 2"'1 -1

wiu.- m iaU; the number ot' ut,- ten -in the ,3hi tt rc.gL.Ator- VL~

011.u 1tu KJ 1Ad I: I I'~uo; i'l 011I ittiWi tot 6t! UI ;ý 1jiýtVU Cul. n



Liwhe.re is the 'icrowave propagation vel-'(ocity. The unambiguous range., 11U.i
Lýs Uu aM.-LU U:Ly uf ,I- G1 b. udl I's v-

te-- (VIcr )

RIM

The spectrum of the coced waniiorm has lines that are separated by f 0 /L. Itfh
thc targ.aýt wirloc~ty baa, a radial compononit t.)ward or away from tho rada~r,
&'ppler shtgt of' these spectral lines occurs either higher or lower respec-
t~ively by

T_21 (vi-6)

where fd is the honpler freni xnov and v is3 the radia-l, vel~witv. -
If unambiguous drhppler filtering is desired, the spectral lines must be

for unambiguous dappler filtering for a mni1mum radial target ve.-locity of v..

*f 0 , 4Vmax (yr -7)

Substituting VT-7 into VI-5 with '/I-i yields

Xc

~U (VI -s9)

*whe.-re vma is the maximum target velocity withio-ut ambiguities in the toppier
fi Ite~r spare. E;nuqttor (VI-H) is plottend 4n Wiur) shovt~nar the usualFI- tradeW-
off between. range annd locity ambiguity.

,or Lon UO!lý,,iLl t tnt.'ugrnClon ;i; ,thu 1iatn >1mm rano ca)ll. iii al~imtt
by the time required for the tar-et to '>ly through" the topple-r filter unBod for

- ~ -1 a t Wu .IU" 1~ PfasI tO3 a1. de .. UUklt C11j)p ,ttUýiLnai 13AL (42 !ktIta ig ýtn .6 CxL r: 1,0 Ut

determi11ned unambiguouq ay. Cf a technique ii used to fi'r-st deteirminie the targ&;
Ldtt~lI thieal~un(by a range track file from previ~ou.s looks-, fbir eniRuple) the

* doppler filter space could be arranged so that the maxi-mum rhppler frequency
Scouir] equal the s.pe-Aral 'line ie-paration before the aimbiguity occurs. For this

T,

aTI (vI-jo I~ I .

AV it
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coherent integration. The range cell, A-R, neces ary to cover th-i 'to

AT = V- t. (v1-q)

Barton haa saggeoted 5 that the range cell should be grenter tnan tbia by at
least a fao-tor of 1.4 to reeuce the range t-l1. BtraVlT.h.ng los.. g

AR > 1.4 V hft. .t;'

17.

m-,nl-mum range coherent integration time, i from a Arngle doppler filter. The
target acceleration effects limit this intu -ration time as ia.OCuLýed in 611e

derivation of ejuation (TV-7).

T ';'quaticn (IV-7) is combined with (VI-10), elimiT.atlng tf, the mi:ni-mum

Vtmax, and accelerat Con, at, is

Thý. Is plotted In F.gu,ýe 10, showing reaults for [,, S, and X band racdra with a
-)-r A.- to 6 L , q~, nor;(-. rint' tt n. r -;onct.-r,'l h,, cYi•% th) of t;hrt WýIv .-

form reoulting from the minimum range cell in-i a!so plotted.

The red r designer would not use the minimum range cell given by equation
(I V-10C) i L.a ian L {JUý1-1ý4LIO IU i Ut.. j 6% dt kW.U1L('Ut,-. 1 LU Iwx U. ýL ~i~-e.
ture identification :)r perhapo oxtremly good dfstrtbut-.d clutticr po-formancc.
If used, the processor would be very complex because or (a) the code ratefi are
high, (b) th'i number of range cells to be proceseod li h;:gh, and (c) the non--
coherent integration string, necessary to cross a detection threshol d, would
have to include an ensemble of ran.ge cells, each covering a set of doppler P
cells.

in order to prevent nonconaeront i-nt.ogratteon ver -t In go number otf range
cells the criteria in selected

MR 1.. V Ntg (r.-12)

XKn-UoUICI-JIC. 9 . (Thi_,i N is ..he. nDramoet•r u!snd in Figu're 7.)

The i:ntugrit ion i ochnriquo a] eal ,rt;IuOI..d a1:lo;3 (n) the lonrgc:it pooit:ble
€: g :OY'r 1 1-TI; ~. ('•c•t'~&Li !I $(Ito I. w ., L~f, (COimlflOrIOUk••a, L -. ih Lh- lt y *fllflu ,.;v- • tai'tl :'e )

.tkki (ii) ,, ,uC,. . .. i. .. ... itu. ,.;.,j J ' 
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muli~tpio, It, of thozm_ intorvalo

rwhi~ch are integrated nonuoherenitty. The Lu Lal dwe lA. purio d 1u. Oe erinilne d by
the aver~age power requIremuejntsa duuse no Seu.twon V. The ofrde-r of: _Pro-
ceasing the Information recei~ved at the antennia of ii conventional radar is,
first, spatial di-rection (beam forming); second, range gattang; and thi-rd,
doppler filtering. For this type of radar, it i6 possiible to alter thhs order
s:inco the beam forming an well as the range gating and doppler filteritag are
irifl.:! -1,r tbn t(t I rnt'vo. Theý rep ,rr 1xli prvob:-,ibly tbltni ýIbroi5L the
integration strttg di~scussion th. t follows In the conventional orde-r; however,
one should keep in mind the pose bility of integration strings in dtifferentI
ocrducr3. For uxnnyplc, thuro cbopplor procusuing -L-3 dbac firot, giving priority

'In any ct ICe, the integra-Lion process r'equtreo- the nonocherernt addition of
X Outputs from the. beam.-range-dopp.Ver matriax. Cf the target were sitationary

(at constant di-rection, range, and velocity) then N Llequential outputs from a
single combination of beam, range, and doppler would be added for the target
detection criterlon. With a maneuvering target, howr~ver, the addi-tion must
follow the beam- range- dopple r path of the target as it moves through the

4 ~mat~rix. This s~equence createsi an integratiork 'ntring." If the pathi of Ithe
oh] iittsc jj, Iij t, PL LLt 4,L" i'A , m6 x.I ~ iil r.]-LJ bLIci U-r 6, -iii L.UUlL`U'1.U ýJ il Utj i ll. '

[Jv-I3IO.' SUt11lgd mat be. co~un'utom'd. Thu ext .jnt of7 Lhiuiu ;tringu tou bouia6-c
by teiddantuve-ri`ng tngageuLatcer is ast L;_u,.x.-useid -ini the 6urivation of*
Equations TV-7, VI-lO, 11, and 12.

integration strings through a mixLt-t- amenaionai matrix ar fraught witn
dif ficulties.- Note that the number of coherent intervalm, N, adds another
dimension to the itatri x, njamely Lime. In other words3, iU is not enoughi to
determine a path in beam, rang~e cell, and dupplor 3apse through the miwtrix; in
addi~tion, each of the N sequential, intervals3 must be timed in its appropriate
I ncenti on.

kn i ntn.-rntiono otrioriore fnnt~n- noui d r-once i vnahi 1 he rfTIeplace wi th Fin

intw g;rýýztio0m p)YratumiUk_ cpproich, ;rhc:ra itorc cl.. th;'1 r-_ nccctr- ;ry cu:c ddtc
covor the growi ii inT li)-ofrtt4 i ritEy of? then ht fge I; pT11.11 lit', i t, MlI vti thin r3gh1 tl~i

''itt~~ 1it -1 'fw r nl'h jtI ;Ai U-i, w ud ttd lot i SC ;i~ . ii kil, . d 't

coiitap:3ing lou-c iwould be (enceuintered ~

TIhe perils outlined above .iuggest that it is better, by farl to reduce, tilt
number of d~imenoions Of the mTLAtrix;, e.g., ho make -sure that the clsof

* bcam-.rtdthl range, and doppler are large enough to eneomoass the target.
maneuver. If the coherent dwell interval is an long as' pnssi.le -For ixittecrion

liurposes per Equation (IV-yt) ,the. doppTer col I- ti, inenni on w1 TT. ot bo large
i~1't '11 Ci 0Hi: 1  Ct iti1 ; _ Vt>.t% Ov r wi'a..; 1.1-.o. oný. .

V.] 1'[t'hero fl ro , fo r !i.I V ou (tau ci rt~atijy ! xpet.!ý LU1l16.ti;ot ia tugr'.t 0 il. i
ntrnl,, he I o I o t;i '-y ia thetk h op1 jor [iJtinTnsi on. 1.tI' tho enititr t--ýic oJalon

Cd týG i enst~ol~ tIn.r toot ti11rllurmiui~, . hot invU~ 7111(5 rainp go c m :3 I I Iia y a 1-'on

roquirt innjs- I th.1i ti It' th ov'w , psge owor tP.lTI~iIlli U tcrtat or' ;hlti -
11'T b- to roI-cl - *h
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th .long-.er .;.1;e and implmunt th;ji only at ;ihortr r.ngo where lo;ln
intt.-grution time: it; r(lcjuiro d.

Iit order to assetis the severity of the int,.gration s3tring problea,,, the
-number of cells traversved by a ttirget at velocity, Vt, and aecelera> Lag A .
at i.s determined below.

The number of beama, no, traversed is given by

no= Vtsinyto (VT-14)
0).,R

where 0 a is the 3 d&3 antenna be "mwidth, R is the targot rango, and y ij tho
angle of the target's velocity vector with respect to the radial center line
of' theo beAm. Note :hat the sin y term indicates that the targ,,t must have a
croseint component to its velocity vector to traverse a beam. If y = 0, the
velocity is radial and no= 0, indicating a stationary target in the beam
dimension of the detection matrir.

From Equation VI--14, it is obvious that at abort range. the number of beams
traversed will be more than one. Of interest is the range at which this
occurs; e.g., the minimum range tA which only one range cell is required for all
integration of the target returns. This is gi.ven by

It Vtsinyt 0,, tor L -"ý i
on (vr-15)

iDa

The nmtber of range gaitus, ur, travursed during tne total integration
p e riod in

nr -• Vio09tu

where MtI here is the range geate- bounded by the l)h.-olu t;t mltiuimi.t r',.nigo cu c.o
1,1''11 ,tion W -10, or i;hn more appropriat, min.,imumn of" 14jt.jti.on V-12 if peirmi tt,,r

ily~~~~T 11 ,t (,k i1, It % ''.u~ ~ ue ~ . .t&(L .. t~

target velocity vector must. have n radial component to traverse the range
d.Ii.aonuion of t!4e dtection ma Lrix.

-2.- . tcO:;yt .

Alif
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This form of' the equation when nr is propors.oned to Ntf indi3caltes that
for n zi.vren (Well ti-mo, to, there ins on initegrati~on qtTring ntva;ntagn, n g.,
nf fu tocwalir; if the &c-li t.ime can bo achiceved by us3ing -a~ ochrn

inte3gration (larger N) and smaller ohe,ýrent i~ntegrati~on time, t-. Thi-s is nut

In order to maintai.n the 'nti~re nonc~oherent integration over a single
tionler filter throurhout the targeot maneuver for the total Cietection interval
to" Ntf,. then n-f 1 sn-I

-U ]7 (vr-1 9)

*assuming cosy- 1.* Note that the ab~ove is -imilar to Equation T.V-7 in form, but
the danominator dsocrcpanoy between the two equations comes from the erttorin.
The above assures that the target will not out-maneuver a single dcoppler filter
over the. entire post detection Intpgratlon interval., to, while Plquatton TV-7
attempts to assure that the target will not maneuver out of a single doppLer
filtor diLring the cohucrt intcgration1 , tg.

E. Code 'Se 2ýctiofl-- n

CI.*k~ njIt ICL Lt-IUj -I,. U Ilk.I, L.L-A xUl.. 10 LIl Jux a uk tj, Ut ia i LUIa

relationships to clarify this process. Table Vt-A lists tho major descriptors
of the code, their derivation source, and the resulting values.

Codies A and V. une c, coherent interval, tf, of 20 mailliseconds. The total

detection initor½, I includes 50 of these (N-'50) which are integrated non-
roht -rontlIyý FTer:,' Wim'n'l 7, the flower "e' 4 rdin nlni~ R-6 K(W Per 9o% Pd. .t
w1ry lOW pU~ter- j:UL Mlid ciasst U radar.) dunwtvytu, u ulos1uuv look aL Lie ixnLe~gxa--
tiort strings reaquLred indicates n snvere processningr problem. TJable VTT-A shows
that for code A, which is uniambiguous3 in rango to 250 kr1, the integration uMtk3
be performod over 16.8 range cells (nr-'_16.8) and 14.1 doppler cells (nf-14.1).
Co cM Aý , which is unarubitLU IVou uinrprxler fu(.r wteIL hC1 11/ uU6oHO( tarpe L" mus18t be

OC(!irikfl U ove-r 14. dapplel r c-L, aiscio, nithough all oF thii irttegrattion could

(loden Ii Bnnd 13' i Ililtrntn wevefonuis whi-ch simp'lify the integratton pro-
fes-i-ngr, hut reqluire more transmitter power. TI-toy usje bh-20 cohe-rent intkirv'als

Thnsotritgaintm ol eur oetaente oo hnc oof tfg.005J seconds eiachR for a total inte.,grati~on ported, to, of 0.1 secon ds. i
aid A' in ordor to iwitu:kitin the Ae~ct luio r-np-ige (The tranwinttter power would
need to be Increasedc to roughly 47 KW). Note that for B, the co de with uinan-
0'gni ' r-m,0 '.! pni for M for i'TnrmiAguolnvt-ilont the nlimnhnr of rarm e'll

p(1o Yi:r¶~.~ in: istriltioyt Qr, en Ci the( Tlnu;,rn'l of' tprpitr cSbi1tS per intograti on
tAri.ng. if', arc tl~watyf 1.on:i than nutty; -he-rtito re tlir.- mnouvcririg tav'( r -o woo.! d

J~ 1%J L.vi1 LV UtA. 1- - ( i;LIIUL~j.ýI I 1 .Iry. L l t- a.J}IjJJ..f. W.La' -~

Tho abovp w~ovecl) roe-i end (io i' it sonly to i. Ltur~itrate th inrito (en-I ri o11n
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F'igure 11. Parameter and waveform relationship 7

31



o 1N rU2 C~M. u~ Su* - M 41~

AA -0 + U 4

CU cc CAE CD 10 4-C0-I- CC) 0) CM C *2
-W U 2h E0 -C Qu a.C 4CC-

4 CU

C.0 4-' 4-' Z M. 4C Oh
93,4J :M. c u Io ZcU-3 C

U,- C)' (I C', 0 cc
CO CD C 0 F-40

%0 cc w co cm..q c

Coi %a c C 2 Q

;x cci CD C. CC9 4

CnC

C') 0 C CO - r- M - cci OcU)in

4, CD )
cn m -o w R

u u u u
IA ;L .U O*U) C-

0. 1

u 4

C) 
4-'

4- 24C4 4-C +j.

C- CI

E I E E I I I 1

11C 1I CCr IC CI C

)4o W.. 0 t.C A C U-~

NC)ý

x -" -w -i w -D -j an - - - -

CD

a. W- I- Qu CD- w) w- w-LU~~~~~~: --U ) - *.- ) :
93 C) 3cC- 2ý of : 0 :C .

CU 2: LC.C CDCC. CQ L"UUI - --'
C) X-C 02 I LJ

~~" cC. 0i co 0. CLc wU. L 4 :C) C C

-~ 0 0 - ccO C.C2: 02: 02: LU ) C- - 02



reduction in transmitter power will force ar>1 and nf>i 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 electronic countermeasure (ECM) threat for thiB 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
spread its energy over a broad band, reducing its level of interference at the
continuously changing frequency of operation.

The dispersed radar concept can use all of these 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 ECM.

In order to obtain very low sidelobes from the digital beamformer on
receive, the errors in amplitude and phase at the receive module must be mini-
mized. This is the same sort of problem encountered in conventional phased
array antenna design. For example, in order to 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, respectively. Systematic errors across the major
dimensions of the receive array must be even lower than these. Error specxfica-
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 ECK fix that is
similar in concept to current techniques used in sidelobe cancelling. This is
possible because the flexibility of beam forming by computer allows adaptive
nulling. With the use of appropriate algorithms in the beamforming processor,
nulls can bF formed in the sidelobes on a beam by beam basis. This is done as a
response to each of the directions from which jamming is received. The effect
of this adaptive nulling is discussed in the derivation of Figure 12 •

It 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 involved in both the normal pattern formation and the adaptive nulling.
However, the nulling algorithms, in effect, select the digital weighting coef-
ficients for each element by using a closed loop process that compensates for
the element errors; whereas *he digitally formed beam before adaption uses an
open loop algorithm that must set coefficients based on a' priori knowledge of
the absolute errors at each 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 closed 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.

33



0 cu

.231

344
CU (



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. Either of these requires iteration and thus consumes significantly
more time (or processor complexity) than the original open loop dLgital beam
formation. The question is: Can any of this be done oii 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 distributed radar but with less ease than in a conventional

* monostatic radar. The concept here, with approximately 500 to 1000 meter sepa-
ration of equipments, lies in a grey area concerning the derivation of coherence
betwen the transmit and receive functions. The question 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 exciter
would have to be transmitted between the sites. One suspects that some hybrid

of these approaches, e.g., a crude standard at each site which is periodically
•- calibrated by a transmitted link, may be the most cost effective approach for

this system geometry.

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 interference). Note
that the bistatic range product, R1 R 2 , has been collapsed into a monostatic
range to the target, Rt, on the assumption that RI-R 2.

R4 t = PtGtSLLaOj 2 T

"--,

where Rt = range to target
SPt = transmit power
Gt = gain of transmit antenna
SLL = receive sidelobe level with respect to receive mainbeam
, • = radar cross section of target

.• = range to jammer
T = detection interval of receiver
SLl uyatem losses, excluding receive loss
D1 = signal to jam ratio required for detection
E"RP = effective radiated pover from jammer
Bj = jammer bandwidth
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From Table VII-l we obtain:

40 log Rt = 157.6 - 10 log ERP\ (VII-2)

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

Table VII-1. Disperbed Radar Performance Computation
in Sidelobe Jamming

dB
Parameter Value + "

Pt 10 KW 40

Gt 18.3 dB 18.3

SLL 35 dB 35

S3[2 4.8

(Rj)2 (150 km)2 103.5

T .02 17

4U 11

Ll 3 3

DI 13 13

201.6 44
-44
157.6 d.

3.
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VIII. Implementation Consideration

A. Transmit Equipment

The unique features required of the transmitter of this concept are
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 unique and
will require further study of procedures and/or equipment to facilitate site
location and antenna positioning with low errors. Transmit exciter control,
synchronization, waveform, and frequency management must be provided to the r
remote sites.

Two approaches considered here are for the transmit antenna. The
first employs an ensemble of nine horns as shown in Figure 13. Each of the"" ~horns is designed and oriented to illuminate one of the minor sectors of"

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

12 x 17 cm (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 this type network will be on the order of 2.0 to
2.5 dB and each active switching device must handle the full power of the
transmitter.

The second transmit antenna approach uses a single electronically

scanned antenna, a small planar array with phase control for each element. Its
aperture is on the order of 15 x 35 cm (6 x 14 inches) with four element rows by
8 element columns, using a total of 32 elements. These are uniformly illumi-
nated with a corporate waveguide feed. Therefore, each phase shifter handles
1/32 of the total transmit power output and there is only one active device (a
phase shifter) in each path. Losses for this network should be on the order of
1.0 to 1.5 dB; therefore, it appears to be more promising than the switched horn
approach.

The array should be tilted back from the vertical at the same angle
(13.10) as the receive array. Its natural beam spoiling with scan will assure a
similar coverage sector as that of the receive array. However, the phase
control permits further beam spoiling and tailoring to a particular sector
coverage, if required. The fine alignment of pointing direction with the other
units can be done electronically by adjusting two constants 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 by transmitting a null (formed in azimuth, or .1
elevation, by adding a 1800 phase shift to one half of the array) then sweeping
the receive cluster's center beam througn 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 1
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
are technically challenging due to the use of 200 simultaneous receive beams
and the need for real time data retrieval. In addition, the jamming threat
environment requires that the sidelobes for each of the receive beams be as low
as feasible. This means that extremely low phase and amplitude error budgets
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
processor; central control and data links to the remote transmitters; data links
to the air defense net; and operator space. The basic antenna aperture required
for a 2 degree pencil beam using a circular Taylor illumination function 2 ,na8,
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 .289X 2 , divided into
the array area yields the number of elements required, 3924.

At each element of the array there is a 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 output. 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 phase 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 quadrature channels of the
3,924 elements of the array are independently routed directly to the input of
the processor. This allows tho 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 (bnamic
range of these A/D converters is reduced by a factor of I/N over a conventional 71
array of N elements where the summing is done before A/D conversion. This means
that, to support the •-namic range requirement, 6 bit (or less) A/D's can be
used. However, studies need to be completed concerning the A/D tnamic range
that is needed for the very low error budgets necessary for ultra-low sidelobe
receive patterns. Another area 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

fc = c :2W in v -s

where f. is the sample rate (or code rate) andARminn 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 necessary to develop the A/D in order to meet the unique requirements of a
given radar design. Additional study is required in this area.

Beam forming can be done with either a two dimensional fast Fourier
transform (FFT) or a discrete Fourier transform (DFT). The formation of
simultaneous beams in space is done entirely within the digital processor, and
is a natural consequence of using modern digital Fourier transform methods,.
However, decoding, parallel processing of range and doppler, resolving
ambiguities, and performing constant false alarm rate (CFAR) management on 200
simultaneous 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 ,cuit is
promised in three years that will function in 40 nanoseconds using a circuit
that is I cm2 in area.

Using a very crude approach, one can at least determine an estimate
for a bound on the beam forming time that would result if this butterfly chipw
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 tro dimensional FFT 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 this matrix would
yield 4,096 beams. These beams 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 to 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 sequence.

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 basic 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 sequence:
6 x 40 nanoseconds - 240 nanoseconds
(e.g., a 64-point IFT requires 240 nanoseconds).

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

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

The above sample rate ultimately defines the signal bandwidth that is
achievable for the radar waveform. The range cell size resulting from this
2.08 MHz 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 example assumes the entire beam former clears for each sample set. A pipe
line processor could reduce this time consiv.ably by delaying the output by a
few sample intervals.

This crude example indicates that the processor technology 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
environment.

IX. Conclusions

A radar concept has been discussed which offers a potential solution to
the major problems facing the air defense radar community in the next decade.
These solutions are not thoroughly addressed in this first concept paper;
however, they can be indicated here as justification for further development
of the concept.

(1) Antiradiation missiles -

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

(2) Standoff jammers -

The use of digital beam forming allows adaptable spatial filtering,
"e.g., the ability to place antenna pattern nulls in the directions
of the jammers, both in the sidelobes and on the skirts of the main
beam.

(3) Escort jammers -

The dispersed equipment provides the geometry to perform noise
correlation for determining the range of escort jammers. Although not
discussed herein, a modest receive function added to the dispersed
transmitters would enable rough triangulation at the normal receive
site.
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4.o

Implementation of this concept requires advanced technology. Very high
speed integrated circuits (VHSIC) are required for processing the information
from multiple beams in range, doppler, and angular space. The latter, digital

processing in angular space, is a new and emerging technology 6 with con-
siderable 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. Each
module also includes video circuits and analog to digital conversion which is

"available," but will require development effort to be reasonably compatible
with the array module application. ,

This concept uses a multi-static 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.

The concept described is futuristic but well founded in the near-term trends
and technology development required to support it. It is 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 satisfactory answers in the
existing radar concepts using the existing technology base.

X. RECOMMENDATIONS

In order to exploit the techniques suggested here, additional work is needed
in the following areas:

A. Parallel Beam System Concepts

Current radar design uses a sequentially scanned beam which is sequentially

processed for each direction in space. System concepts are allowed by the tech-
niques herein which use multiple simultaneous beams. If the radar must provide

very high data rates in a target rich environment, or if the dwell time must be

extremely long for high doppler resolution processing, then these parallel beam
approaches should be considered. Concept studies are needed to optimize the
number of beams, waveforms, etc. for a given application.

B. Dispersed Transmitter Studies.

Dispersed transmitters are suggested here as a means to handle the

ARM's in a manner similiar to that of blinking decoys. More definitive study of

this is needed to show trade-offs between the blinking scheme effectiveness and

radar performance. Use of the dispersed transmit farm can also be studied for

other purposes, such as for target fluctuation improvement, or triangulation for

range information on escort Jarmmers.
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C. Tracking and Beam Splitting Studies.

Tracking techniques for this class of system need to be addressed. The
use of multiple beam clusters is similiar to the four beam cluster required for
monopulse tracking; therefore, questions arise: Should the processor treat
every adjacent set of beams as a tracking set with sum and difference processing
available on every target detection or should a special set of tracking beams be
employed for better accuracy? Is beam splitting necessary, or can a scanned
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?

D. Digital Beamforming.

Both open loop and closed loop digitally formed spatial beams need
study. In particular, algorithms for forming beams, compensating for manufac-

turing errors, and forming nulls to directional sources of interference (all in
real time) need investigation. The impact of V{SIC on the beamforming capa-
bility needs more rigorous assessment. The use of new digital filtering tech-
niques, such as the maximum entropy methods for enhanced resolution, should be
investigated for this application.

E. Processor Architecture.

The digital signal processor required here must adaptively form
multiple simultaneous beams and process all of their signals from a given sector
of space within the dfell time allowed for that sector. This will require VHSIC
implementation. Architecture studies are needed which provide processor designs
centered around the chip set to be produced by the US Department of Defense
VHSIC program.

F, Component Development.

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 across the array face. 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
needed to develop a family of these receive modules for digital beamforming
applications such as the one described herein. This should include the develop-
ment of low logic power circuits with appropriate form factors.
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Appendix A

Receive Array Tilt Angle Determination

For most air defense coverage volumes the envelope of the peak gain of the
pencil beam receive array, versus scan from broadside, is optimized over more
of the scan volume if the plane of the array face is tilted back from I -

vertical. One criteria to use for the determination of this tilt angle is
simply to equalize the maximum scan angles from the array broadside that occur
when the array is scanned to each of the extreme 5corners" of the coverage
volume. The scan angle from broadside, e, given by Ref 2 is

0o - coo (sin E sin T + cos E cos A cos T) kA-1)

where E and A are the earth elevation and azimuth angular directions 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 +600 A , 60 E and + 600 A , 500 E can be substituted into
(A-i) yielding two simultaneous equations which are solved for T when the e
of each of these cases are 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 upper sectors extend to 62.40 rather than the 500 E
used above. Further iteration of the tilt angle and sector boundaries was not
done for this example, but in principle the tilt angle can be adjusted to
enable reasonable extremes of the angle from broadside, 0, to be used for the
coverage extremes.

SJ
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